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RED CELLS, IRON, AND ERYTHROPOIESIS
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KEY PO INT S

l TfrcAlb-Cre mice exhibit
low hepatocellular iron
and develop mild
hypoferremia and
microcytosis due to
inappropriate hepcidin
expression.

l Tfr1 is essential for
fine-tuning hepcidin
responses to
hepatocellular iron
load but is dispensable
for basal iron supply to
hepatocytes.

Transferrin receptor 1 (Tfr1) mediates uptake of circulating transferrin-bound iron to
developing erythroid cells and other cell types. Its critical physiological function is high-
lighted by the embryonic lethal phenotype of Tfr1-knockout (Tfrc2/2) mice and the pa-
thologies of several tissue-specific knockouts. We generated TfrcAlb-Cre mice bearing
hepatocyte-specific ablation of Tfr1 to explore implications in hepatocellular and systemic
iron homeostasis. TfrcAlb-Cre mice are viable and do not display any apparent liver pa-
thology. Nevertheless, their liver iron content (LIC) is lower compared with that of control
Tfrcfl/fl littermates as a result of the reduced capacity of Tfr1-deficient hepatocytes to
internalize iron from transferrin. Even though liver Hamp messenger RNA (mRNA) and
serum hepcidin levels do not differ between TfrcAlb-Cre and Tfrcfl/fl mice, Hamp/LIC and
hepcidin/LIC ratios are significantly higher in the former. Importantly, this is accompanied
by modest hypoferremia and microcytosis, and it predisposes TfrcAlb-Cre mice to iron-
deficiency anemia. TfrcAlb-Cre mice appropriately regulate Hamp expression following di-
etary iron manipulations or holo-transferrin injection. Holo-transferrin also triggers proper
induction of Hamp mRNA, ferritin, and Tfr2 in primary TfrcAlb-Cre hepatocytes. We further

show that these cells can acquire 59Fe from 59Fe-transferrin, presumably via Tfr2.We conclude that Tfr1 is redundant for
basal hepatocellular iron supply but essential for fine-tuning hepcidin responses according to the iron load of hep-
atocytes. Our data are consistent with an inhibitory function of Tfr1 on iron signaling to hepcidin via its interaction with
Hfe. Moreover, they highlight hepatocellular Tfr1 as a link between cellular and systemic iron-regulatory pathways.
(Blood. 2019;133(4):344-355)

Introduction
Iron is a critical cofactor for many biochemical activities. Most
mammalian cells acquire iron from plasma transferrin, an iron
carrier protein.1,2 Iron-loaded transferrin binds to transferrin
receptor 1 (Tfr1) on the cell surface and delivers its cargo to the
cytosol via endocytosis. Tfr1 is almost ubiquitously expressed in
mammalian tissues and defines the cellular iron gate.3 Its levels
are higher in proliferating cells with increased iron demand. Iron
deficiency triggers transcriptional induction of Tfr1 via hypoxia-
inducible factors and posttranscriptional stabilization of Tfr1
messenger RNA (mRNA) upon binding of iron-regulatory pro-
teins (IRPs) to its iron-responsive elements.4

Tfr1 is essential for erythropoiesis, which consumes the vast ma-
jority of body iron.5 Thus, mice with pathologically reduced ery-
throid Tfr1 expression develop microcytic anemia.6-8 Moreover,

Tfrc2/2 mice exhibit early embryonic lethality due to defective
erythroid and neuronal development.8 Cell-specific inactivation
of Tfr1 in dopaminergic neurons,9 lymphocytes,10 enterocytes,11

skeletal muscles,12 or cardiomyocytes13 has been associated with
severe pathologies. Interestingly, the critical homeostatic function
of Tfr1 in intestinal epithelial cells is independent of iron uptake.11

Evidence for noncanonical functions of Tfr1 has also been obtained
in other settings, such as cell survival14 or regulation of mito-
chondrial morphology.15

The liver stores excesses of body iron but also controls systemic
iron homeostasis.16,17 Thus, hepatocytes produce and secrete
hepcidin, a peptide hormone that limits iron efflux to the
bloodstream.18 Hepcidin operates by binding to the iron ex-
porter ferroportin in target cells, which promotes ferroportin
internalization and degradation. Iron triggers transcriptional

344 blood® 24 JANUARY 2019 | VOLUME 133, NUMBER 4 © 2019 by The American Society of Hematology

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/133/4/344/1552290/blood850404.pdf by guest on 21 M

ay 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2018-05-850404&domain=pdf&date_stamp=2019-01-24


induction of hepcidin via BMP/SMAD (bone morphogenetic
protein/small mothers against decapentaplegic) signaling. Ge-
netic impairment of this pathway leads to hereditary hemo-
chromatosis, an endocrine disorder of iron overload.19

The most common form of hereditary hemochromatosis is as-
sociated with mutations in HFE, an atypical major histocom-
patibility class 1 type molecule. Another form of the disease
is caused by mutations in Tfr2, a Tfr1 homolog that is pre-
dominantly expressed in hepatocytes and erythroid cells. Tfr2
binds iron-loaded transferrin with 25-fold lower affinity com-
pared with Tfr1 and is not considered an alternative iron entry
point3 but rather an iron sensor that coordinately regulates
hepcidin expression in hepatocytes and erythropoietin signaling
in erythroid progenitors.20-22

HFE physically interacts with Tfr123 at the transferrin binding
site,24 which reduces cellular iron uptake.25-27 Experiments in
mouse models expressing Tfr1 mutants that prevent or promote
the Hfe/Tfr1 interaction provided evidence that Tfr1 limits
hepcidin induction by Hfe.28

Herein, we generatedmice bearing hepatocyte-specific ablation
of Tfr1 to characterize the role of this protein in hepatocellular
and systemic iron metabolism.

