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Key Points

• Endothelial Bmp6 conditional
knockout mice exhibit
hemochromatosis, whereas
hepatocyte and macrophage
Bmp6 conditional knockout
mice do not.

• Our data support a model
in which EC Bmp6 has
paracrine actions on
hepatocyte hemojuvelin to
regulate hepcidin production.

Bone morphogenetic protein 6 (BMP6) signaling in hepatocytes is a central transcrip-

tional regulator of the iron hormone hepcidin that controls systemic iron balance. How

iron levels are sensed to regulatehepcidinproduction is not known, but local inductionof

liver BMP6 expression by iron is proposed to have a critical role. To identify the cellular

source of BMP6 responsible for hepcidin and iron homeostasis regulation, we generated

micewith tissue-specific ablationofBmp6 indifferent liver cell populationsandevaluated

their iron phenotype. Efficiency and specificity of Cre-mediated recombination was

assessed by using Cre-reporter mice, polymerase chain reaction of genomic DNA, and

quantitation of Bmp6 messenger RNA expression from isolated liver cell populations.

Localization of the BMP co-receptor hemojuvelin was visualized by immunofluores-

cence microscopy. Analysis of the Bmp6 conditional knockout mice revealed that liver

endothelial cells (ECs) expressed Bmp6, whereas resident liver macrophages (Kupffer

cells) and hepatocytes did not. Loss of Bmp6 in ECs recapitulated the hemochromatosis

phenotype of global Bmp6 knockout mice, whereas hepatocyte and macrophage Bmp6

conditional knockout mice exhibited no iron phenotype. Hemojuvelin was localized on the

hepatocyte sinusoidal membrane immediately adjacent to Bmp6-producing sinusoidal ECs. Together, these data demonstrate that ECs

are thepredominantsourceofBMP6 in the liverandsupport amodel inwhichECBMP6hasparacrineactionsonhepatocytehemojuvelin

to regulate hepcidin transcription and maintain systemic iron homeostasis. (Blood. 2017;129(4):405-414)

Introduction

Iron homeostasis is tightly controlled to ensure sufficient iron for
erythropoiesis and other fundamental metabolic processes and to prevent
the toxicity of excess iron.1 The peptide hormone hepcidin is a master
regulator of systemic ironbalancebymediating thedegradationof the iron
export protein ferroportin to limit dietary iron absorption andmacrophage
iron recycling.2 Hepcidin production in the liver is carefully titrated in
response to changes in organismal iron content and iron utilization
requirements.1 Failure to appropriately inducehepcidin in response to iron
is a central feature of hereditary hemochromatosis, a genetic disorder
characterized by excess iron deposits in the liver, heart, and endocrine
glands, resulting in organ dysfunction.3 The most severe juvenile-onset
formof this disease is caused bymutations in the genes encodinghepcidin
itself (HAMP) or hemojuvelin (HFE2, also known as HJV), which
regulates hepcidin transcription in hepatocytes.4,5 Mice with global or
hepatocyte-specific deletion of these genes have a similar iron overload
phenotype,6-11 confirming the essential role of hepatocyte hepcidin
production regulated by HJV in controlling systemic iron balance.

HJV regulates hepcidin by functioning as a co-receptor for theBMP
signaling pathway,12which activates hepcidin transcription via specific

SMAD-binding elements on the hepcidin promoter.13 BMP6 is a key
endogenous ligand for HJV to regulate hepcidin transcription and
systemic iron balance because global Bmp62/2 mice exhibit an iron
overload phenotype similar to that of Hjv2/2 mice.14,15 Moreover,
heterozygous mutations in the BMP6 prodomain were recently linked
to inappropriately low hepcidin levels and iron overload in humans.16

Notably, liver Bmp6messenger RNA (mRNA) expression is regulated
by dietary iron and correlates with liver iron content in mice, whereas
Bmp6 expression is not altered by iron in other tissues.17-21 In addition,
a neutralizing BMP6 antibody blunts hepcidin induction by a high iron
diet, resulting in increased accumulation of tissue iron in mice.18 Thus,
regulation of liver BMP6mRNA expression is a critical mechanism by
which iron levels regulate hepcidin.

How iron levels are sensed by the liver to control BMP6 production
remains unknown. Liver cell isolation experiments suggest that
nonparenchymal cells (NPCs), including sinusoidal endothelial cells
(SECs), Kupffer cells (KCs), and hepatic stellate cells (HSCs) rather
than hepatocytes, are the predominant source of BMP6 in the liver.22-24

However, Bmp6 mRNA and protein were reported to be induced by

Submitted 8 June 2016; accepted 14 November 2016. Prepublished online as

Blood First Edition paper, 18 November 2016; DOI 10.1182/blood-2016-06-

721571.

The online version of this article contains a data supplement.

There is an Inside Blood Commentary on this article in this issue.

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.

