REPORTS
decrease (overall meta-analysis P = 4 × 10−23).
Our findings underscore the role of the glucose
phosphorylation pathway in glucose homeostasis
in the general population.
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The Serine Protease TMPRSS6 Is
Required to Sense Iron Deficiency
Xin Du,1 Ellen She,1 Terri Gelbart,2 Jaroslav Truksa,2 Pauline Lee,2 Yu Xia,1 Kevin Khovananth,1
Suzanne Mudd,1 Navjiwan Mann,1 Eva Marie Y. Moresco,1 Ernest Beutler,2 Bruce Beutler1*
Hepcidin, a liver-derived protein that restricts enteric iron absorption, is the key regulator of
body iron content. Several proteins induce expression of the hepcidin-encoding gene Hamp in response to
infection or high levels of iron. However, mechanism(s) of Hamp suppression during iron depletion are
poorly understood. We describe mask: a recessive, chemically induced mutant mouse phenotype,
characterized by progressive loss of body (but not facial) hair and microcytic anemia. The mask phenotype
results from reduced absorption of dietary iron caused by high levels of hepcidin and is due to a splicing
defect in the transmembrane serine protease 6 gene Tmprss6. Overexpression of normal TMPRSS6 protein
suppresses activation of the Hamp promoter, and the TMPRSS6 cytoplasmic domain mediates Hamp
suppression via proximal promoter element(s). TMPRSS6 is an essential component of a pathway that
detects iron deficiency and blocks Hamp transcription, permitting enhanced dietary iron absorption.
ron is an essential cofactor for a host of
metabolic reactions, necessary for the proper
functioning of the oxygen-carrying protein
hemoglobin and proteins of the electron transport
chain. Though required for life, iron is also a
toxic element when present in excess, and body
iron content is normally maintained within narrow limits, controlled by the efficiency of intestinal iron absorption. Hepcidin, a key regulator of
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iron absorption (1), binds to ferroportin, the channel for cellular iron efflux, and causes internalization and proteolysis of the channel, preventing
release of iron from macrophages or intestinal
cells (2) into the plasma. In this manner, hepcidin
lowers plasma iron levels, and chronic elevation
of hepcidin levels causes systemic iron deficiency (3). Conversely, hepcidin deficiency causes
systemic iron overload (1). Several proteins—
including HFE (hemochromatosis protein) (4),
transferrin receptor 2 (5), hemojuvelin (6), and
the transcription factor Smad4 (7)—regulate body
iron levels by promoting expression of Hamp, the
gene encoding hepcidin. However, the components
of a pathway to down-regulate Hamp in response
to iron deficiency (8) remain poorly understood.
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We now report the discovery of a protein with
nonredundant function in Hamp suppression, required to permit normal uptake of enteric iron in
response to iron depletion and capable of countering all known Hamp-activating stimuli. A phenotype observed among third generation (G3)
mice (C57BL/6J background) homozygous for
mutations induced by N-ethyl-N-nitrosourea (9),
termed mask, was characterized by gradual loss of
body but not facial hair, leading to almost complete nudity of the trunk within about 4 weeks
(Fig. 1A). The mask homozygotes are slightly
smaller than their heterozygous littermates, and
adult female homozygotes are infertile. Male
homozygotes retain fertility, as do heterozygotes
of both sexes. Mutant mice maintained on a standard laboratory diet manifested microcytic anemia,
low plasma iron levels (Fig. 1B), and depleted iron
stores (fig. S1). There was no evidence of occult
blood loss. We therefore suspected that intestinal
iron absorption might be abnormal and measured
the retention of ferrous 59Fe after intragastric administration to mask homozygotes and wild-type
controls receiving a standard laboratory diet. The
mask mice retained slightly more iron than wildtype animals (Fig. 1C). However, because mask
mice were anemic and iron-deficient (conditions
that favor iron absorption), we repeated the experiment using mask homozygotes and controls that
had been maintained on an iron-deficient diet for 4
weeks. The relationship between mask homozygotes and controls was now reversed (Fig. 1D): Irondeprived but nonanemic control animals showed
about a sixfold increase in efficiency of iron
absorption, whereas anemic mask homozygotes