Methods
Targeting of the murine Tfrc gene and generation
of hepatocyte-specific Tfrc2/2 mice
For conditional disruption of the murine Tfrc gene, we designed
a targeting vector29 to flox (with loxP sites) a 4.1-kb region
containing exons 3 and 4 (supplemental Figure 1A, available on
the Blood Web site); sequences of the primers used for cloning
are provided in supplemental Table 1A. A PGK-neo cassette was
also introduced for antibiotic selection. Following transfection of
the targeting vector into 129S6/SvEvTac embryonic stem cells,
1 positive clone (out of 500) with correct homologous re-
combination was identified (supplemental Figure 1B). The clone
was expanded, and embryonic stem cells were microinjected
into C57BL/6J blastocysts. Chimeric mice were obtained, and
germline transmission of the floxed Tfrc allele was achieved by
breeding. Subsequently, the Tfrcfl/fl mice were crossed with
transgenic mice expressing the FLP recombinase strain to
remove the PGK-neo cassette flanked by FRT sites. For dis-
ruption of Tfrc in hepatocytes, Tfrcfl/fl mice were crossed with
Alb-Cre mice (Charles River Laboratories) expressing the Cre
recombinase under control of the albumin promoter. The
resulting heterozygous Tfrcwt/fl:Alb-Cre animals were crossed
with Tfrcfl/fl mice to obtain homozygous Tfrcfl/fl:Alb-Cre progeny
(TfrcAlb-Cre). Polymerase chain reaction (PCR) genotyping from tail
genomic DNA was performed using a REDExtract-N-Amp kit
(Sigma); the primers used are shown in supplemental Table 1B.

Animal housing
All mice were housed inmacrolone cages (up to 5mice per cage,
12-hour light-dark cycle: 7 AM to 7 PM, 22 6 1°C, 60% 6 5%
humidity) and were allowed ad libitum access to chow and
drinking water. The mice were fed a standard diet (SD; Teklad
Global 18% protein 2918, containing 200 ppm iron) or, when
indicated, an iron-deficient diet (IDD; TD.80396, containing

2-6 ppm iron)30 or high-iron diet (HID; TD.09521, containing
2% carbonyl iron).31 Where indicated, the mice received 3 intra-
peritoneal injections (1 per day) of phenylhydrazine (25 mg/kg)
and were analyzed after 2 days of rest. All experiments were
performed with TfrcAlb-Cre and Tfrcfl/fl littermates. Male and female
mice were analyzed separately. At the end points, the animals
were euthanized by CO2 inhalation. Experimental procedures
were approved by the Animal Care Committee of McGill Uni-
versity (protocol 4966).

Isolation of primary murine hepatocytes
Primary hepatocytes were isolated from livers of Tfrcfl/fl and
TfrcAlb-Cre mice (8-10 weeks old, 22-25 g), as described.32

Serum biochemistry
Blood was collected via cardiac puncture. Hemoglobin con-
centration, red blood cell count, and mean corpuscular volume
(MCV) were determined with a scil Vet-ABC hematology ana-
lyzer. Serum was prepared by utilizing micro Z-gel tubes with
clotting activator (Sarstedt) and was snap-frozen at 280°C.
Serum iron, total iron-binding capacity (TIBC), and ferritin were
measured on a Roche Hitachi 917 Chemistry Analyzer. Trans-
ferrin saturation was calculated from the ratio of serum iron and
TIBC. Serum hepcidin was quantified using an enzyme-linked
immunosorbent assay kit (HMC-001; Intrinsic LifeSciences).

Tissue iron quantification
Tissue nonheme iron was quantified using a ferrozine assay.33

Quantitative real-time PCR
Liver RNA was analyzed by quantitative real-time PCR (qPCR)31;
primers are listed in supplemental Table 1C. Relative mRNA
expression was calculated by the comparative Ct method. Data
were normalized to ribosomal protein L19 (Rpl19) and reported
as fold increases compared with values from control Tfrcfl/fl mice
or hepatocytes.

Western blotting
Liver lysates were analyzed by western blotting31 with antibodies
against Tfr1 (1:1000 diluted; Invitrogen), Tfr2 (1:1000 diluted;
Alpha Diagnostics), ferritin (1:500 diluted; Novus), b-actin (1:2000
diluted; Sigma), phospho-(p)Smad5 (1:1000 diluted; Epitomics),
Smad1, pStat3, or Stat3 (1:1000 diluted; Cell Signaling
Technology).