© 2017 by The American Society of Hematology

BLOOD, 26 JANUARY 2017 x VOLUME 129, NUMBER 4 405

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/4/405/1401817/blood721571.pdf by guest on 18 M

ay 2024

http://www.bloodjournal.org/content/129/4/397
https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2016-06-721571&domain=pdf&date_stamp=2017-01-26


iron in hepatocytes.19,24,25 Importantly, functional data are lacking that
demonstrate which liver cell population is the main source of BMP6
that is crucial for maintaining systemic iron balance. To answer this
fundamental question, we generated mice with a conditional knockout
of Bmp6 in different liver cell populations.

Methods

Animals

Animal protocols were approved by the Institutional Animal Care and Use
Committee at Massachusetts General Hospital. Embryonic stem (ES) cells
from 129SvEv mice expressing a Bmp6 floxed allele (Figure 1A) were
purchased from Mutant Mouse Resource and Research Center (Lexicon
1E10, 029763-UCD). ES cells were injected into C57BL/6 blastocysts to
generate chimeric mice by the Beth Israel Deaconess Transgenic Core
Facility. Chimeric mice were mated with C57BL/6 mice to generate F1
heterozygotes, which were intercrossed to generate littermate Bmp61/1

(wild-type), Bmp6fl/1, and Bmp6fl/fl (Bmp6 floxed) mice.
To generate global Bmp6 knockout (Bmp62/2) mice, Bmp6fl/fl mice were

mated with mice expressing Cre recombinase under a global cytomegalovirus
(CMV) promoter (B6.C-Tg(CMV-cre)1Cgn/J; The Jackson Laboratory).
Bmp61/2;CMV-Cre1 offspring were crossed with C57BL/6 mice to ensure
germline transmission and remove theCre.Bmp61/2offspringwere intercrossed
to generate littermate Bmp61/1, Bmp61/2, and Bmp62/2mice.

To generate conditional Bmp6 knockout (Bmp6fl/fl;Cre1) mice, Bmp6fl/fl

mice were crossed with mice (The Jackson Laboratory) expressing Cre
recombinase under the control of an albumin promoter/enhancer (B6.Cg-Tg
(Alb-cre)21Mgn/J, hereafter Alb-Cre), receptor tyrosine kinase Tek (Tie2)
promoter/enhancer (B6.Cg-Tg(Tek-cre)1Ywa/J, hereafter Tek-Cre), or lyso-
zyme 2 gene (Lyz2) promoter/enhancer elements (B6.129P2-Lyz2tm1(cre)Ifo/J,
hereafter LysM-Cre). Efficiency and specificity of Cre-mediated recombination
was assessedbymatingAlb-Cre,Tek-Cre, andLysM-CremicewithCre-reporter
mice (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/Jackson, hereafter Rosa26tdT)
that express tandem dTomato (tdT) in Cre1 cells because of removal of a LoxP-
flanked stop cassette.

All mice were maintained on a mixed C57BL/6,129SvEv background
with ad libitum access to water and a Prolab 5P75 Isopro RMH 3000 diet
containing 380 ppm iron. Mice were genotyped by polymerase chain
reaction (PCR) of genomic DNA extracted from the tail and from isolated
liver cell populations using a DNeasy Blood Tissue Kit (Qiagen) and
primers listed in supplemental Table 1, available on the Blood Web site.
Age- and sex-matched littermate Bmp61/1 or Bmp6fl/fl;Cre– mice were
used as controls throughout the study. Numbers, sex, and ages of mice used
in experiments are listed in supplemental Table 2.

Immunofluorescence microscopy

Liver sections were fixed, cryosectioned, and stainedwith anti-CD31, anti-F4/80,
anti-desmin, and anti-HJV antibodies as detailed in the supplemental Methods.
Imageswere acquired by using aNikonA1Rconfocal laser scanningmicroscope.
TIFFfileswere imported intoAdobePhotoshop, and the entirefieldwas enhanced
and sharpened by using the levels command and/or high-pass filter. Re-
combination efficiency was quantitated by counting the percent of hepatocytes,
KCs, and SECs (determined by morphology, F4/80, or CD31 staining,
respectively) that were tdT positive in Rosa26tdT;Alb-Cre-, LysM-Cre-, and
Tek-Cre-reportermice. In all, 325 to 1000 cells were counted in 4mice per group.

Hepatocyte and NPC isolation

Liverswere perfused via the inferior vena cavawithKRH (115mMNaCl, 5mM
KCl, 1 mMKH2PO4, 25 mMN-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid [pH 7.4]) containing 0.02% EGTA at 5 mL/min for 7 minutes, followed by
0.005%collagenase (Sigma-Aldrich), 1mMCaCl2, and2.5mMMgSO4 inKRH
for 6 minutes. Cells were filtered through a 70-mm cell strainer and centrifuged at
50 rcf for 4 minutes. The supernatant was centrifuged at 750 rcf for 5 minutes to

collect NPCs, and pellets were resuspended in KRH and centrifuged in a 50%
Percoll gradient (GE Healthcare) at 50 rcf for 10 minutes to collect viable
hepatocytes.