www.sciencemag.org

Downloaded from www.sciencemag.org on May 29, 2008

having the lowest mortality rate (5, 22). In contrast, individuals whose FPG lies between 5.6 and
6 mmol/l, although still considered NG, showed
a 30% increased risk of heart failure and a 60%
increased risk of nephropathy (23). In Asians,
a slight reduction in FPG from 5.5 mmol/l to
5 mmol/l is associated with a 25% reduction in
CHD risk (24). Even tight blood glucose control, reflected by HbA1c between 5.1 and 5.6%
(normal value < 6.1%), is associated with a 30%
higher mortality compared with a lower HbA1c
(25). In this context, Marz et al. previously reported that the glucokinase rs1799884/-30 A allele
was associated with T2D and increased risk for
coronary artery disease in both diabetics and
nondiabetics (26). We therefore conclude that the
three SNPs identified in our study, which additively modulate FPG by 0.24 mM in the general
population, are likely to have a nonnegligible
impact on human health.
We found a strong association between SNP
rs560887, located in the G6PC2 gene, and FPG,
and this association was replicated in three independent populations (N = 9353). The magnitude of the rs560887 effect on FPG is similar in
each cohort [explaining ~1% of FPG variance in
each population (heterogeneity test P = 0.95)].
Each copy of the A allele results in a 0.06 mmol/l

cluding the liver and the olfactory and vomeronasal
epithelium in the mouse [(12) and fig. S2]. In both
humans and mice, the major site of TMPRSS6
expression is the liver. TMPRSS6 includes a Cterminal trypsin-like serine protease domain (shown
to be extracellular), three class A low-density lipoprotein receptor domains, two CUB domains
[similar to a domain represented in bone morphogenetic protein 1 (BMP1) as well as C1R and C1S
proteins], and a membrane-proximal SEA domain
(Fig. 2B). The mask mutation, an A→G transition,
eliminates a splice acceptor site upstream from
exon 15 (Fig. 2A and fig. S3). Complementary
DNA sequencing showed that two abnormal splice
products result from this mutation (GenBank
accession numbers EU190436 and EU190437),
both encoding products that would lack the
proteolytic domain (Fig. 2B). No normal mRNA
product was detectable in homozygous mutants
(fig. S4). We confirmed that the Tmprss6 mutation
is responsible for the mask phenotype by bacterial
artificial chromosome (BAC) transgenesis (figs.
S5 and S6). Introduction of a 197-kb piece of
genomic DNA containing the intact Tmprss6 gene
and its 5′ and 3′ flanking elements rescued the hairloss phenotype in four of four homozygous mutant
mice and rescued anemia and iron deficiency in
three of four transgenic mice (Fig. 3) (10).

showed only a 3.5-fold increase in comparison with
animals maintained on a standard laboratory diet.
In addition, whereas iron deprivation led to
suppression of Hamp transcript levels in the livers
of wild-type mice, high Hamp transcript levels
were observed in the livers of anemic mask
homozygotes (Fig. 1E). This outcome was consistent with insensitivity to low iron stores and
consequent failure to suppress Hamp expression.
The aberrant up-regulation of Hamp transcription
occurred despite anemia, which (as distinct from
iron deficiency alone) normally lowers Hamp
transcript levels (8). Both fertility and hair growth
(Fig. 1, F and G) were consistently restored when
mask homozygotes were maintained on an ironenriched diet (2% carbonyl iron). Hence, the
visible phenotype that led to the identification of
mask was a consequence of iron deficiency.
The mutation responsible for the mask phenotype was mapped to distal chromosome 15 and
then further confined to a region 1.3 megabase
pairs in size (10). A mutation was identified in
Tmprss6, encoding a transmembrane serine protease of unknown function. TMPRSS6, also known
as matriptase-2 (11), is a type II plasma membrane
protein that is 811 residues in length. Expression
anatomy databases indicate that the Tmprss6 gene
is expressed in a limited number of tissues, in-