Histology and immunohistochemistry
Liver specimens were fixed in 10% buffered formalin and em-
bedded in paraffin. Tissue architecture was analyzed by staining
with hematoxylin and eosin. Nonheme iron deposits were vi-
sualized by Perls staining. Expression of Tfr1 was detected by
immunohistochemistry.34 OCT-frozen liver sections (30 mm)
were used for intracellular localization of Tfr1 with EEA1 and Tfr2
with Rab7. Staining was performed with 1:300 diluted mouse
Tfr1 (Invitrogen) and 1:200 diluted rabbit EEA1 (Cell Signaling
Technology) antibodies or with 1:200 diluted rabbit Tfr2 (Alpha
Diagnostics) and mouse Rab7 (Sigma) antibodies, respectively.
Secondary antibodies (Chemicon) were labeled with Alexa Fluor
488 or Cy3. DAPI (1mg/mL) was added together with the primary
antibody. Immunofluorescence images were obtained using a
Leica SP8 confocal microscope with a 633 NA 1.4 objective.
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Transmission electron microscopy
Liver sections were prepared for ultrastructural studies and
analyzed by transmission electron microscopy.35

59Fe-transferrin uptake
59FeCl3 (PerkinElmer) was used to load apo-transferrin.36 59Fe-
transferrin was purified on a Zeba Spin Desalting Columns 7K
MWCO (Thermo Fisher Scientific). Mice were injected in-
traperitoneally with 50 mL containing 1.53 106 cpm (2.975 nmol)
59Fe-transferrin. At the end point, the animals were sacrificed,
and blood was collected by cardiac puncture. Subsequently,
residual blood was removed from tissues by perfusion with
20 mL of ice-cold phosphate buffered saline, and tissues were
dissected and analyzed for 59Fe radioactivity in a gamma
counter. In vitro, primary murine hepatocytes (;3 3 105) were
incubated in 6-well plates with 5mL (1.53 105 cpm; 0.2975 nmol)
of 59Fe-transferrin for 24 hours, and 59Fe uptake was analyzed
as described.37

Statistical analysis
Statistical analysis was performed using Prism GraphPad soft-
ware (version 7.0d). Pairwise comparisons were performed with
the unpaired Student t test. Multiple groups were subjected
to analysis of variance (ANOVA) with Bonferroni post hoc
test comparison. A P value , .05 was considered statistically
significant.

Results
TfrcAlb-Cre mice bear hepatocyte-specific ablation
of Tfr1
Livers from TfrcAlb-Cre and Tfrcfl/fl mice were analyzed bio-
chemically and histologically for Tfr1 expression. Tfr1 mRNA and
protein levels were diminished in whole livers of TfrcAlb-Cre ani-
mals; there was no compensatory induction of Tfr2, but ferritin
content was decreased (Figure 1A-B). The immunohistochemical
data in Figure 1C-D show a complete absence of Tfr1 in TfrcAlb-Cre

hepatocytes. As expected, control Tfrcfl/fl hepatocytes exhibit
robust Tfr1 expression, with the Tfr1 signal predominating on the
plasma membrane (Figure 1C) but also detectable in endo-
somes, where it colocalizes with the early endosome marker
EEA1 (Figure 1D, arrowheads). Tfr1 expression is retained in
nonparenchymal liver cells of TfrcAlb-Cre mice (Figure 1C, arrows),
in line with the observed residual Tfr1 mRNA (Figure 1A) and
protein (Figure 1B). These data demonstrate efficient disruption
of Tfr1 in hepatocytes from TfrcAlb-Cre mice.

TfrcAlb-Cre mice develop modest hypoferremia
and microcytosis associated with reduced LIC and
inappropriate hepcidin expression
We assessed the physiological implications of hepatocellular
Tfr1 deficiency in female and male TfrcAlb-Cre mice and control
Tfrcfl/fl littermates. Hemoglobin (Figure 2A) and red blood cells
(Figure 2B) appeared slightly reduced in TfrcAlb-Cre mice, but
the values did not reach statistical significance. Nevertheless,
TfrcAlb-Cre mice developed significant, albeit modest, microcytosis
(Figure 2C), with a decrease in MCV reaching 4% in females
(P , .001) and 3% in males (P , .05). Likewise, TfrcAlb-Cre mice
exhibited significant hypoferremia, with ;25% decreased
(P , .001) serum iron (Figure 2D) and transferrin saturation
(Figure 2F) in both sexes.

Serum ferritin, a biomarker of LIC, was reduced by;20% (P, .05)
in all TfrcAlb-Cre mice (Figure 2G). The decrease in LIC was
more profound and reached;50% (P, .001) in TfrcAlb-Cre mice
(Figure 2H); the overall LIC levels were lower in males of the
same genotype, in agreement with earlier observations.38 Liver
Hamp mRNA expression (Figure 2I) and serum hepcidin levels
(Figure 2J) were lower in males, as previously described,38 but
they did not differ among the genotypes. However, when
normalized to LIC, Hamp mRNA (Figure 2K) and serum hepcidin
(Figure 2L) were significantly elevated in TfrcAlb-Cre mice by
;2.5-fold (P , .01) and ;2-fold (P , .001), respectively. Thus,
TfrcAlb-Cre mice present with reduced LIC and serum iron and,
moreover, fail to adjust hepcidin expression accordingly.