KC and endothelial cell isolation

NPC supernatants collected as abovewerefiltered through a 40-mmcell strainer,
centrifuged at 750 rcf for 5 minutes, and treated with red blood cell lysis buffer
(BioLegend). Cell pellets were resuspended and stained in phosphate-buffered
saline containing 1% fetal bovine serum and 0.5% bovine serum albumin using
antibodies listed in supplemental Table 3. KCs and endothelial cells (ECs;
composed mainly of SECs) were isolated by fluorescence-activated cell sorting
(FACS) using a FACSAria II (BD Biosciences). Cells were first gated using
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Figure 1. Generation of Bmp6 floxed (Bmp6 fl/fl ) and Bmp62/2 global knockout

mice. (A) Schematic representation of Bmp6 gene structure and the floxed Bmp6 allele.

Cre-mediated excision of exons 5 to 7 encoding the mature Bmp6 protein generates a

functionally null allele. Genotyping primer positions are indicated. (B) PCR of tail genomic

DNA from Bmp6 floxed and global knockout mouse colonies shows the presence of wild-

type (WT) (1), floxed (fl), and cre-excised (–) alleles. (C) qRT-PCR of liver Bmp6 relative

to Rpl19 mRNA in the Bmp61/1, Bmp61/2, and Bmp62/2 mice (n 5 7 to 11 males and 5

to 7 females per group; supplemental Table 2). Results are reported as mean6 standard

error of the mean (SEM) of –DCt 5 –[Ct target mRNA – Ct Rpl19], with a higher –DCt

indicating higher mRNA expression. Fold change in mRNA expression between groups is

calculated by 2–DDCt, where DDCt5 DCt higher expressing group – DCt lower expressing

group. *P , .05 relative to Bmp61/1 mice by Student t test. nd, not detectable.
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forward scatter and side scatter characteristics, and doublets were sequentially
excluded by comparing foward scatter and side scatter height and area signals.
ECswere identified asCD326–, CD45–, CD311, CD1461. KCswere defined as
CD326–, CD31–, CD451, Lin–, F4/80high, CD11bint, CD641, MHC-II1, after
separation from lineage-positive leukocytes (CD3e, CD19, CD90.2, Ly6G,
NK1.1) and monocytes (CD326–, CD31–, CD451, Lin–, F4/80low, CD11b1,
CD64–Ly-6C1). For purity checks, sorted cell populationswere run on anLSRII
flow cytometer (BD Biosciences), and data were analyzed with FlowJo v8.8.6
software (Tree Star).

RNA isolation and quantitative real-time reverse

transcription PCR

Total liverRNAwas isolated byusingQIAshredder andRNeasy purification kits
(Qiagen), and complementary DNA (cDNA) was synthesized from 1000 ng
RNA by using the iScript cDNA synthesis kit (Bio-Rad). For isolated liver cell
populations, RNAwas extracted with the PicoPure RNA Isolation Kit (Thermo
Scientific), RNA concentration was measured with an RNA 6000 Pico Kit and
2100 Bioanalyzer (Agilent), and cDNAwas synthesized from 1000 pg RNA by
using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) according to the
manufacturers’ instructions. Quantitative real-time PCR was performed as
described previously26 by using the Power SYBRGreen PCRMaster Mix (Life
Technologies) and primers listed in supplemental Table 4. Results are reported
asmean6standard errorof themeanusing the formula–DCt5–[Ct target gene–
Ct control geneRpl19], with a higher –DCt indicating highermRNAexpression.
Fold change is derived from 2–DDCt where DDCt 5 DCt higher expressing
group – DCt lower expressing group.

Iron analysis

Serum iron, transferrin saturation, and tissue nonheme iron concentrations were
determined as described previously.26 Tissue iron is reported as micrograms of
iron per gram of wet weight tissue.

Prussian blue staining

Tissues were fixed in neutral buffered formalin for 24 hours, embedded in
paraffin, sectioned at 7 mm, deparaffinized and rehydrated, and subjected to
Perls’ Prussian blue staining by using an iron stain kit (American MasterTech).
For tissues with less iron loading, a modified diaminobenzidine-enhanced Perls’
stain containing cobalt chloride was used.27

Statistics

Statistical significance was determined by two-tailed Student t test or one-way
analysis of variance (ANOVA) with Dunnett’s or Tukey’s post hoc test for
pairwise multiple comparisons using Prism 7 (GraphPad). P , .05 was
considered significant.

Results

Generation of Bmp6fl/fl, Bmp62/2, and conditional Bmp6

knockout mice

Bmp6 chimeric mice were generated by injecting C57BL/6 blastocysts
with 129SvEv ES cells containing a recombined Bmp6 allele with
LoxP sites flanking exons 5 to 7 encoding the Bmp6 mature region
(Figure 1A). Germline transmission was confirmed by PCR
(Figure 1B).Bmp6fl/1micewere intercrossed to generate littermate
Bmp6fl/fl and Bmp61/1 mice on a mixed C57BL/6,129SvEv back-
ground. Bmp6fl/fl mice exhibited iron parameters similar to that
of littermate Bmp61/1 mice without other obvious abnormalities,
suggesting that the floxed allele does not impact Bmp6 function
(supplemental Figure 1).

