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Background: Intracellular heme plays versatile roles in a variety of physiological processes including mitochon-
drial respiration. Heme also induces the expression of genes such as heme oxygenase-1 (HO-1) by inactivating
the transcription repressor Bach1 through direct binding. However, the source of heme for the regulation of the
Bach1-HO-1 axis has been unclear. Considering that extracellular heme exists as a complex with hemopexin
(Hx) in serum under the physiological conditions, heme-Hx complex may deliver heme for the gene regulation.
Methods: Using a mammalian expression system, high secretory recombinant Hx (rHx) was developed. We exam-

Iézynvlv: rs: ined the effects of rHx-bound heme on HO-1 expression and Bach1 in Hepa-1c1c7 liver cells and THP-1 macro-
Hemopexin phage cells. We investigated the uptake pathway of rHx-bound heme by treating cells with chlorpromazine (CPZ).

Bachi Results: rHx-bound heme induced the expression of HO-1 and decreased the level of Bach1 protein. CPZ inhibited
Heme oxygenase-1 the induction of the HO-1 expression by rHx-bound heme.
Oxidative stress Conclusion: rHx-bound heme was internalized into the cells via endocytosis, resulting in HO-1 expression and
Endocytosis inactivation of Bach1.
General significance: The Bach1-dependent repression of the HO-1 expression is under the control of the
Hx-dependent uptake of extracellular heme. Heme may regulate Bach1 as an extracellular signaling molecule.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The transcription repressor Bach1 plays a critical role in constraining
the expression of oxidative stress response genes [1]. For example,
Bach1 represses the expression of heme oxygenase-1 (HO-1), which is
one of the major oxidative stress-inducible enzymes protecting cells
from oxidative stressors, such as cadmium or 4-hydroxy-2-nonenal
treatment [2-6]. Bach1 binds to the multiple Maf recognition elements
(MAREs) within the enhancer regions of HO-1 gene under normal
conditions [7]. Under oxidative stress, Bach1 protein undergoes nuclear
export, allowing the rapid induction of the HO-1 expression by tran-
scriptional activators such as Nrf2 [4,8]. The HO-1 expression is similarly
induced by its own substrate, heme, in a Bach1-dependent fashion.

Abbreviations: Hx, hemopexin; rHx, recombinant hemopexin; HO-1, heme oxygenase-1;
Igk, immunoglobulin k; LRP1, low-density lipoprotein receptor-related protein 1; PTM,
posttranslational modification; ER, endoplasmic reticulum; CBB, Coomassie Brilliant
Blue; CPZ, chlorpromazine; Chx, cycloheximide; PMA, phorbol 12-myristate 13-acetate;
2-ME, 2-mercaptoethanol; LPS, lipopolysaccharide; ROS, reactive oxygen species; Hb,
hemoglobin; Hp, haptoglobin
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Heme binds to Bach1 through its multiple cysteine-proline (CP) motifs,
resulting in inhibition of DNA binding, induction of nuclear export, and
polyubiquitination and subsequent degradation [9-12].

However, the source of heme that regulates Bach1 has been unclear.
In the experiments examining the effect of heme upon Bach1, free heme
was added to the culture media [7,9-11]. Such an experimental condi-
tion may mimic only a pathological state of heme which is normally
present as protein-bound forms. Heme functions as a prosthetic group
of hemeproteins (e.g., hemoglobin, myoglobin, catalase and peroxidase)
in the aerobic activities of various cells and tissues. In various patholog-
ical states, such as vascular hemolysis, rhabdomyolysis, or necrosis, free
heme is liberated from hemeproteins into the blood. Extracellular heme
may penetrate cell membrane due to its hydrophobicity [13] to affect
Bach1. However, blood contains abundant levels of heme-scavenging
proteins such as the serum glycoprotein hemopexin (Hx). Hx binds to
heme with extremely high affinity (Ka = 10'* M~ [14]). Heme-bound
Hx is subsequently taken up by low-density lipoprotein receptor-related
protein 1 (LRP1)-mediated endocytosis [15-17]. Therefore, the majority
of heme released into the blood may be chaperoned by Hx to be taken
up by cells for not only iron reutilization but also the regulation of
Bach1. Thus far, there has been no report on the effect of heme-bound
Hx upon Bach1.
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In most biochemical studies on Hx, native Hx proteins are prepared
from the blood of rabbits using multiple steps to remove the many
contaminants of major serum proteins, including albumin, transferrin,
macroglobulin and immunoglobulin (reviewed in [18]). Recombinant
Hx (rHx) proteins have been expressed in Escherichia coli, insect cells
and Pichia pastoris [19-21]. However, it is unclear whether these rHx
proteins exhibit properties and functions similar to those of native Hx
due to possible differences in glycosylation and the disulfide bond
status. Therefore, more suitable systems for obtaining the rHx pro-
tein are required to understand the role of Hx in extracellular heme-
dependent stress responses.