Dysregulation of hepcidin predisposes TfrcAlb-Cre

mice to iron-deficiency anemia
To compare responses to iron deficiency, 12-week-old TfrcAlb-Cre

and Tfrcfl/fl mice were placed on an iron-deficient diet and an-
alyzed after 12 weeks (Figure 3; dashed lines indicate values
from sex- and age-matched control Tfrcfl/fl mice on an SD). This
promoted a drastic reduction in serum iron and transferrin sat-
uration in both genotypes, yet the values remained significantly
lower (P, .01) in TfrcAlb-Cre mice (Figure 3A-C). Serum ferritin and
LIC were likewise reduced but equalized among genotypes
(Figure 3D-E). Hamp mRNA expression was undetectable in
Tfrcfl/fl livers but persisted in TfrcAlb-Cre livers (Figure 3F-G). Under
these experimental conditions, TfrcAlb-Cre mice, but not Tfrcfl/fl

mice, developed anemia, which was reflected in significant
drops in hemoglobin (17%; P , .05), hematocrit (18%; P , .05),
and MCV (13%; P , .05) (Figure 3I-L). Young wild-type mice
typically develop anemia within 4 to 7 weeks if placed on an iron-
deficient diet directly after weaning30; thus, it appears that the
older Tfrcfl/fl mice were protected by their higher iron stores.
Considering that LIC was equalized between Tfrcfl/fl and TfrcAlb-Cre

mice at the end point, these data suggest that hepcidin dys-
regulation due to hepatocellular Tfr1 ablation potentiates iron
restriction in TfrcAlb-Cre mice and renders them susceptible to iron-
deficiency anemia.

We also evaluated the responses of TfrcAlb-Cre and Tfrcfl/fl mice to
phenylhydrazine, a drug that causes hemolytic anemia. Phenyl-
hydrazine treatment led to significant reductions in serum
iron, hemoglobin, hematocrit, red blood cells, MCV, and Hamp
mRNA in both genotypes (supplemental Figure 2). Importantly,
there was no significant difference in Hamp mRNA suppression
between TfrcAlb-Cre and Tfrcfl/flmice (supplemental Figure 2I), which
promoted a similar increase in LIC (supplemental Figure 2J).
Extramedullary erythropoiesis is another possible contributor to
increased LIC in phenylhydrazine-treated animals. It is reflected
in the robust Tfr1 mRNA induction in TfrcAlb-Cre and Tfrcfl/fl livers
(supplemental Figure 2K), presumably due to the recruitment
of erythropoietic cells.

Tfr1 deficiency reduces, but does not abrogate,
uptake of transferrin-bound iron by hepatocytes
In light of the low LIC of TfrcAlb-Cre mice, we examined whether
these animals can assimilate transferrin-bound iron in the liver.
To this end, male TfrcAlb-Cre and Tfrcfl/fl mice were injected in-
traperitoneally with 59Fe-transferrin; 6 hours later, the mice were
euthanized, and tissues were analyzed for 59Fe distribution.
Compared with controls, TfrcAlb-Cre mice internalized ;40% less
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59Fe in the liver (P , .001) and accumulated ;30% more 59Fe in
the blood (Figure 4A). There was no difference in 59Fe uptake
in the spleen, kidney, and heart. Similar results were obtained
when the animals were previously placed on an iron-deficient
diet for 4 weeks (supplemental Figure 3). These data indicate
that hepatocellular Tfr1 ablation reduces, but does not abolish,
the acquisition of transferrin-bound iron in the liver.

Next, primary hepatocytes from TfrcAlb-Cre and Tfrcfl/fl mice were
incubated with 59Fe-transferrin and analyzed for 59Fe uptake after
24 hours. This led to 59Fe acquisition by wild-type and Tfr1-deficient

hepatocytes, even though the latter exhibited ;15% reduced ca-
pacity (Figure 4B). Our findings raise the possibility of a critical role
for Tfr2 in hepatocellular iron supply. Supportive evidence is pro-
vided by the colocalization of Tfr2 with the late endosome marker
Rab7 in livers of TfrcAlb-Cre and Tfrcfl/fl mice (Figure 4C, arrowheads).

Livers of TfrcAlb-Cre mice lack
histopathological features
We investigated whether the reduced LIC in TfrcAlb-Cre mice was
associated with altered tissue architecture. To enhance poten-
tial pathology, groups of male TfrcAlb-Cre and Tfrcfl/fl mice were
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Figure 1. Efficient hepatocyte-specific ablation of Tfr1
in TfrcAlb-Cremice. Livers from 8-week-old female andmale
TfrcAlb-Cre mice and control Tfrcfl/fl littermates (n 5 10 for
each group) were used for biochemical and histological
assessment of Tfr1 expression. (A) qPCR analysis of Tfr1
mRNA. Data are mean 6 standard error of the mean.
(B) Western blot analysis of Tfr1. (C) Immunohistochemical
detection of Tfr1; arrows denote Tfr1 expression in non-
parenchymal liver cells. Scale bars, 200 mm (upper panels),
100 mm (lower panels); original magnification 310 and
320. (D) Immunofluorescence detection of Tfr1 and the
early endosome marker EEA1; colocalization is shown by
the white arrowheads. Scale bar, 2 mm; original magnifi-
cation 363. Statistical analysis was done using 2-way
ANOVA.
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previously fed an IDD or an HID for 4 weeks. However, histo-
pathological analysis of livers (and spleens) did not reveal any
abnormalities or differences between the genotypes, irrespective
of iron content, whereas the distribution of visible iron deposits
was similar between TfrcAlb-Cre and Tfrcfl/fl mice (supplemental
Figure 4). Ultrastructural studies validated the lack of apparent
pathology in livers of iron-deficient TfrcAlb-Cre mice (supplemental
Figure 5), in spite of low LIC (supplemental Figure 7E). Thus, all
hepatocytes displayed physiological architecturewith appropriate
content and morphology in mitochondria, lipid droplets, and
glycogen granules.