Bmp6fl/fl mice were mated with C57BL/6 mice expressing Cre
recombinase under a global CMV promoter (see “Methods”) to

generate littermate Bmp61/1, Bmp61/2, and Bmp62/2 mice on a
mixed C57BL/6,129SvEv background. Genotyping showed the
expectedwild-type and recombined alleles (Figure 1B). qRT-PCRof
liver tissue confirmed a progressive loss of Bmp6mRNA expression
in Bmp1/2 and Bmp62/2 mice (Figure 1C).

To generate mice lacking Bmp6 in different liver cell populations,
Bmp6fl/fl mice were mated with Alb-Cre, LysM-Cre, or Tek-Cre mice
(see “Methods”), which have been widely used in the literature to
generate hepatocyte, macrophage, and endothelial conditional knock-
out mice, respectively.28-30 HSC conditional knockout mice were not
generated because of the lack of commercially available HSC-specific
Cre mice. All Bmp6 conditional knockout mice (Bmp6fl/fl;Cre1) were
compared with littermate Bmp6fl/fl;Cre– mice.

Efficiency and specificity of Cre-mediated recombination were
evaluated by immunofluorescence microscopy of liver tissue from
tdT Cre-reporter mice (Rosa26tdT) mated with each Cre strain by
using antibodies against CD31, desmin, and F4/80 to identify SECs,
HSCs, and KCs, respectively (Figure 2A-C). Hepatocytes were
identified by cell morphology. tdT was expressed specifically in
hepatocytes in Alb-Cre mice (Figure 2A) and in macrophages in
LysM-Cre mice (Figure 2B), with recombination efficiencies of
.99% and 98%, respectively, consistent with previous studies.31,32

In offspring from a male Tek-Cre parent, tdT was highly expressed
in SECs (Figure 2C) with 98% recombination efficiency, but
low-level expression was also seen in KCs (Figure 2C, inset). This
is consistent with a recent report that KCs originate from Tek-
expressing progenitors in the yolk sac.33 Notably, some offspring
from female Tek-Cre mice exhibited germline recombination as
previously reported.34 Therefore, we used only offspring from a
male Tek-Cre parent for subsequent analyses.

Bmp6 recombination was evaluated by PCR of genomic DNA
from isolated liver cell populations. ECs and KCs were each
isolated by FACS and exhibited $99% purity as measured by
FACS (supplemental Figure 2). qRT-PCR of Cd146, Cd45, and
Tmprss6 as markers of ECs, leukocytes including KCs, and
hepatocytes, respectively, confirmed that the isolated cell pop-
ulations were highly enriched with;40- to 400-fold higher levels
of the cell type–specific transcripts in the corresponding cell
populations (Figure 2D-F). However, Cd146, Cd45, and Tmprss6
were still detectable in non-EC, non-KC, and nonhepatocyte
fractions, respectively, suggesting some contamination of each cell
population with RNA from all of the other cell types. Despite these
minor impurities, PCR of genomic DNA confirmed the loss of the
floxed allele and the presence of the recombined allele specifically
in hepatocytes for Bmp6fl/fl;Alb-Cre1 mice (Figure 2G) and KCs
for Bmp6fl/fl;LysM-Cre1 mice (Figure 2H). Bmp6fl/fl;Tek-Cre1
mice exhibited loss of thefloxed allele and presence of the recombined
allele in both ECs and KCs (Figure 2I).

Loss of Bmp6 mRNA expression in isolated liver cell populations
was assessed by qRT-PCR. In control Bmp6fl/fl;Cre– mice, Bmp6
mRNAwasmuchmore abundant inNPCs than in hepatocytes andwas
predominantly expressed in ECs. (Figure 2J-L). Notably, the fold
enrichment of Bmp6 mRNA in ECs relative to hepatocytes and KCs
was similar to the fold enrichment of the endothelial marker Cd146
(compare Figure 2J-L Bmp6fl/fl;Cre– mice to 2D). This suggests
that the Bmp6 measured in hepatocyte and KC fractions could be
the result of EC contamination. Consistent with the Cre-reporter
mice and genomic DNA results, Bmp6 mRNA was strongly reduced
inECs andKCsofBmp6fl/fl;Tek-Cre1mice (Figure 2L). Interestingly,
the relatively low Bmp6mRNA expression was not further reduced in
hepatocytes of Bmp6fl/fl;Alb-Cre1 mice (Figure 2J) or in KCs of
Bmp6fl/fl;LysM-Cre1 mice (Figure 2K), despite clear Cre-mediated
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Figure 2. Validation of conditional Bmp6 knockout mice. (A-C) Immunofluorescence microscopy of liver from offspring of Rosa26tdT Cre-reporter mice mated with (A)

Alb-Cre, (B) LysM-Cre, and (C) Tek-Cre mice. Cells expressing Cre recombinase are labeled red throughout the cytoplasm because of the removal of a stop codon upstream

of the tdT fluorescent protein. Other NPC populations are labeled green by using CD31 (ECs), desmin (HSCs), and F4/80 (KCs) antibodies. Nuclei are labeled blue with