In this study, we investigated the cellular uptake pathway of ex-
tracellular heme and the effects of internalized heme on Bach1 using
purified rHx protein expressed in the human cell line, HEK293. To
simplify the purification procedures for excluding contaminants,
we improved the expression vector and purification methods. First,
the signal sequence of Hx was replaced with that of immunoglobulin
K (IgK) in order to increase the efficiency of secretion [22]. Second,
we introduced His-tag into the carboxy-terminus of Hx for affinity
purification and immunodetection. Lastly, we generated the HEK293
cell line stably expressing rHx using the FLP-FRT site-specific recombi-
nation system [23] in order to constantly obtain the recombinant pro-
tein. Using the rHx protein, we compared the effects of rHx-bound
heme with those of free heme in terms of the Bach1-regulated HO-
1 mRNA expression and found that the former was dependent on en-
docytosis, while the latter was not. Therefore, our results show that
extracellular Hx-bound heme enters cells via Hx-mediated endocy-
tosis, leading to the inactivation of the Bach1 repressor activity and
hence the activation of HO-1 gene transcription and oxidative stress
defense.

2. Materials and methods
2.1. Plasmids

The Igk secretion signal sequence was amplified from pDisplay
(Invitrogen) using PCR with the following synthetic primers: 5'-AAGC
TTACCATGGAGACAGACACACTCCTG-3’ (underline; HindlIII site), and
5'-GGATCC CTCGAG GTCACCAGTGGAACCTGG-3’ (underline; BamHI
site, double underline; Xhol site). The amplified fragment was subcloned
into a pCR-Blunt II-TOPO vector (Invitrogen) and sequenced. The
fragment digested with HindIIl and BamHI was further ligated into a
PcDNAS5-FRT vector to generate pcDNA5-Igk. The 5xHis-tag sequence
was introduced into the BamHI site to generate pcDNA5-Igk-5xHis.
Human hemopexin ¢cDNA lacking its signal sequence was amplified
using PCR of the cDNA clone of the human hemopexin gene (Open
Biosystems). The primer set was 5’-CTCGAGACCCCTCTTCCTCCGACTAG
TGCC-3’ (underline; Xhol site) and 5’-GGATCCGTGAGTGCAGCCCAGG
AGACTGGT-3’ (underline; BamHI site). The amplified fragment was
digested with Xhol and BamHI and subcloned into a Xhol/BamHI-
digested pcDNA5-Igk-5xHis vector to obtain pcDNA5-Igk-Hx-5xHis. A
plasmid expressing a FLAG-tagged mouse Bach1 used in this study has
been described previously [24].

2.2. Cell culture

Flp-In 293 cells (Invitrogen) were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS), 10 U/ml of streptomycin
and 100 pg/ml of penicillin. THP-1 cells [25] were maintained in
RPMI1640 supplemented with 10% FBS, 10 U/ml of streptomycin and
100 pg/ml of penicillin. The THP-1 cells were differentiated into macro-
phages by adding 10 nM phorbol 12-myristate 13-acetate (PMA) for 24 h.
Hepa-1cic7 cells were maintained in DMEM supplemented with 10%
FBS, 10 U/ml of streptomycin and 100 pg/ml of penicillin.

2.3. Antibodies

For the Western blotting analysis, we used the following antibodies:
anti-HO-1 (1:1000, Enzo Life Sciences), anti-His-tag (1:1000, Marine
Biological Laboratory), anti-FLAG-tag (1:500, Sigma-Aldrich) and rabbit
anti-actin antibodies (1:1000, Santa Cruz Biotechnology). The anti-
Bach1 antibody has been previously described [9]. The secondary anti-
bodies were horseradish peroxidase-linked anti-rabbit IgG antibodies
(1:2000, GE healthcare) or anti-goat IgG antibodies (1:2000, Zymax).

2.4. Establishment of a stable cell line expressing rHx

Flp-In 293 cells were co-transfected with the plasmid pcDNA5-Igk-
Hx-5xHis and a FLP-recombinase vector (pOG44, Invitrogen) in order
to generate stable integration of the chimeric hemopexin gene at the
FRT-site in the genome. The cells were transfected with 3.6 pg of pOG44
and 0.4 ng of pcDNA5-Igk-Hx-5xHis using the Gene Juice reagent
(Novagen) and further cultured with the complete medium containing
the antibiotic hygromycin (300 pg/ml) at 37 °C for one week to select
stably rHx-expressing cells.

2.5. Western blotting analysis

Whole cell extracts were prepared as previously described [26].
Lysates or rHx proteins were resolved on SDS-PAGE using 5%-20% poly-
acrylamide gradient gels (ORIENTAL INSTRUMENTS LTD) and transferred
to PVDF membranes (Millipore). The membranes were blocked for 1 hin
a blocking buffer [5% skimmed milk in T-TBS buffer (0.05% Tween 20 in
TBS)] and subsequently incubated with the primary antibodies in the
blocking buffer overnight at 4 °C. After washing with the T-TBS buffer,
the membranes were subsequently reacted with the secondary antibod-
ies in the T-TBS buffer for 30 min at room temperature. ECL blotting
reagents (Amersham) were used to detect immune complexes.