A

B

16

Hamp is up-regulated in response to the inflammatory cytokines interleukin-6 (IL-6) (13)
and IL-1 (14), which may collectively mediate
the anemia of chronic disease (15). It is also upregulated by the bone morphogenetic proteins
[e.g., BMP2, BMP4, and BMP9 (7, 16)] and by
hemojuvelin (17). Our observation of low iron
levels coupled with high Hamp transcript levels
in mask mutants suggested that TMPRSS6 might
negatively regulate Hamp activation to promote
iron uptake. We hypothesized that the intact
TMPRSS6 protein, if overexpressed, might prevent induced up-regulation of the Hamp promoter. We tested this hypothesis by cotransfecting
HepG2 cells with a normalized Hamp reporter
construct (18, 19) and cDNAs encoding either
wild-type or mask mutant versions of TMPRSS6.
Either a cotransfected hemojuvelin- or Smad1encoding sequence—or stimulation with IL-1a,
IL-6, BMP2, BMP4, or BMP9—was used to
induce the Hamp promoter (Fig. 4A and fig. S7).
TMPRSS6 cotransfection strongly inhibited Hamp
reporter gene activation by each stimulus, whereas
the mask mutant version of TMPRSS6 showed (at
most) a modest inhibitory effect. However, the
mutant TMPRSS6 appeared to retain some suppressing activity, particularly with respect to its
ability to block Hamp promoter responses to
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Fig. 1. The mask phenotype. (A) Appearance of mask
mice at 4 weeks of age. (B) Anemia and iron deficiency in
40
mask homozygotes 6 to 8 weeks of age. Hemoglobin (Hb), mean red
blood cell volume (MCV), and plasma iron levels in mask
20
homozygote and control mice are shown. n = 4 mice for each
0
column. Error bars represent 1 SD. (C and D) Retention of
0
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radioactive iron administered intragastrically. In (C), mice were
Days post gastric Fe feeding
maintained on a normal diet before instillation of iron. In (D), mice
were iron-depleted for 1 month before instillation of iron. (E) After measuring retention of 59Fe in iron-depleted mice, hepcidin mRNA levels were measured in
the liver of the same five animals as in (D), normalized to mRNA levels of ribosomal protein S18. Horizontal lines indicate mean values. Color coding is preserved for
individual mice. Regrowth of hair in the mouse shown in (A), 1 week (F) and 2 weeks (G) after initiation of a high-iron diet.
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Fig. 2. The mask mutation. (A) Schematic illustration of the transcripts resulting from the mutated
Tmprss6msk allele. The mutation site, at the acceptor splice junction upstream from exon 15, is indicated by the
black arrowhead; a premature stop codon is predicted as indicated by the asterisk. WT, wild type. (B) Illustration
of the coding change that results from the mutation [Simple Modular Architecture Research Tool (SMART)
diagram]. Tryp_SPc, trypsin-like serine protease: LDLa, low-density lipoprotein receptor domain class A.
IL-1a and IL-6. Smad1-induced Hamp promoter
responses were also blocked by normal (but not
truncated) TMPRSS6 (fig. S7).
We hypothesized that TMPRSS6 participates
in a transmembrane signaling pathway triggered
by iron deficiency and independent of the known
Hamp activation pathways. This putative pathway
would ultimately interact with suppressive element(s)
in the Hamp promoter, inhibiting expression in response to activating stimuli. To determine whether
the proteolytic activity of TMPRSS6 was essential to suppression of Hamp promoter activity, we
mutated the serine residue of the catalytic triad to
alanine, and the protease-dead mutant was expressed in HepG2 cells together with activating
stimuli. The point mutation produced an effect
similar to that of the mask truncation, indicating
that proteolysis by TMPRSS6 is integral to the
Hamp suppression mechanism (Fig. 4B). To address whether TMPRSS6 might signal via its own
cytoplasmic domain, we designed two additional
constructs, termed delN and delC. delN retained
the entire TMPRSS6 ectodomain and membranespanning domain, but the cytoplasmic domain
was replaced with a green fluorescent protein
(GFP)–encoding sequence. delC consisted of a
TMPRSS6 cytoplasmic domain and membranespanning domain, but the ectodomain was replaced with a GFP-encoding sequence. Both delN
and delC were membrane-expressed proteins, as
assessed by confocal fluorescence microscopy
(Fig. 4C). When overexpressed, both delN and
delC suppressed Hamp promoter activity more
strongly than the wild-type construct (Fig. 4D).