49,6-diamidino-2-phenylindole (DAPI). Dotted areas are shown with increased brightness below the right panel. Scale bars represent 10 mM. One representative mouse of 4 to

7 per group is shown. (D-F,J-L) qRT-PCR of (D) the EC marker Cd146, (E) the leukocyte/KC marker Cd45, (F) the hepatocyte (Hepa) marker Tmprss6, and (J-L) Bmp6

relative to Rpl19mRNA from isolated hepatocytes, NPCs, ECs, or KCs from Bmp6 conditional knockout and littermate control Bmp6fl/fl;Cre– mice (n5 3-5 per group). Results

are reported as mean 6 SEM of –DCt as in Figure 1. (G-I) PCR of genomic DNA for floxed and cre-excised Bmp6 alleles from isolated hepatocytes, NPCs, ECs, or KCs from

Bmp6 conditional knockout and littermate control Bmp6fl/fl;Cre– mice (n 5 3-5 per group). Representative gels are shown. ***P , .001 for NPCs relative to hepatocytes by

Student t test or for ECs relative to hepatocytes or KCs by one-way ANOVA with Tukey post hoc test for mice of the same genotype. 11P , .01 in Bmp6fl/fl;Cre1 relative to

Bmp6fl/fl;Cre– mice for the same cell type by Student t test. nd, not detectable; ns, not significant.
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recombination in the Cre-reporter mice and genomic DNA analysis
(Figure 2A-B,G-H). In contrast, Bmp6 mRNA expression was
almost completely abolished in hepatocytes of Bmp6fl/fl;Tek-Cre1
mice (Figure 2L), despite the absence of Cre-mediated recombi-
nation in hepatocytes by Cre-reporter mice and genomic DNA
analysis (Figure 2C,I). Together, these data suggest that ECs are the
predominant source of BMP6 in the liver, whereas the hepatocyte
and KC Bmp6 mRNA measured here and reported in other cell
isolation studies22-24 is most likely an artifact of EC contamination.
Importantly, although the Tek-Cre causes recombination in KCs as
well as ECs (this appears to be a limitation of all endothelial models
described to date), the recombination of Bmp6 in KCs is unlikely to
be of functional significance.

Bmp6fl/fl;Tek-Cre1 mice exhibit hepcidin deficiency and iron

overload, whereas Bmp6fl/fl;Alb-Cre1 and Bmp6fl/fl;LysM-Cre1

mice do not

A hemochromatosis phenotype was previously reported for Bmp62/2

mice generated by a different strategy that targeted exon 2.14,15

Bmp62/2 mice in this study likewise exhibited significantly reduced
liver hepcidin (Hamp) mRNA (Figure 3A [red bars]), increased serum
iron and transferrin saturation (Figure 3B-C [red bars]), increased liver
iron (Figure 4A [compare red with magenta lines] and C; supplemental

Figure 3), reduced spleen iron (Figure 4B [compare red with magenta
lines] and C; supplemental Figure 3), and increased extrahepatic iron
loading in pancreas and heart (Figure 5; supplemental Figure 3)
compared with littermate Bmp61/1 mice at 8 to 16 weeks of age.
The Bmp6 target transcript Id1, but not Smad7, was also reduced in
Bmp62/2 mice (supplemental Figure 4). Both male and female
Bmp62/2mice exhibited hemochromatosis; however, male Bmp62/2

mice seemed to have lower Hamp mRNA (Figure 3A) and greater
extrahepatic iron loading compared with female Bmp62/2 mice
(Figure 5), similar to a prior report.35 Heterozygous Bmp61/2 mice
did not have an iron overload phenotype.

Bmp6fl/fl;Tek-Cre1 mice also exhibited significantly lower
liver Bmp6 andHampmRNA, increased serum iron and transferrin
saturation, increased liver iron, reduced spleen iron, and increased
extrahepatic iron loading compared with littermate Bmp6fl/fl;Cre–
mice (Figures 3 [blue bars], 4A-B, and 5A-B [compare dark blue to
light blue lines], 4C, 5C; supplemental Figure 3). Similar to
Bmp62/2 mice, males seemed to have greater Hamp mRNA
deficiency (Figure 3A) and extrahepatic iron loading (Figure 5)
comparedwith females. Although a comparative analysis ofBmp62/2

and Bmp6fl/fl;Tek-Cre1 mice is limited by their mixed genetic
background and the inability to compare littermates, Bmp6fl/fl;Tek-
Cre1 mice had detectable residual liver Bmp6 mRNA, whereas
Bmp62/2 mice did not (Figure 3D). Consistent with some residual
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Figure 3. Eight-week-old Bmp6fl/fl;Tek-Cre1 mice exhibit liver Bmp6 and Hamp deficiency and serum iron overload, whereas Bmp6fl/fl;Alb-Cre1 and Bmp6fl/fl;