2.6. Purification of rHx

The stable cells expressing rHx were seeded at 2.0 x 10° cells per
10-cm diameter dishes and cultured for seven days in FreeStyle 293
medium (Invitrogen) with penicillin (100 U/ml) and streptomycin
(100 pg/ml) and without FBS. The supernatant was collected and centri-
fuged at 300 xg for 5 min. The supernatant was diluted 2.5-fold with
20 mM Tris buffer, pH 8.0. Chromatographic purification of rHx was
performed using a column with anion exchangers (1 ml HiTrap Q HP,
GE Healthcare) and Ni-NTA (1 ml HisTrap, GE Healthcare) on an AKTA
purifier system at 4 °C. The anion exchange column absorbed proteins
were eluted with a gradually increasing gradient of 20-500 mM NaCl
(20 min; flow rate, 1 ml/min) or slowly increasing gradient of
20-300 mM NaCl (25 min; flow rate, 1 ml/min) in 20 mM Tris buffer,
pH 8.0. The Ni-NTA column absorbed proteins were eluted with a gra-
dient of 20-500 mM imidazole in 20 mM HEPES buffer, pH 8.0. The
fractions containing the rHx protein were confirmed using SDS-PAGE
and a Western blotting analysis. The rHx-containing fractions were
pooled and concentrated using an Amicon Ultra-30 membrane with a
molecular weight cutoff of 30,000 (Millipore). The purity of the rHx
protein was estimated using SDS-PAGE.

2.7. Deglycosylation of rHx

The glycosylation status of rHx was evaluated using treatment with
the deglycosylation enzymes PNGase F, Endo H¢ or o-glycosidase (NEB).
After the purified rHx protein was denatured in denaturing buffer (5%
SDS, 0.4 M dithiothreitol) with a heating reaction at 100 °C for 10 min,
the rHx protein was treated with each deglycosylation enzyme at
37 °C for 1 h according to the manufacturer's protocol (NEB). To
deglycosylate the rHx protein under a native state, it was treated
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with PNGase F at 37 °C for 12 h without the denaturing step. The
deglycosylation of the rHx protein was analyzed using SDS-PAGE.

2.8. Gel filtration assay and absorption analysis of rHx with heme

After 300 pg of the purified rHx protein was incubated with 100 pM
heme (dissolved in 100 mM sodium hydroxide and diluted with
100 mM phosphate buffer, pH 7.0) at room temperature for 30 min,
the mixture was loaded onto a Superdex 200 (16/60) gel filtration
column (GE Healthcare). In each fraction of gel filtration, the heme-
bound rHx-containing fractions were identified using an absorp-
tion analysis with a ND-1000 NanoDrop spectrophotometer (Thermo
Scientific).

2.9. Preparation of rHx-bound heme

rHx-bound heme was prepared via the co-incubation of 50 uM rHx
protein and 50 M heme at room temperature for 20 min. After the
reaction, a Bio-spin column (GE Healthcare) was used to exclude free
heme and change the buffer to PBS. Finally, the rHx protein or rHx
bound with heme was sterilized using an Ultrafree-MC sterile 0.22-um
filter unit (Millipore).

2.10. Quantitative PCR (qPCR)

THP-1 cells were treated with 10 nM PMA and incubated for 24 h in
RPMI1640 medium. The differentiated macrophage-like cells were
incubated in serum-free RPMI1640 medium containing 1 uM of free
heme, 1 uM of heme-bound rHx or 1 pM of rHx for 6 h. The total RNA
was purified using the RNeasy Plus Mini kit (Qiagen). A total of 0.2 g
of total RNA was reverse transcribed into cDNA using the Omniscript
RT kit according to the manufacturer's protocol using random primers
(Invitrogen). The qPCR was performed using the LightCycler (Roche),
as previously described [27]. The primer set for the human HO-1 gene
was 5-CCAGCAACAAAGTGCAAG-3’ and 5'-CCACCAGAAAGCTGAGTG
TAA-3'. The primer set for 3-actin was 5'-AGAGATGGCCACGGCTGCTT-
3" and 5’-ATTTGCGGTGGACGATGGAG-3'. Where indicated, the PMA-
treated THP-1 cells were incubated with 5 pug/ml of an endocytosis
inhibitor, chlorpromazine (CPZ, Sigma-Aldrich) for 30 min before the
addition of heme or heme-bound rHx.

2.11. Inhibition of endocytosis by CPZ

DQ-BSA (Molecular Probes) has been used to measure the endocytic
functions [28]. The inhibition of endocytic uptake by CPZ was monitored
using DQ-BSA. PMA-induced macrophage-like cells were incubated in
10 pg/ml of DQ-BSA containing PBS with or without 5 pg/ml CPZ for
30 min. The fluorescence of degraded DQ-BSA within each cell was
observed using the Leica AF6500 (Leica Microsystems).

2.12. Detection of the HO-1 and Bach1 protein levels

PMA-treated THP-1 cells were incubated in serum-free RPMI1640
medium containing 0-4 uM of heme-bound rHx for 6 h. The cells were
lysed with buffer C [20 mM HEPES, pH 7.9, 20% glycerol, 400 mM Nacl,
1 mM EDTA, 1 mM MgCl,, 0.5 mM dithiothreitol, 0.5 mM PMSF, 0.1%
NP-40, and 1 x protease inhibitor cocktail (Roche)] as previously de-
scribed [26]. HO-1 proteins were detected using a Western blot analysis
with anti-HO-1 antibodies. The band intensity of the Western blots was
quantified using a densitometric analysis with the Image | software pro-
gram [29].

2.13. Measuring Bach1 degradation by rHx-bound heme

Hepa-1c1c7 cells and the cells transiently transfected with a plasmid
expressing a FLAG-tagged mouse Bach1 using the Gene Juice reagent

[24] were individually incubated in serum-free DMEM medium con-
taining 10 pg/ml of cycloheximide (Chx, Wako) and 10 pM of free-
heme or 5 uM of heme-bound rHx. Bach1 and HO-1 proteins were
detected using a Western blotting assay, as described above. The band
intensity of the Western blots was quantified using a densitometric
analysis with the Image ] software program [29].