1090

Interpreting these results in light of the fact that
an endogenous human TMPRSS6 transcript is expressed by HepG2 cells, we infer that (i) TMPRSS6
is in a signaling pathway that suppresses Hamp expression; (ii) the TMPRSS6 ectodomain represses
this signal, just as many receptor ectodomains enforce receptor silence in the absence of a specific
ligand (20, 21); and (iii) the cytoplasmic domain
of TMPRSS6 is integral to signal transduction,
because when overexpressed in the absence of the
repressive ectodomain, it autonomously drives a
Hamp suppression signal. Overexpression of the
wild-type protein or the delN construct suppresses
Hamp expression, and the TMPRSS6 ectodomain
is only capable of signaling if it is capable of
proteolysis. A model that would account for these
observations is presented in fig. S8.
To analyze Hamp promoter responses to activating and inhibitory stimuli, we tested a series
of deletion constructs for activation by IL-6 administered to HepG2 cells in the presence or
absence of TMPRSS6 overexpression. As little
as 140 base pairs (bp) of promoter sequence
(upstream from the cap site) supported the
TMPRSS6-mediated blockade of reporter gene
activation. The full activating effect of IL-6 required roughly 260 bp of promoter sequence (Fig.
4E). A proximal repressor element in the Hamp
promoter thus mediates inhibition by a TMPRSS6dependent signal, although it has yet to be determined whether other repressor elements are active
within more distal portions of the promoter.
The Tmprss6 locus has not been targeted in
mice. TMPRSS6 is known to cleave extracellular
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Fig. 3. Rescue of the mask phenotype by BAC transgenesis. Four founders (designated 49 OQ to 52 OQ)
were produced by microinjecting a BAC clone bearing the WT Tmprss6 sequence into single-cell embryos
homozygous for the mask mutation. Hemoglobin and
serum iron levels in each of the founders, in blood
sampled at 4 weeks of age, are shown. B6 controls,
age-matched C57BL/6J mice, n = 4 mice; nontransgenic controls, Tmprss6msk/msk littermates that
lacked the transgene, n = 4 mice. Error bars indicate 1 SEM.
matrix proteins (11). However, as demonstrated
by the mask phenotype, a major function of this
protein is in iron regulation. TMPRSS6-mediated
Hamp suppression permits adequate uptake
of iron from dietary sources. Without Hamp
suppression, severe iron deficiency supervenes
despite “normal” dietary iron intake. Hepcidinmediated restriction of iron absorption operates
effectively over a range of iron concentrations,
encompassing that found in the diet of laboratory
mice. However, hepcidin cannot restrict the absorption of supraphysiologic concentrations of
iron, which occurs through pathway(s) that permit uptake despite systemic iron overload (22).
Thus, mask mutants exhibit dramatic iron deficiency when fed a standard diet but show
phenotypic normalization in response to oral administration of 2% carbonyl iron (Fig. 1, F and G,
and fig. S9). The mechanism of hair loss in mask
homozygotes remains to be established. It is of
note that severe iron deficiency is associated with
hair loss in humans (23) as it is in mice (24).
It has been suggested that the proteins hypoxiainducible factor 1a (Hif-1a) and growth and differentiation factor 15 (GDF15) participate in the
physiologic response to body iron attenuation.
Hif-1a is a transcription factor regulated by the
iron-dependent prolyl-4-hydroxylase (PHD2) (25)

www.sciencemag.org

Downloaded from www.sciencemag.org on May 29, 2008

SEA

Plasma Fe (µg/dL)