LysM-Cre1 mice do not. Eight-week-old littermate male (left) and female (right) Bmp61/1, Bmp61/2, and Bmp62/2 global knockout mice (red bars) and Bmp6 conditional

knockout mice in ECs (Bmp6fl/fl;Tek-Cre1 [blue bars]), macrophages (Bmp6fl/fl;LysM-Cre1 [green bars]), and hepatocytes (Bmp6fl/fl;Alb-Cre1 [purple bars]) compared with

littermate controls (Bmp6fl/fl;Cre–) were analyzed for (A) total liver hepcidin (Hamp) and (D) Bmp6 relative to Rpl19mRNA by qRT-PCR, (B) serum iron, and (C) transferrin (Tf)

saturation. n 5 4-11 mice per sex per group (supplemental Table 2). Results are reported as mean 6 SEM of –DCt as in Figure 1. Bmp6 mRNA levels for Bmp61/1 and

Bmp62/2 mice, stratified by sex, were replotted from Figure 1 for comparison. *P , .05, **P, .01, ***P, .001 relative to control Bmp61/1 mice or Bmp6fl/fl;Cre– mice by one-

way ANOVA with Dunnett’s post hoc test or Student t test. nd, not detectable.
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Bmp6 activity, Bmp6fl/fl;Tek-Cre1mice tended to have higherHamp
mRNA, particularly in males, and lower extrahepatic iron loading
compared with sex-matched Bmp62/2 mice (Figures 3A and 5).

In contrast, Bmp6fl/fl;LysM-Cre1 and Bmp6fl/fl;Alb-Cre1 mice
had normal serum and tissue iron levels and unchanged liver Hamp
and Bmp6 mRNA expression compared with littermate Bmp6fl/fl;
Cre–mice, even up to 16 weeks of age (Figures 3 [green and purple
bars], 4, and 5; supplemental Figure 5). Moreover, no differences
were seen in HampmRNA induction or serum or tissue iron levels
in Bmp6fl/fl;Alb-Cre1 or Bmp6fl/fl;LysM-Cre1 mice compared
with Bmp6fl/fl;Cre– mice in response to a high iron diet
(supplemental Figure 6). Although the high iron diet seemed to
increase Bmp6 mRNA in all isolated liver cell populations, as
previously reported,24 Bmp6 mRNA was still not reduced in isolated
hepatocytes of Bmp6fl/fl;Alb-Cre1 or in the KCs of Bmp6fl/fl;
LysM-Cre1 mice compared with Bmp6fl/fl;Cre– mice, whereas

Bmp6 mRNA was reduced in all cell populations from Bmp6fl/fl;
Tek-Cre1 mice (supplemental Figure 7). The relative Bmp6 mRNA
expression in different liver cell populations of Bmp6fl/fl;Cre– mice
continued to mirror the relative expression of the EC marker Cd146
(supplemental Figure 7). These data are consistent with the notion that
measured Bmp6mRNA in isolated hepatocytes and KCs is an artifact
of EC contamination and suggest that hepatocytes and KCs do not
functionally contribute to liver Bmp6 production, even in the context
of iron loading. As previously reported,18-21 the induction of Bmp6
mRNA by using a high iron diet appeared to be limited to the liver
because we did not detect increases in Bmp6 mRNA in other organs
tested, including the heart (supplemental Figure 8).

Paracrine effects of SEC Bmp6 on hepatocyte Hjv

Finally, we examined localization of the Bmp6 co-receptor Hjv
in the livers of mice expressing the tdT reporter in ECs. Hjv was
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Figure 4. Liver iron is increased and spleen iron is reduced in Bmp6fl/fl;Tek-Cre1 mice, but not Bmp6fl/fl;Alb-Cre1 or Bmp6fl/fl;LysM-Cre1 mice. Eight- and 16-

week-old littermate male and female Bmp61/1, Bmp61/2, and Bmp62/2 global knockout mice and Bmp6 conditional knockout mice in ECs (Bmp6fl/fl;Tek-Cre1), macrophages

(Bmp6fl/fl;LysM-Cre1), and hepatocytes (Bmp6fl/fl;Alb-Cre1) compared with littermate controls (Bmp6fl/fl;Cre–) were analyzed for tissue iron in (A,C) liver and (B,C) spleen by

(A-B) biochemical analysis or (C) Perls’ Prussian blue. n 5 4-7 mice per group (supplemental Table 2), with tissues from 1 representative mouse shown in (C) (original

magnification 320; scale bar represents 100 mM). *P , .05, **P , .01, ***P , .001 relative to control Bmp61/1 mice by one-way ANOVA with Dunnett’s post hoc test;

1P , .05, 11P , .01, 111P , .001 relative to control Bmp6fl/fl;Cre– mice by Student t test.
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predominantly expressed on the sinusoidal membrane of hepatocytes
immediately adjacent to SECmembranes (Figure 6). Thus, Hjv is
poised to respond to locally produced Bmp6 secreted by liver SECs to
regulate hepcidin expression in hepatocytes. No significant changes
were detected in Hjv protein expression or localization inBmp62/2

compared with Bmp61/1 mice (supplemental Figure 9).