3. Results
3.1. Expression and secretion of rHx in the HEK293 cells

To investigate the role of the heme carrier protein Hx in the HO-1
gene regulation, we prepared rHx. Because E. coli cells failed to produce
rHx capable of binding to heme [19], we used a mammalian expression
system considering the functional posttranslational modification (PTM)
of secreted proteins. The Hx protein requires PTMs, such as the removal
of the signal sequence, and formation of disulfide bonds and glycosyla-
tion, in order to bind to heme [19,30,31]. To enhance the secretion
capacity, we designed a plasmid containing the human Hx gene that
possessed the signal sequence of Igk instead of the native signal
sequence of Hx (Fig. 1A) to achieve its effective secretion [22]. The
secreted rHx proteins were detected in the conditioned medium of
cells transiently transfected with the expression plasmid pcDNA5-Igk-
Hx-5xHis but not in that of the mock-transfected cells (data not shown).

Next, we took advantage of the Flp-In system to establish cells stably
expressing rHx because the transient overexpression of secreted pro-
teins possibly induces endoplasmic reticulum (ER) stress against cells
[32]. To exclude contamination from fetal bovine serum, the stable
cells expressing rHx were cultured in serum-free FreeStyle 293 expres-
sion medium. The expression of rHx from the stable cells was examined
using a Western blot analysis against His-tag at the carboxy-terminal
end. No bands were detectable in the supernatant of the cells that
were stably transfected with the control plasmid pcDNA5-IgK-5xHis
(Fig. 1B, rHx —). In contrast, the rHx proteins were seen as three distinct
bands around 60 kDa from that with pcDNA5-Igk-Hx-5xHis (Fig. 1B,
rHx +). Human Hx consists of a single polypeptide chain containing
439 amino acid residues. The molecular weight calculated from the

signal sequence hemopexin
Hx I1\/IARTAVALNILVLLGLCWSLAV2% SPLPTANGR---NSTLGCS%Z

Exchange of signal sequence

signal sequence (Ig k) hemopexin 5xHis
rHx+ QAQTNTLLLWVLLLWVPGSTGZI\% SPLPTANGR---NSTLGCSQ HHHI;lE5

rHx- MQTNTLLLWVLLLWVPGSTGN —  —— HHHHH
21 26

B (kDa rHx- rHx+

150
100 —

75 —| —

—
50 —
37 —

WB : His-tag

Fig. 1. Expression system of rHx in human cells. (A) The amino acid sequences of human
native Hx and rHx used in this study are presented. The secretion signal sequence of native
Hx (Hx, 1-23 a.a.) was replaced with that of Igk (rHx +, 1-21 a.a.). A 5xHis-tag was fused
to the carboxy-terminus of Hx. rHx — indicates a construct used as a negative control.
(B) The expression of rHx proteins was detected using anti-His-tag antibodies. Multiple
bands of rHx proteins were detected around 60 kDa (arrows).
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amino acid sequence of the unmodified polypeptide chain is 49 kDa. The
difference in the molecular weight of rHx from the theoretical value
may be due to PTMs, such as glycosylation. Therefore, the results sug-
gest that the rHx protein secreted from the human cell line was modi-
fied by some of the PTMs including glycosylation.

3.2. Purification of rHx

To exclude interfering substances (e.g., Ni chelators) of Ni binding
with His-tag, we pretreated the medium of the stable cell line express-
ing rHx using anion-exchange chromatography. When we eluted the
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Fig. 2. Purification of rHx proteins from the conditioned medium of the stable cell line. (A) The elution profile of the anion exchange column and the CBB staining of the SDS-PAGE gel
(upper and lower panels, respectively) indicate the presence of rHx in fraction 2 (arrow). The solid and dashed lines indicate UV absorption and conductivity, respectively. (B) The elution
profile of the Ni column and the CBB staining of the SDS-PAGE gel show the presence but diffuse elution of rHx (arrow). The solid line indicates UV absorption. (C) The elution profile of the
anion exchange column and Western blotting using anti-His-Tag antibodies indicate the presence of rHx along two fraction peaks (fractions 9-10 and 11-14, arrow). The solid and dashed
lines indicate UV absorption and conductivity, respectively. (D) Purified rHx proteins (15 pig) were separated via SDS-PAGE, and the purity was confirmed using CBB staining.
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anion-exchange column-bound proteins with an NaCl concentration
gradient (20-500 mM NaCl; 20 min; flow rate, 1 ml/min), the major
peak of rHx was observed at fractions 1 and 2 (Fig. 2A). Following
anion-exchange chromatography, we further purified the fractions
using Ni-affinity chromatography. Nonspecific proteins in the
imidazole-gradient fractions were detected on SDS-PAGE, and rHx
was broadly eluted along all fractions (Fig. 2B), suggesting that the
purification of rHx using Ni-affinity chromatography was inadequate.
Next, we improved the purity of rHx by changing the purification
method without using Ni-affinity chromatography. We loaded the
medium of the stable cell line onto the anion-exchange column and
eluted the column-bound proteins using an NaCl concentration gra-
dient more slowly than before (20-300 mM NacCl; 25 min; flow rate,
1 ml/min). The column-bound rHx protein was eluted from the column

2355

at an NaCl concentration between 65 mM and 75 mM (conductivity:
11.5-16.0 mS/cm, Fig. 2C). The fractions 9-14 were identified as rHx-
containing fractions using Western blotting with the His-tag antibody
(Fig. 2C). The difference in the migration speed of rHx between the
two peaks (Fig. 2C, fractions 9-10 and 11-14) may reflect the difference
in the glycosylation. The rHx sample was approximately 90% pure, as
judged according to Coomassie Brilliant Blue (CBB) staining of SDS-
PAGE gel (Fig. 2D), and the yield of purified rHx proteins was approxi-
mately 300 pg per 40 ml of the culture medium.