TfrcAlb-Cre and Tfrcfl/fl mice had similar body weight, which was not
affected by dietary iron manipulations (supplemental Figure 6A).
Hepatocellular Tfr1 ablation did not significantly affect the weight of
the liver, spleen, heart, or kidney (supplemental Figure 6B-E) or the
iron content of the heart or kidney (supplemental Figure 6G-H).
However, it led to significant (P , .05) decreases in LIC (supple-
mental Figure 7E) and splenic iron content (supplemental Figure 6F).

TfrcAlb-Cre mice exhibit appropriate responses to
dietary iron challenges
Having established that TfrcAlb-Cre mice fail to adjust hepcidin
expression to low LIC, we examined how they respond to further

dietary iron manipulations (Figure 5). To analyze mid-term re-
sponses, male TfrcAlb-Cre and Tfrcfl/flmice received an SD or an IDD
for 5 days or an HID for 7 days. To analyze acute responses, the
animals previously on an IDD were exposed to an HID for 3 or
6 hours. Conversely, the animals on an HID were switched to an
IDD for 24 hours.

IDD intake for 5 days proportionally reduced serum iron
(Figure 5A) and transferrin saturation (Figure 5C) in TfrcAlb-Cre and
Tfrcfl/flmice but did not significantly affect HampmRNA, LIC, and
Hamp/LIC ratios (Figure 5E-G), presumably due to the relatively
short time frame of the experiment. Nevertheless, liver Tfr1
mRNA was profoundly induced in Tfrcfl/fl mice under these
conditions (Figure 5H), whereas Tfr1 protein levels were slightly
elevated (Figure 5J). Interestingly, TfrcAlb-Cre mice appropri-
ately increased serum iron (Figure 5A), transferrin saturation
(Figure 5C), and HampmRNA (Figure 5F) following acute dietary
iron loading by switching from an IDD to an HID, similar to Tfrcfl/fl

controls. The Hamp mRNA response appeared more potent at
the early time point (3 hours), as illustrated in the dramatically
increased Hamp/LIC ratio of TfrcAlb-Cre mice, which was .2-fold
higher compared with that of Tfrcfl/fl controls (Figure 5G). No-
tably, Tfr1 mRNA and protein levels were only suppressed after
a 6-hour exposure of the animals to an HID (Figure 5H,J).
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Figure 2. TfrcAlb-Cre mice dysregulate hepcidin expression and develop mild hypoferremia and microcytosis. Eight-week-old female and male TfrcAlb-Cre mice and
control Tfrcfl/fl littermates (n 5 10 for each group) were euthanized. Blood was isolated by cardiac puncture and used to analyze hemoglobin (A), red blood cell count
(B), and MCV (C). Sera were prepared for analysis of iron (D), TIBC (E), transferrin saturation (F), ferritin (G), and hepcidin (J). Livers were dissected and used to analyze LIC
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Likewise, TfrcAlb-Cre mice mounted appropriate responses to
dietary iron loading. Thus, an HID for 7 days triggered pro-
portional increases in serum iron (Figure 5A), transferrin satu-
ration (Figure 5C), serum ferritin (Figure 5D), LIC (Figure 5E),
HampmRNA (Figure 5F), and Bmp6mRNA (Figure 5I) in TfrcAlb-Cre

and Tfrcfl/fl mice. Conversely, the opposite responses were
observed for serum iron, transferrin saturation, Hamp mRNA,
and Bmp6 mRNA following the switch from an HID to an IDD
for 24 hours, whereas, as expected,39 serum ferritin and LIC
remained unaffected. It should be noted that iron loading was
associated with similar induction of Tfr2 in both genotypes
(Figure 5J), apparently due to the known Tfr2 stabilization by
holo-transferrin.40,41 We conclude that hepatocellular Tfr1 de-
ficiency does not impair the capacity of TfrcAlb-Cre mice to reg-
ulate hepcidin in response to dietary iron challenges. This
conclusion is further validated by the proper regulation of
hepcidin in TfrcAlb-Cre mice on prolonged IDD or HID regimens
(supplemental Figure 7F).

TfrcAlb-Cre mice exhibit appropriate responses
to holo-transferrin
Acute and chronic iron loading are thought to induce hepcidin
by distinct mechanisms involving increased iron saturation of
transferrin or iron-dependent secretion of Bmp6, respectively.39,42

We directly evaluated the responses of TfrcAlb-Cre mice to
transferrin (Figure 6). Thus, female TfrcAlb-Cre and Tfrcfl/fl

mice, previously fed an IDD for 5 days, were injected IV

with apo- or holo-transferrin and euthanized after 5 hours. Holo-
transferrin promoted a dramatic almost threefold increase in
serum iron (Figure 6A) and transferrin saturation (Figure 6C)
in both genotypes, without affecting serum ferritin (Figure 6D)
or LIC (Figure 6E). Expectedly, TIBC was increased by apo-
and holo-transferrin (Figure 6B, compare with Figure 2E). Im-
portantly, holo-transferrin, but not apo-transferrin, triggered
a modest (;0.25-fold), but significant (P , .05), induction of
Hamp mRNA (Figure 6F) that did not differ quantitatively be-
tween the genotypes. Hamp/LIC ratios remained significantly
higher in TfrcAlb-Cre mice (Figure 6G). Five-hour treatment with
apo- or holo-transferrin did not alter the expression of liver Tfr1 in
Tfrcfl/fl mice (Figure 6H) or the expression of Bmp6 (Figure 6I) or
Id1 (marker of Bmp/Smad signaling; Figure 6J) in either geno-
type. These results indicate that the hepcidin response to holo-
transferrin is preserved in TfrcAlb-Cre mice.