Discussion

Inability to appropriately regulate hepcidin production in response to
iron loadingor deficiency contributes to thepathogenesis of several iron
homeostasis disorders. Regulation of liver BMP6mRNA expression is
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Figure 5. Bmp6fl/fl;Tek-Cre1 mice exhibit extrahepatic iron loading, whereas Bmp6fl/fl;Alb-Cre1 and Bmp6fl/fl;LysM-Cre1 mice do not. Eight- and 16-week-old

littermate male and female Bmp61/1, Bmp61/2, and Bmp62/2 global knockout mice and Bmp6 conditional knockout mice in ECs (Bmp6fl/fl;Tek-Cre1), macrophages (Bmp6fl/fl;
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a key mechanism by which iron levels control hepcidin expres-
sion. Here, we used mice with a conditional ablation of Bmp6
in different liver cell populations to demonstrate that ECs are
the predominant source of Bmp6 critical for hepcidin and iron
homeostasis regulation, whereas KCs and hepatocytes do not have a
major functional role.

A central role of ECs in Bmp6 production for iron homeostasis
regulation is supported by the findings of hepcidin deficiency and iron
overload in Bmp6fl/fl;Tek-Cre1 mice. A complicating factor is that
the Tek-Cre is not fully specific for ECs. Indeed, the Tek-Cre was
previously reported to cause germline recombination, particularly in
females,34 and to be expressed in some hematopoietic cells, including
macrophages.36 Although recent data have recognized the yolk sac
rather than the bone marrow origin of KCs and many other resident
tissuemacrophages under homeostatic conditions, yolk sac progenitors
also transiently express theTek receptor tyrosinekinase.33We therefore
carefully evaluated the specificity of the Tek-Cre in our models using
Cre reporter mice and Bmp6 genomic DNA and RNA expression

analysis. Germline recombination was detected in 30% to 100% of
offspring from female Tek-Cre mice; however, no germline re-
combination was seen in offspring from Tek-Cre male mice, which
were therefore used for subsequent analysis. Interestingly, tdT expres-
sion andBmp6 recombinationwas seennot only inECsbut also inKCs
fromRosa26tdT;Tek-Cre1 andBmp6fl/fl;Tek-Cre1mice. The activity
of Tek-Cre in KCs and most likely other resident tissue macrophages
should therefore be taken into account in future studies using this Cre
strain. Importantly, the lack of iron phenotype in Bmp6fl/fl;LysM-
Cre1 mice, in which Cre-mediated recombination also occurs in
KCs and other myeloid cells,30,32 effectively rules out a major role
for these cell types in Bmp6 production for hepcidin regulation. A
major role for hepatocytes is also excluded by the absence of iron
overload in Bmp6fl/fl;Alb-Cre1 mice.

Our data not only exclude a major functional role for KCs and
hepatocytes in Bmp6 production for iron homeostasis regulation, but
also suggest that hepatocytes and KCs do not produce Bmp6. This
provides an important clarification to the literature in which gradient

A

B

Hjv
Rosa26 tdT;Tek-Cre

Figure 6. Hjv is expressed in hepatocyte sinusoidal

membranes adjacent to Bmp6-producing SECs. (A)

Immunofluorescence microscopy of liver tissue from

Rosa26tdT;Tek-Cre1 mice. Liver SECs are labeled with

tdT (red). Hjv expression is visualized with anti-Hjv

antibody (green). Nuclei are labeled with DAPI (blue).

Scale bar represents 10 mM. Right panel shows boxed

area enlarged 33. (B) Proposed model: BMP6 is

produced in liver SECs and acts in a paracrine fashion

on hepatocytes to bind the co-receptor HJV, which

together with BMP type I and type II receptors induces

SMAD1/5/8 phosphorylation and hepcidin transcription.
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ultracentrifugation and magnetic-activated cell sorting have been used
to isolate ;95% pure liver cell populations, wherein Bmp6 mRNA
levelswere only;3- to 20-fold higher inECs comparedwithKCs,22-24

and Bmp6 mRNA seemed to be upregulated by iron in most liver cell
types.23,24 Moreover, iron-inducible Bmp6 protein expression was
previously reported in hepatocytes by immunohistochemistry.19,25 In
this study,weachieved agreater purity ($99%)ofKCsandECsusing a
FACS-based method, which demonstrated ;30- to 80-fold higher
Bmp6mRNA levels in isolated ECs than in KCs. Unexpectedly,Bmp6
mRNA levels were not further reduced in isolated KCs of Bmp6fl/fl;
LysM-Cre1mice or in hepatocytes of Bmp6fl/fl;Alb-Cre1mice, even
in the context of iron loading. This was not the result of inefficient Cre-
mediated recombination because abundant tdT fluorescence was seen
in the expected cell type in Cre-reporter mice. Moreover, loss of the
floxed Bmp6 allele and the presence of recombined Bmp6 allele were
clearly detected in the expected cell type by PCR of genomic DNA.
Importantly, the relative expression level of Bmp6 in isolated ECs
compared with KCs and hepatocytes closely mirrored the relative
expression level of the EC-specific markerCd146 in each cell fraction.
Moreover,Bmp6mRNAwas significantly reduced in all liver cell types
of Bmp6fl/fl;Tek-Cre1mice despite no evidence of Tek-Cre activity in
hepatocytes inCre-reportermice or genomicDNAevaluation, inwhich
EC contamination would be less evident because of smaller variations
in DNA expression among cell types. Together, these data suggest that
hepatocytes and KCs do not express Bmp6 and that the Bmp6 detected
in isolated KCs and hepatocytes in our study and described in prior
publications22-24 ismost likely the result of EC contamination. Because
Bmp6mRNA ismuchmore abundant in ECs than other liver cell types,
even a small contamination (;1%) could have a disproportionate
effect. The findings of iron-inducible Bmp6 protein expression in
hepatocytes previously reported by immunohistochemistry19,25may be
a consequence of nonspecific antibody binding (which was reported
with the same antibodies in immunoblot assays),19,21 or these assays
may detect secreted Bmp6 protein released from ECs that has bound
to Hjv and the Bmp receptor complex in hepatocytes.