3.3. Characterization of the chemical and biochemical properties of rHx

Previous reports have shown that native human Hx has 12 cysteine
residues in six disulfide bridges [30,31,33]. To confirm whether the
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Fig. 3. Posttranslational modification of rHx. (A) The reduction of rHx proteins achieved by adding 2-ME induced slower migration than that observed in the absence of 2-ME. (B) Treatment
of rHx proteins with PNGase F under denaturing (left) or native (right) conditions decreased the molecular weight. SDS-PAGE was performed in the presence of 2-ME. (C) Treatment of rHx
proteins with Endo H did not affect the molecular weight. SDS-PAGE was performed in the presence of 2-ME. rHx was detected using anti-His-tag antibodies. (D) Treatment of rHx proteins
with o-glycosidase did not affect the molecular weight. SDS-PAGE was performed in the presence of 2-ME. (E) The gel filtration profiles of rHx and rHx with heme indicate that rHx was
separated into peak fractions F2 and F3 (dashed line), while rHx with heme was separated into peak fractions F1, F2 and F3 (solid line). (F) The peak fraction F2 of rHx with heme (solid line)
exhibits higher absorbance at 409 nm (Soret peak) than that of rHx without heme (dashed line).
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cysteines in purified rHx form disulfide bonds as native Hx, we com-
pared the mobility of the rHx proteins on SDS-PAGE with or without
the use of a reducing agent, 2-mercaptethanol (2-ME). The results
showed that the reduced rHx proteins migrated more slowly than the
non-reduced rHx proteins (Fig. 3A), thus suggesting that rHx was intra-
molecularly connected by disulfide bonds.

Proper glycosylation is required for the biological activity of Hx, as
rHx proteins purified from E. coli cannot bind to heme due to a lack of
glycosylation [19]. It has been reported that native Hx contains five
N-linked and one O-linked oligosaccharides [30,31]. To investigate
whether rHx is properly modified by glycosylation, we treated the
rHx protein with two types of deglycosylation enzymes. All types of
N-linked oligosaccharides are sensitive to PNGase F, whereas only
high-mannose oligosaccharides are sensitive to Endo Hy. When the
denatured or native rHx protein samples were treated with PNGase F,
the molecular weight of rHx decreased from 68 kDa to 55 kDa in both
cases (Fig. 3B). The results suggest that 13 kDa of the decrease in molec-
ular weight is due to the removal of N-linked oligosaccharides. To define
the pattern of N-linked glycosylation of rHx, we also treated the rHx
protein with Endo Hg, which did not affect its mobility on the gels
(Fig. 3C). These results show that rHx is glycosylated by complex oligo-
saccharides. On the other hand, when O-linked oligosaccharides were
removed from rHx by o-glycosidase, the mobility of rHx was not signif-
icantly affected by the enzyme treatment (Fig. 3D). These results show
that rHx is more extensively glycosylated by N-linked oligosaccharides
than O-linked oligosaccharides and suggest that the glycosylation and
disulfide bond status of rHx is similar to that of native Hx [30,31].

To test the biochemical properties of rHx, we examined the heme-
binding activity of rHx according to the absorption spectrum. When
native Hx binds to heme, the Soret peak occurs at 409 nm on the absorp-
tion spectrum [14,19]. We added heme or buffer to the purified rHx pro-
tein and separated the heme-bound rHx from the free rHx using gel
filtration. To identify the heme-bound rHx-containing fractions, the
absorption spectrum of each fraction was analyzed. Fig. 3E shows the
gel filtration chromatogram of rHx and rHx with heme. An F2 peak
was observed in two samples, while an F1 peak was observed in only
the fraction of rHx with heme (Fig. 3E). When the absorption spectra
of the F1 and F2 peak fractions were analyzed, a Soret peak was
observed in each F2 fraction (Fig. 3F) but not in the F1 fractions (data
not shown). The ratio of the peaks at 409 nm (Soret peak) and
280 nm (protein absorption) of the fractions with heme was higher
than that of the fractions without heme (Fig. 3F). These results show
that heme-bound rHx exists within the F2 fraction, because a Soret
peak of F2 was observed, as in reported data for the native heme-Hx
complex [14]. The partial presence of a Soret peak within the fraction
without heme addition suggests that a portion of rHx bound heme pres-
ent in the medium. Therefore, rHx has a similar chemical structure and
also similar biochemical properties to those of native Hx. Next, we
analyzed whether the glycosylation of rHx was important for heme-
binding. Using rHx or rHx de-glycosylated under the native state (see
Fig. 3B), we compared their heme-binding activity by measuring the
absorption at 409 nm. The results indicated that the heme-binding
activity of the de-glycosylated rHx was lower than that of glycosylated
rHx (Fig. 3G). Thus, we conclude that the glycosylation of rHx was
important for binding to heme.