Holo-transferrin promotes hepcidin induction in
primary TfrcAlb-Cre hepatocytes
Holo-transferrin is known to induce Hamp mRNA in primary
hepatocyte cultures.43 Therefore, we isolated primary hepa-
tocytes from TfrcAlb-Cre and Tfrcfl/fl mice to examine whether
hepatocellular Tfr1 deficiency affects Hamp mRNA induction by
holo-transferrin in vitro. Administration of holo-transferrin trig-
gered an ;3-fold induction of Hamp mRNA in TfrcAlb-Cre and
Tfrcfl/fl hepatocytes (Figure 7A), which was associated with in-
creased Tfr2 expression (Figure 7B). Importantly, this treatment
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Figure 3. TfrcAlb-Cre mice are predisposed to iron-deficiency anemia. Twelve-week-old male TfrcAlb-Cre mice and control Tfrcfl/fl littermates (n 5 4-6 for each genotype)
were placed on an IDD for 12 weeks. At the end point, the animals were euthanized. Blood was isolated by cardiac puncture and used for hematological analysis. Serum
was prepared, and livers were dissected to analyze iron parameters. (A) Serum iron. (B) TIBC. (C) Transferrin saturation. (D) Serum ferritin. (E) LIC. (F) Liver Hamp mRNA.
(G) Liver Hamp/LIC ratios. (H) Liver Tfr1 mRNA. (I) Hemoglobin. (J) Hematocrit. (K) Red blood cell count. (L) MCV. Data are mean 6 standard error of the mean. Dashed
lines indicate average values obtained from age-matched male C57BL/6 mice on an SD (n 5 3). Statistical analysis was performed using the Student t test.
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also stimulated the induction of ferritin in both genotypes,
corroborating that holo-transferrin is an efficient iron source
even for hepatocytes lacking Tfr1. As expected, apo-transferrin
did not affect Hamp mRNA, Tfr2, or ferritin expression in control
Tfrcfl/fl hepatocytes. Nevertheless, we noted that it induced
Hamp mRNA and Tfr2 expression in TfrcAlb-Cre hepatocytes; the
reason for this is unclear. Apo- and holo-transferrin did not affect
pSmad5 levels in either genotype. pStat3 levels appeared
slightly decreased in TfrcAlb-Cre livers, but Il6 mRNA did not differ
significantly between the genotypes or in response to treatment
(Figure 7C). These findings suggest that the lack of Tfr1 does not
impair the capacity of hepatocytes to induce Hamp mRNA by

holo-transferrin and validate that Tfr1-deficient hepatocytes can
assimilate transferrin-bound iron.

Discussion
We show that TfrcAlb-Cre mice lack any Tfr1 expression in hep-
atocytes and present with ;50% reduced LIC compared with
control Tfrcfl/fl littermates, which is also reflected in lower serum
and liver ferritin (Figures 1-2). However, this does not cause any
apparent liver pathology, even under conditions of prolonged
dietary iron manipulations. Thus, TfrcAlb-Cre mice exhibit physi-
ological liver architecture (supplemental Figure 4) with normal
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ultrastructural morphology of hepatocytes (supplemental
Figure 5). These data suggest that Tfr1 contributes to LIC but
is redundant for the minimal hepatocellular iron supply that is

required to maintain physiological functions. We speculate that
Tfr1 may account for the buildup of an iron reservoir in hepa-
tocytes, which can be mobilized for systemic iron needs under
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Figure 5. TfrcAlb-Cremice respond appropriately to dietary iron challenges. Eight-week-old male TfrcAlb-Cre mice and control Tfrcfl/fl littermates (n5 30 for each genotype;
n5 5 for each treatment) were placed on an SD or an IDD for 5 days or an HID for 7 days. On the last day of the IDD, mice remained on this diet or were switched to an HID
for 3 or 6 hours. On the last day of the HID, mice remained on this diet or were switched to an IDD for 24 hours. Sera were prepared for the analysis of iron (A), TIBC
(B), transferrin saturation (C), and ferritin (D). Livers were dissected and used to analyze LIC (E), Hamp mRNA (F), Hamp/LIC ratios (G), Tfr1 mRNA (H), and Bmp6 mRNA (I).
(J) Liver lysates were used for western blot analysis of Tfr1, Tfr2, ferritin, and b-actin. All data are mean 6 standard error of the mean. Statistical analysis was performed
using multiple t tests.
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iron starvation.44 Nevertheless, the metabolic iron requirements
of hepatocytes appear to be fully covered by Tfr1-independent
mechanisms.