A predominant role for ECs, but not hepatocytes or KCs, in liver
BMP6 production is consistent with the strong reduction in total liver
Bmp6mRNA expression inBmp6fl/fl;Tek-Cre1, but not Bmp6fl/fl;Alb-
Cre1 or Bmp6fl/fl;LysM-Cre1 mice. However, Bmp6fl/fl;Tek-Cre1
mice still had detectable liver Bmp6 mRNA, whereas Bmp62/2 mice
did not. This is likely due, at least in part, to incomplete efficiency of
Cre-mediated recombination in ECs, since low Bmp6 levels were still
detectable in isolated ECs of Bmp6fl/fl;Tek-Cre1 mice. Another liver
cell type, possibly HSCs, could also have a minor contributory role in
Bmp6 production. This residual liver Bmp6 expression in Bmp6fl/fl;
Tek-Cre1 mice, but not Bmp62/2 mice, most likely explains the
phenotype differences between mice. Although they exhibited similar
degrees of serum and liver iron overload, Bmp6fl/fl;Tek-Cre1 mice
tended to have higherHampmRNA, particularly inmales, and reduced
extrahepatic iron loading compared with sex-matched Bmp62/2mice.
In extrahepatic tissues, heart was loaded later and to a lesser degree
than pancreas. A similar but more pronounced pattern of increased
Hamp mRNA and less extrahepatic iron loading was also seen in
female compared with male Bmp62/2 and Bmp6fl/fl;Tek-Cre1
mice. This sex-related dimorphism is consistent with that in a
prior study in Bmp62/2 mice attributed to the Hamp-suppressive
effects of testosterone.35 The authors postulated that lower
hepcidin levels in male Bmp62/2 mice allowed a greater or faster
accumulation of nontransferrin-bound iron available for uptake by
extrahepatic tissues.35 Differential kinetics of iron uptake in liver
and extrahepatic tissues, with a threshold behavior for extrahepatic
loading with respect to liver iron concentration and earlier loading

in pancreas compared with heart, has been well described in
thalassemia patients.37-39

The data from the Bmp6fl/fl;Tek-Cre mice do not exclude a role
for Bmp6 production from extrahepatic ECs in hepcidin regulation.
However, Bmp6 mRNA seems to be regulated by iron exclusively
in the liver.18-21 Indeed, Bmp6 expression in spleen18 and heart is
not induced by a high iron diet. The ability of iron to upregulate
intestinal Bmp6 expression reported in 1 study40 was not corroborated
in numerous other studies,18-21 and the specificity of the Bmp6
antibody in the original study40 has been questioned.19,21 Moreover,
circulating Bmp6 levels are extremely low.21 Thus, Bmp6 is most
likely functioning locally in the liver to regulate hepcidin.

Our data suggest a model in which liver SECs produce BMP6,
which has paracrine actions on the co-receptor HJV in hepatocytes to
regulate hepcidin production (Figure 6B). Although HJV binds BMP6
with high affinity and is well-established to augment BMP6 induction
of hepcidin expression,14,41,42 HJV is not required for BMP6 signaling
or hepcidin regulation.42-44 Indeed, BMP6 still induces hepcidin in
Hjv2/2 primary hepatocytes, albeit to a lesser degree than in wild-type
hepatocytes.42Moreover, hepcidin is still inducible by iron to some
extent in Hjv2/2 mice.43 This raises the possibility that BMP6
could regulate hepcidin independent of HJV, at least when HJV is
unavailable; however, there is no evidence that BMP6 regulates
hepcidin independent of HJV under normal conditions.

In summary, our findings reveal a crucial role for ECs in the
production of BMP6 for hepcidin and iron homeostasis regulation.
Another liver cell population, possibly HSCs, may also have a minor
role.However, our data exclude amajor role for hepatocytes andKCs in
BMP6 production and expose the limitations of liver cell isolation
protocols. These findings are a critical step toward understanding the
complex regulatory networkbywhich iron levels are sensedby the liver
to regulate hepcidin production and how this process goes awry in iron
homeostasis disorders.
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