3.4. Effects of rHx-bound heme on the HO-1 expression

Hx-bound heme is reportedly transported into cells via the endocytic
pathway [15], leading to the upregulation of the HO-1 gene expression
in hepatocytes [16]. To confirm whether rHx can deliver heme into
cells, we measured the HO-1 expression level in a murine hepatoma
cell line, Hepa-1c1c7, in the presence or absence of various concentra-
tions of rHx bound with heme. When the Hepa-1c1c7 cells were
cultured with heme-bound rHx, the HO-1 protein level increased in a
dose- and time-dependent manner (Fig. 4A and B). These results show

that rHx-bound heme was incorporated into cells, resulting in the
induction of the HO-1 gene expression.

Hx-bound heme is taken up by hepatic cells via LRP1-mediated
endocytosis [15,16,34]. LRP1 is expressed not only on hepatocytes but
also on macrophages [35]. To investigate whether Hx-bound heme is
also taken up by macrophages, we used the human monocytic cell line
THP-1. Differentiation of THP-1 cells into macrophage-like cells can
be induced by exposing the cells to PMA [25]. When PMA-treated
macrophage-like cells were treated with heme-bound rHx, the HO-1
protein level was dose-dependently increased (Fig. 4C). To confirm
the dependency upon heme, the PMA-treated cells were treated with
rHx alone, heme-bound rHx, or free heme for 0-12 h. Comparing the
effect of each component on the HO-1 expression, we observed that
free heme and heme-bound rHx, but not rHx alone, induced the HO-1
mRNA expression (Fig. 4D). These results suggest that heme-rHx com-
plex was transferred into the intracellular space and that heme was
released from rHx once within the cells, resulting in promotion of the
HO-1 expression in hepatocytes and macrophages.

3.5. Investigation of the cellular uptake pathway of heme

A heme-bound Hx scavenging receptor, LRP1, mediates the uptake
of various ligands via clathrin-dependent endocytosis [36]. Therefore,
in order to investigate whether rHx-bound heme is taken up via endo-
cytosis, we used CPZ, an inhibitor of clathrin-mediated endocytosis
[37]. First, to confirm that CPZ inhibits endocytosis-mediated processes,
we verified its inhibitory effects on endocytosis using a fluorescent
probe, DQ-BSA, that produces fluorescence only when it undergoes
lysosomal degradation after endocytosis. We differentiated THP-1 cells
into macrophages using PMA and incubated the cells with DQ-BSA in
the presence or absence of CPZ. In the absence of CPZ, a weak fluores-
cence intensity of degraded DQ-BSA was detected within several
cells after 10 min. The fluorescence intensity then increased after
20 min (Fig. 5A). In the presence of CPZ, no cells exhibiting fluorescence
were detected after 10 min, nor were they significantly detected after
20 min (Fig. 5A). These results confirmed that CPZ inhibited endocytosis.

Next, we examined whether rHx-bound heme is taken up via endo-
cytosis using CPZ. We cultured PMA-treated macrophage-like THP-1
cells with heme-bound rHx or free heme in the presence or absence of
CPZ for 6 h. We assessed their uptake by the mRNA levels of HO-1. As ex-
pected, the HO-1 mRNA expression was similarly induced by heme-
bound rHx and free heme in the absence of CPZ (Fig. 5B, white bars). Im-
portantly, CPZ inhibited the induction of the HO-1 mRNA expression by
heme-bound rHx but not by free heme (Fig. 5B, black bars). These
results suggest that rHx-bound heme is transferred into cells via LRP1-
mediated endocytosis, whereas free heme is taken up by cells via an
endocytosis-independent pathway. We could not compare the effect
of CPZ at the level of HO-1 protein, because CPZ inhibited protein trans-
lation (data not shown). CPZ has been shown to activate unfolded pro-
tein response, inhibiting protein translation [38].

3.6. Effects of rHx-bound heme on Bach1 proteins

To investigate the effects of rHx-bound heme on Bach1, we eval-
uated the Bach1 protein level using the Hepa-1c1c7 murine cell line
rather than a human cell line because the anti-Bach1 antibody A1-5 rec-
ognizes endogenous murine Bach1, but fails to recognize efficiently
human BACH1 [24] (data not shown). When we cultured the Hepa-
1c1c7 cells with free heme or heme-bound rHx for 6 h, an increase in
the HO-1 protein level was observed in both treatments (Fig. 5C). It is
believed that the HO-1 induction was due to Bach1 inactivation. How-
ever, we did not find any significant changes in the Bach1 protein
level under these conditions (Fig. 5C). One possibility is that the
de novo synthesis of Bach1 concealed the decrease in Bach1 protein.
Therefore, we examined the effects of heme-bound rHx in the presence
of Chx. We cultured Hepa-1c1c7 cells with heme-bound rHx along with
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Fig. 4. Effects of rHx-bound heme on the HO-1 expression. (A) The dose-dependent effects of rHx-bound heme on the induction of HO-1 proteins were detected using Western blotting
with anti-HO-1 antibodies in Hepa-1c1c7 cells. The cells were cultured with serum-free medium containing 0-8 pM heme-bound rHx for 6 h. The relative HO-1 protein levels were
normalized to that of actin and referenced to that of HO-1 without rHx-bound heme. (B) The time-dependent effects of rHx-bound heme on the induction of HO-1 proteins were detected
using anti-HO-1 antibodies in Hepa-1c1c7 cells. The cells were cultured with serum-free medium containing 5 uM of rHx-bound heme for 0-9 h. (C) The dose-dependent effects of
rHx-bound heme on the induction of HO-1 proteins were detected using anti-HO-1 antibodies in THP-1 cells. The cells were first treated with PMA for 24 h, then cultured with serum-
free medium containing 0-4 pM of rHx-bound heme for 6 h. (D) A time-course qPCR analysis of the HO-1 mRNA expression induced by rHx-bound heme and/or its components showed
no inducible effects of rHx alone. PMA-treated THP-1 cells were cultured with serum-free medium in which either PBS only (white), 1 uM of heme (gray), 1 uM of rHx (dark gray) or 1 pM
of heme-bound rHx (black) was added. The relative HO-1 mRNA levels were normalized to that of actin and referenced to that of HO-1 with buffer at each time point, respectively.