We explored whether Tfr1-deficient hepatocytes can acquire
transferrin-bound iron or possibly depend on inorganic iron
transporters, such as Zip14 or Dmt1.45,46 Injection of TfrcAlb-Cre

mice with 59Fe-transferrin resulted in substantial internalization
of 59Fe in the liver (Figure 4A; supplemental Figure 3). Con-
sidering that hepatocytes make up 70% to 85% of the liver’s
mass, these data are consistent with 59Fe uptake by TfrcAlb-Cre

hepatocytes. Direct evidence is provided by the in vitro
59Fe-transferrin–uptake experiment in cultured primary hepa-
tocytes; the data in Figure 4B demonstrate that Tfr1-deficient
hepatocytes indeed internalize transferrin-bound iron, yet
somehow less efficiently. Corroborative evidence is provided
by the induction of ferritin in primary TfrcAlb-Cre hepatocytes fol-
lowing treatment with holo-transferrin (Figure 7B), considering
that cellular iron derepresses ferritin mRNA translation via in-
activation of IRPs.4

Our data are consistent with an iron-uptake function of Tfr2
that is apparently not restricted to Tfr1-deficient hepatocytes.
Thus, the detection of Tfr2 in endosomes from TfrcAlb-Cre and

Tfrcfl/fl hepatocytes (Figure 4C), which exhibit only small differ-
ences in 59Fe uptake capacity (Figure 4B), raises the possibility
of a contribution of this protein in canonical hepatocellular
iron acquisition. This is in line with older findings reporting
Tfr1-independent uptake of transferrin-bound iron in Huh7 hep-
atoma cells,47 as well as with a proposed Tfr2-mediated iron-
delivery pathway from lysosomes to mitochondria in erythroid
cells.48 Nonetheless, more work is required to clarify the iron-
trafficking function of Tfr2 in hepatocytes, whereas the potential
contribution of moonlighting receptors for transferrin49,50 can-
not be formally excluded.

The main pathological features of TfrcAlb-Cre mice are modest
hypoferremia and microcytosis (Figure 2). Moreover, the animals
are sensitized to develop anemia following prolonged dietary
iron restriction (Figure 3). These pathologies are caused by a
failure to adjust hepcidin expression to low LIC, as illustrated by
the supraphysiological Hamp/LIC and hepcidin/LIC ratios. The
LIC controls hepcidin via iron-dependent secretion of Bmp6
from liver sinusoidal endothelial cells,51 which activates the Smad
signaling cascade and leads to Hamp mRNA transcription in
hepatocytes.18 Livers of TfrcAlb-Cre and Tfrcfl/fl mice express similar
levels of Bmp6 mRNA (Figures 5I and 6I), excluding a defective
paracrine response to LIC in the former.
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Bmp/Smad signaling in hepatocytes is optimized with the aid of
auxiliary factors, such as Hfe, Tfr2 and Hjv; global or hepatocyte-
specific disruption of any of these proteins impairs hepcidin
expression and causes hemochromatosis.18 The effects of Hfe
inactivation are relatively mild. Thus, Hfe2/2 mice express almost
physiological HampmRNA levels but exhibit inappropriately low
Hamp/LIC ratios.31 Because Hfe physically interacts with Tfr1,23

restraining its iron-signaling function,28 our data suggest that
the high Hamp/LIC ratios in TfrcAlb-Cre mice are triggered by
unrestricted Hfe activity. We propose that hepatocellular Tfr1
primarily exerts a systemic iron-regulatory function by fine-
tuning Hfe-mediated iron signaling to hepcidin, according to
the iron content of hepatocytes. Along these lines, in iron-
deficient hepatocytes, Tfr1 will be induced transcriptionally by
hypoxia-inducible factors and posttranscriptionally by IRPs to
interact with Hfe and limit its contribution to Bmp/Smad sig-
naling to hepcidin. Conversely, in iron-loaded hepatocytes, Tfr1
expression will be suppressed because inactive IRPs no longer
protect the labile Tfr1 mRNA, and this will allow Hfe to exert its
stimulatory effects on Bmp/Smad signaling to hepcidin. This
model is supported by the normalization of Hamp/LIC ratios in
TfrcAlb-Cre and control Tfrcfl/fl mice after feeding with an iron-rich
diet, as a result of Tfr1 suppression in Tfrcfl/fl livers (Figure 5G;
supplemental Figure 7G). Hence, Tfr1 provides a link between
cellular and systemic iron-regulatory mechanisms.

TfrcAlb-Cre mice exhibit appropriate responses to acute, mid-
term, or chronic dietary iron challenges (Figure 5; supplemental
Figure 7), as well as to injection of holo-transferrin (Figure 6).
These results appear to exclude a role for hepatocellular Tfr1
as a direct iron sensor, contrary to Tfr2.52 Nevertheless, Tfr1 is
an integral part of the IRP-governed iron-sensing system of hepa-
tocytes, which eventually fine-tunes systemic iron regulation
via hepcidin.

On a final note, our data suggest that the iron load of hepa-
tocytes contributes to hepcidin regulation by adjusting Hamp
mRNA to LIC via the Tfr1/Hfe interaction. Thus far, this is the only
evidence for a direct effect of hepatocellular iron on signaling
to hepcidin, because iron-regulated Bmp6 is derived from
liver sinusoidal endothelial cells,51 whereas Tfr2 responds to

circulating holo-transferrin.40,41,52 Clearly, Tfr1/Hfe do not play
a central role in hepcidin regulation. Nevertheless, hepatocel-
lular disruption of Tfr1 (this study) or Hfe53 leads to altered
Hamp/LIC ratios, with pathological consequences ranging
from hypoferremia and microcytosis to systemic iron overload,
respectively.

Acknowledgments
The authors thank Naciba Benlimame for technical assistance with
immunohistochemistry and Allen Ehrlicher for use of the Leica SP8
confocal microscope.