200

B

REPORTS
B
Vector
Tmprss6
Tmprss6msk

155
115
75
45
30
15
0

Vector
Tmprss6
Tmprss6msk
Tmprss6S762A

72
54
36
18

GFP

delN

Vehicle

IL
-1
α

IL
-6

P9
BM

BM
P4

P2
BM

w
ith

H
jv

ic
le

0

Ve
h

C

90

BMP2

BMP9

IL-6

E

delC

Vector
Tmprss6

30

Vector
Tmprss6
Tmprss6msk

20

delN
delC

Tmprss6msk

15

10

5

Vehicle

BMP2

BMP9

p1
H
am
p1
Kb
H
am
1.
6
p1
Kb
H
am
p1

am

1.
5

Kb

H
bp

H
26
0

bp
20
0

IL-6

Fig. 4. Effect of WT or mask mutant TMPRSS6 expression on Hamp promoter
responses. HepG2 cells were transfected with a full-length Hamp promoter
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normalizing renilla luciferase construct. Tmprss6, full-length construct encoding
the native protein; Tmprss6msk, the truncated mutant sequence expressed by
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delN: GFP cytoplasmic domain, and TMPRSS6 transmembrane and ectodomain;
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(A) The effect of Tmprss6 and Tmprss6msk on Hamp promoter activity in cells
cotransfected with a hemojuvelin (Hjv)–encoding vector or stimulated with
BMP2, BMP4, BMP9, IL-6, or IL-1a. (B) Comparison of the Hamp promoterand responds both to low cellular iron concentration and to hypoxia (26–28). GDF15 is a circulating transforming growth factor–b superfamily
member that suppresses Hamp expression, albeit
under conditions of iron overload, in the context
of thalassemia (29). Either of these proteins might
be elements of the TMPRSS6-dependent pathway
as we have described it. However, the genetic
evidence presented here demonstrates that neither
Hif-1a nor GDF15 supplants the function of
TMPRSS6 under standard feeding conditions.
We also note that the TMPRSS6-dependent pathway
predominates over all known Hamp-activating
pathways, because overexpression of TMPRSS6
can nullify—in part or in full—the hepcidininducing effects of hemojuvelin, BMP2, BMP4,
BMP9, Smad1, IL-1, and IL-6.
Because overexpression of TMPRSS6 blocks
activation of diverse pathways for up-regulation
of hepcidin, we anticipate that overexpression or
dysregulation of TMPRSS6 might cause iron
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HepG2 cells by confocal fluorescence microscopy. (D) Comparison of the
Hamp promoter-suppressing effects of Tmprss6, Tmprss6msk, delN, and delC
constructs in cells subjected to the stimuli indicated. (E) Response of Hamp
promoter deletion constructs to induction by IL-6 (length indicated with respect to the cap site) and the relative suppression of responses by cotransfection with Tmprss6 or Tmprss6msk constructs. In all experiments [(A) to (E)],
duplicate transfections were performed. Incubations with cytokines were performed for 16 hours before luminescence was read to estimate hepcidin promoter activity. Error bars indicate 1 SEM.