Chx for 0-9 h. Pretreatment with Chx completely abolished the induction
of HO-1 proteins (Fig. 5D). This result confirmed that Chx stopped the
de novo synthesis of proteins. A significant decrease in the Bachl
protein level was induced by heme-bound rHx within 3 h, followed by
the disappearance of the Bach1 protein level after 9 h (Fig. 5D, arrow-
head). Hence, heme-bound rHx induced a decrease in the level of Bach1
protein. To confirm the effect of heme-bound rHx upon Bach1 protein,
we also used Hepa-1c1c7 cells transiently transfected with a plasmid
expressing a FLAG-tagged Bach1. After we cultured the cells with heme-
bound rHx along with Chx for 0-6 h, we measured the Bach1 protein
levels using anti-FLAG-tag antibody. In this situation, heme-bound rHx
time-dependently decreased the Bach1 protein levels (Fig. 5E). Taken
together, the results suggest that rHx-bound heme upregulates the
HO-1 gene expression by inactivating Bach1 as reported for free heme.
However, they were different in terms of the dependency upon endocytosis.

4. Discussion

In this study, we developed a method to prepare rHx-bound heme as
a major form of extracellular heme in order to investigate the cellular

uptake pathway and subsequent effect upon HO-1 gene expression of
extracellular heme. We revealed that rHx-bound heme is taken up via
endocytosis and that internalized heme acts as a signaling molecule via
Bach1 inactivation. Based on our results, the physiological significance
of the heme signal will be explored in the future.

Considering the functional importance of PTMs present in Hx, we pre-
pared the rHx protein from mammalian HEK293 cells. Previous reports
have shown the importance of the PTM status of Hx for achieving proper
biological functions [19,30,31]. When the rHx protein obtained from
mammalian cells was treated with PNGase F, the molecular weight of
13 kDa decreased (Fig. 3B), which is equivalent to five N-linked oligosac-
charides, as the molecular weight of a typical N-linked oligosaccharide is
2.5 kDa. In contrast, Endo H did not affect the molecular weight of rHx
(Fig. 3C). These results indicate that rHx is secreted by the addition of
mature N-linked oligosaccharides via the ER-Golgi secretory pathway,
because Endo Hracts only on high-mannose oligosaccharides that should
be removed in the Golgi apparatus [39]. In addition, when the rHx protein
was treated with o-glycosidase, no significant decreases in molecular
weight were detected (Fig. 3D). Hx is known to possess an additional
O-linked oligosaccharide [30,31], which is equivalent to 0.6 kDa. We
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were further treated with 1 uM of heme or 1 pM of rHx-bound heme for 6 h, the HO-1 mRNA was measured using a qPCR analysis. The relative HO-1 mRNA levels were normalized to that
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containing Hepa-1c1c7 cells was added to PBS only, 10 M of heme or 5 pM of rHx-bound heme, the cells were further cultured for 6 h. (D and E) The time-dependent effects of rHx-bound
heme on Bach1 degradation without the de novo synthesis of proteins were detected using anti-Bach1 or anti-FLAG-tag antibodies. Hepa-1c1c7 cells (D) or the cells transiently expressing
FLAG-tagged Bach1 (E) were cultured with 5 pM of rHx-bound heme in the presence of 10 pg/ml of Chx for the indicated time periods.

cannot exclude the possibility that the difference of 0.6 kDa was unde-
tectable in the SDS-PAGE analysis. Mass spectrometry analyses are
needed to draw conclusions on this point. On the other hand, the crystal
structure of heme-bound Hx has shown that heme is located near the
glycosylation site of Hx [33]. Thus, the possibility that the glycosylation
of Hx modulates heme-binding has been proposed but remains un-
proven. In this study, we revealed that the glycosylation of rHx was
important for heme-binding by comparing the heme-binding activity
of de-glycosylated rHx with that of glycosylated rHx (Fig. 3G). This
result supports the possibility that the structure of Hx is altered by
changes in glycosylation status, resulting in modulating the heme-
binding.