This work was supported by grants from the Canadian Institutes of
Health Research (MOP-86514) and the Canada Foundation for In-
novation (Project 32749).

Authorship
Contribution: C.F., E.C., J.W., A.K., J.M., D.G.-S., and J.P. performed
research and analyzed data; H.V. and P.P. analyzed data; and K.P.
designed and supervised the study and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profiles: J.M., 0000-0001-8229-8338; H.V., 0000-0003-3464-
9943; D.G.-S., 0000-0003-3894-427X; P.P., 0000-0001-5835-1477; K.P.,
0000-0002-2305-0057.

Correspondence: Kostas Pantopoulos, 3755 Cote Ste-Catherine Rd,
Montreal, QC H3T 1E2, Canada; e-mail: kostas.pantopoulos@mcgill.ca

Footnotes
Submitted 9May 2018; accepted 4 December 2018. Prepublished online
as Blood First Edition paper, 11 December 2018; DOI 10.1182/blood-
2018-05-850404.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES
1. Gkouvatsos K, Papanikolaou G, Pantopoulos

K. Regulation of iron transport and the role
of transferrin. Biochim Biophys Acta. 2012;
1820(3):188-202.

2. Bartnikas TB. Known and potential roles of
transferrin in iron biology. Biometals. 2012;
25(4):677-686.

3. Gammella E, Buratti P, Cairo G, Recalcati S.
The transferrin receptor: the cellular iron gate.
Metallomics. 2017;9(10):1367-1375.

4. Wang J, Pantopoulos K. Regulation of cellular
iron metabolism. Biochem J. 2011;434(3):
365-381.

5. Papanikolaou G, Pantopoulos K. Systemic iron
homeostasis and erythropoiesis. IUBMB Life.
2017;69(6):399-413.

6. Zhu BM, McLaughlin SK, Na R, et al.
Hematopoietic-specific Stat5-null mice dis-
play microcytic hypochromic anemia

associated with reduced transferrin receptor
gene expression. Blood. 2008;112(5):
2071-2080.

7. Cooperman SS, Meyron-Holtz EG, Olivierre-
Wilson H, Ghosh MC, McConnell JP, Rouault
TA. Microcytic anemia, erythropoietic proto-
porphyria, and neurodegeneration in mice
with targeted deletion of iron-regulatory
protein 2. Blood. 2005;106(3):1084-1091.

8. Levy JE, Jin O, Fujiwara Y, Kuo F, Andrews
NC. Transferrin receptor is necessary for de-
velopment of erythrocytes and the nervous
system. Nat Genet. 1999;21(4):396-399.

9. Matak P, Matak A, Moustafa S, et al. Disrupted
iron homeostasis causes dopaminergic neu-
rodegeneration in mice. Proc Natl Acad Sci
USA. 2016;113(13):3428-3435.

10. Jabara HH, Boyden SE, Chou J, et al. A mis-
sense mutation in TFRC, encoding transferrin
receptor 1, causes combined immunodefi-
ciency. Nat Genet. 2016;48(1):74-78.

11. Chen AC, Donovan A, Ned-Sykes R, Andrews
NC. Noncanonical role of transferrin receptor
1 is essential for intestinal homeostasis.
Proc Natl Acad Sci USA. 2015;112(37):
11714-11719.

12. Barrientos T, Laothamatas I, Koves TR, et al.
Metabolic catastrophe in mice lacking
transferrin receptor in muscle. EBioMedicine.
2015;2(11):1705-1717.

13. Xu W, Barrientos T, Mao L, Rockman HA,
Sauve AA, Andrews NC. Lethal cardiomyop-
athy in mice lacking transferrin receptor in the
heart. Cell Reports. 2015;13(3):533-545.

14. Jian J, Yang Q, Huang X. Src regulates Tyr(20)
phosphorylation of transferrin receptor-1
and potentiates breast cancer cell survival.
J Biol Chem. 2011;286(41):35708-35715.

15. Senyilmaz D, Virtue S, Xu X, et al. Regulation
of mitochondrial morphology and function
by stearoylation of TFR1. Nature. 2015;
525(7567):124-128.

354 blood® 24 JANUARY 2019 | VOLUME 133, NUMBER 4 FILLEBEEN et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/133/4/344/1552290/blood850404.pdf by guest on 21 M

ay 2024

http://orcid.org/0000-0001-8229-8338
http://orcid.org/0000-0003-3464-9943
http://orcid.org/0000-0003-3464-9943
http://orcid.org/0000-0003-3894-427X
http://orcid.org/0000-0001-5835-1477
http://orcid.org/0000-0002-2305-0057
http://orcid.org/0000-0002-2305-0057
mailto:kostas.pantopoulos@mcgill.ca
https://doi.org/10.1182/blood-2018-05-850404
https://doi.org/10.1182/blood-2018-05-850404


16. Meynard D, Babitt JL, Lin HY. The liver: con-
ductor of systemic iron balance. Blood. 2014;
123(2):168-176.

17. Rishi G, Subramaniam VN. The liver in regu-
lation of iron homeostasis. Am J Physiol
Gastrointest Liver Physiol. 2017;313(3):
G157-G165.

18. Ganz T. Systemic iron homeostasis. Physiol
Rev. 2013;93(4):1721-1741.

19. Brissot P, Pietrangelo A, Adams PC, de Graaff
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