overload, whereas mutational inactivation of
TMPRSS6 (as in mask mice) would lower body
iron content. From a therapeutic standpoint,
TMPRSS6 activation might block cytokinemediated anemia during chronic disease, and selective antagonism of TMPRSS6 might be used
in the treatment of systemic iron overload (hemochromatosis). With regard to its olfactory and vomeronasal expression, we suggest that in addition
to signaling hepatocytes of iron deficiency,
TMPRSS6 may alert olfactory neurons and
thereby engender iron-seeking behavior under
conditions of iron starvation. Further work will
be required to determine whether this is the case.
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The Right and the Good: Distributive
Justice and Neural Encoding of
Equity and Efficiency
Ming Hsu,1* Cédric Anen,2* Steven R. Quartz2†
Distributive justice concerns how individuals and societies distribute benefits and burdens in a just or
moral manner. We combined distribution choices with functional magnetic resonance imaging to
investigate the central problem of distributive justice: the trade-off between equity and efficiency. We
found that the putamen responds to efficiency, whereas the insula encodes inequity, and the
caudate/septal subgenual region encodes a unified measure of efficiency and inequity (utility).
Notably, individual differences in inequity aversion correlate with activity in inequity and utility
regions. Against utilitarianism, our results support the deontological intuition that a sense of fairness
is fundamental to distributive justice but, as suggested by moral sentimentalists, is rooted in emotional
processing. More generally, emotional responses related to norm violations may underlie individual
differences in equity considerations and adherence to ethical rules.
magine driving a truck with 100 kg of food to
a famine-stricken region. The time it would
take you to deliver food to everyone would
cause 20 kg of food to spoil. If you delivered
food to only half the population, you would lose
only 5 kg. Do you deliver the food to only half
the population to maximize the total amount of
food, or do you sacrifice 15 kg to help everyone
and achieve a more equitable distribution?
This dilemma illustrates the core issues of distributive justice, which involves trade-offs between
considerations that are at once compelling but that
cannot be simultaneously satisfied. More generally,
distributive justice concerns how individuals and
societies allocate benefits and burdens in a just or
moral manner, and it is central to social choice
theory, moral psychology, and welfare economics
(1–3). Despite the long history of work on distributive justice, however, its psychological and
neural underpinnings remain poorly understood,
much of it centering on two long-standing debates.
The first debate concerns the role of equity and
fairness: Is it more just to maximize some overall
good (such as well-being) independently of its
distribution, or must its distribution satisfy certain
criteria (such as equity), even if it results in less
overall well-being? Utilitarian theories of justice,
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exemplified by Mill and Harsanyi, maximize the
good, or efficiency. In its simplest form, this involves maximizing the sum of individual utilities,
irrespective of equity (4). In contrast, deontological theories of distributive justice maintain that the
right (e.g., equity) is prior to the good and that an
action can maximize the good and yet be morally
wrong if it violates a deontological principle, such
as a rule, right, or duty. Contemporary proponents
of deontological theories, most notably Rawls,
observe the near universality of fairness norms
and argue that this sense of fairness underlies
institutions and society as a whole, thereby generating the notion of “justice as fairness” (5).
A second debate concerns the involvement of
emotion in distributive justice. A prominent cognitivist tradition, including such philosophers as
Plato and Kant, emphasizes the role of reason in
resolving the trade-off between the right and the
good, as do many contemporary thinkers including Rawls and Harsanyi (4, 5). In psychology, a
prominent cognitivist view suggests that a sense
of justice emerged as a developmental consequence of formal and abstract cognition (2). An
alternative tradition, including moral sentimentalists such as David Hume and Adam Smith,
argues that distributive justice is rooted in emotions, such as sympathy and empathy (6, 7).
Although these debates remain unresolved,
recent works in related fields—including moral
judgment and economics—provide converging
evidence of the interplay between emotion and cognition (8, 9), as well as the importance of fairness
(10–12), in individual and social decision-making.
Based on these findings, we hypothesized that distinct neural substrates may underlie the representa-
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tion of equity and efficiency. First, we hypothesized
that reward regions, such as the striatum, would be
involved in encoding utility and efficiency. A wide
variety of decision-making studies indicate the involvement of dopaminergic regions, such as the
striatum, in reward computation and reward learning (13, 14), including indirect rewards such as
charitable giving and punishment of free-riders in
public-goods games (15, 16). More recent evidence has implicated nearby paralimbic regions,
especially the septal-subgenual area, in altruism
and social attachment (17, 18).
Second, we hypothesized that emotional systems, particularly the insular cortex, would be
involved in the encoding of inequity, as recent
work has demonstrated the important role of the
insular cortex in fairness and empathy (9, 19, 20).
We also note the deep connection that exists in
economic theory between decision-making under
uncertainty and the measurement of inequity
(21–23). This connection is of particular relevance in light of growing evidence that the insular cortex is involved in risky decisions and risk
perception (24, 25), as well as a possible separation in the encoding of reward and risk (25).
Finally, we speculated that differential activation
of reward and emotional regions may reflect their
trade-off between efficiency and equity and that
such differential activation may correlate with individual differences in these decisions.
To investigate the neural foundations of distributive justice, we employed a novel distribution task in conjunction with functional
magnetic resonance imaging (fMRI). During functional brain imaging, 26 adult participants (nine
males, mean age of 39.2 years, age range of 29 to
55 years) made decisions about how to allocate
money to a group of children living in an orphanage in northern Uganda (23). Each group of three
children was endowed by the experimenters with
$5, the monetary equivalent of 24 meals per
child. We denominated allocations in meals to
give participants an approximation of the purchasing power of the monies being donated (23). In
each trial, participants decided whether varying
allocations of money, denominated in meals,
would be taken away from either of two groups
of children; the participant’s choice was to decide
from whom to take. Participants donated $87 on
average (for a total of $2279) to the charity (23).
This design allowed us to parametrically vary
the relative efficiency and equity of the allocations, providing a quantitative framework to evaluate participants’ choices (fig. S3). Specifically,
we used an inequity-aversion model in which individuals trade off between equity and efficiency
(26). The additive nature of the model, together
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