In this study, we have shown that rHx-bound heme induces the
HO-1 mRNA and protein expressions (Fig. 4). As a stress-inducible
enzyme, HO-1 plays a critical role in protecting cells from oxidative stress

via antioxidant defenses, including the reduction of cellular reactive
oxygen species (ROS) generation and the promotion of radical scavenging
[13]. While the transcriptional induction of HO-1 mRNA expression
involves diverse mechanisms and transcription factors (e.g., Nrf2 and
NF-kB) [8,40-42], the inhibition of the repressor activity of Bach1 by
heme has been shown to be the critical step for its induction [7,9-12].
Interestingly, tissue damages and cell death lead to release of heme
among diverse danger molecules [43]. Therefore, it has implicitly been
considered that extracellular heme is delivered into cells to act as a signal-
ing molecule to protect the cells from oxidative stress. Other examples
also suggest that extracellular heme functions as a signaling molecule.
One of the examples of heme signaling is hemoglobin (Hb). Free Hb is
generally bound by haptoglobin (Hp) in the serum. The Hb-Hp complex
is sequentially taken up by macrophages via CD163 receptor-mediated
endocytosis, leading to the HO-1 expression [44]. Another example is
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senescent erythrocytes. The senescent cells are phagocytosed by macro-
phages in the spleen or bone marrow [45], which induces the expressions
of ferroportin1 and HO-1 [46]. This uptake of extracellular heme by
diverse pathways may serve to protect cells from oxidative stress via
the HO-1 expression.

We showed that rHx-bound heme is taken up by macrophages via en-
docytosis, while free heme is taken up by an endocytosis-independent
pathway (Fig. 5B). The difference in the endocytosis dependency
between free heme and rHx-bound heme strongly indicates that these
forms of heme induce the HO-1 expression via distinct mechanisms.
Taken together with previous data [16], our results (Fig. 5B) show
that the endocytosis of rHx-bound heme is mediated by LRP1. It has
previously been suggested that the endocytosis of LRP1 attenuates the
inflammatory signaling pathways including Toll-like receptor (TLR)-
mediated c-Jun NH2-terminal protein kinase (JNK) and nuclear factor-
kappa B (NFkB) signaling [47,48]. As these inflammatory signaling
pathways are enhanced by free heme [42,49,50], the Hx-mediated
endocytosis of LRP1 may suppress the free heme-induced inflammatory
signaling. Indeed, Hx significantly downregulates the synergistic induc-
tion of proinflammatory cytokines by free heme with LPS [49].

Furthermore, it has been shown that heme without Hx induces both
the HO-1 expression and ROS production, while heme bound with Hx
induces the HO-1 expression, but not ROS production, in the endotheli-
um [51]. It is believed that Hx protects cells from free heme-mediated
ROS production by scavenging extracellular heme and promoting its
endocytosis and subsequent degradation. Extracellular free heme pro-
motes the oxidative stress response via the HO-1 gene expression in
association with ROS production and NF«B activation. In contrast, Hx
transfers extracellular heme into cells via LRP1-mediated endocytosis,
leading to the induction of antioxidation programs including the HO-1
expression without the prooxidant and inflammatory effects.

Extracellular materials that are taken up by endocytosis are trans-
ferred to lysosomes via endosomes. The interior of the endosome com-
partment is kept acidic (pH 5-6). Therefore, heme is dissociated from
Hx in the endosome [52]. The heme that is liberated from Hx may
escape from the endosome or lysosome into the cytoplasm in order to
affect the gene expression. The mechanisms by which heme enters
into the cytoplasm are largely unknown. Further investigations into
the mechanisms by which heme is exported from endosomes or lyso-
somes into the cytoplasm are required. Recently, heme responsive
gene-1 (HRG-1) has been identified to be an endosomal heme trans-
porter [53,54]. We predict that HRG-1 is involved in the exportation of
heme from the endosome into the cytoplasm, which will be examined
by combining the rHx system and gene knockdown. Taking advantage
of the recombinant system, we will be also able to visualize the cellular
uptake pathway of extracellular heme using rHx proteins fused with
GFP.

We revealed that rHx-bound heme induces the degradation of Bach1
proteins, leading to the expression of HO-1 (Fig. 5C, D, and E). The
downregulation of Bach1 plays a role in protection against oxidative
stress by derepressing HO-1, which is involved in protecting cells from
oxidative stress [6,7,9-12,55,56]. Therefore, Hx-bound heme may pro-
mote the antioxidation program by controlling the Bach1 repressor
activity without causing free heme-induced prooxidant and inflamma-
tory effects.

It has recently been recommended that Hx be used in the treatment
of vasculopathy in patients with hemolytic disorders, stroke and intra-
cerebral hemorrhage [51,57]. The therapeutic activity of Hx may be
due to the promotion of the antioxidation program by delivering heme
into cells and inactivating Bach1. The heme-Hx-Bach1 axis appears to
be clinically important. On one hand, we demonstrated previously
that Bach1 ablation reduces the progression of atherosclerosis in cuff
injury model mice [58] and the myocardial infarction in myocardial
ischemia/reperfusion injury model mice [59]. On the other hand, Hx-
deficient mice exhibit recovering defects in acute hemolysis [60]. Based
on the fact that the loss of the components of the heme-Hx-Bach1 axis

significantly affects the phenotypes under pathological conditions but
not normal conditions [1,58-60], the heme-Hx-Bach1 axis is thought
to modulate the clinical courses and outcomes of various diseases asso-
ciated with ROS. It is useful to understand the mechanisms by which
extracellular heme is transferred to Bach1 by Hx for the development
of preventive treatments for atherosclerosis, acute hemolysis, or other
diseases accompanying oxidative and inflammatory effects.
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