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Restored iron transport by a small
molecule promotes absorption and
hemoglobinization in animals
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Multiple human diseases ensue from a hereditary or acquired deficiency of iron-transporting
protein function that diminishes transmembrane iron flux in distinct sites and directions.
Because other iron-transport proteins remain active, labile iron gradients build up across the
corresponding protein-deficient membranes. Here we report that a small-molecule natural
product, hinokitiol, can harness such gradients to restore iron transport into, within, and/or
out of cells. The same compound promotes gut iron absorption in DMT1-deficient rats and
ferroportin-deficient mice, as well as hemoglobinization in DMT1- and mitoferrin-deficient
zebrafish. These findings illuminate a general mechanistic framework for small molecule—
mediated site- and direction-selective restoration of iron transport. They also suggest that
small molecules that partially mimic the function of missing protein transporters of iron, and
possibly other ions, may have potential in treating human diseases.

ite- and direction-selective transmembrane

ion transport is achieved in most living sys-

tems through the concerted functions of

active ion-transport proteins that gener-

ate localized electrochemical gradients and
the passive ion-transport proteins that use them
(I). Deficiencies of passive ion-transport proteins
cause many human diseases, including anemias,
cystic fibrosis, arrhythmias, and neurological,
skeletal muscle, endocrine, and renal disorders
(2-5). Because the corresponding active ion-
transport proteins typically remain functional,
there may be a buildup of ion gradients upstream
of the membranes that normally host these
missing proteins. Noting the capacity for these
robust networks to achieve ion-selective trans-
port despite the unselective nature of many ion-
transport proteins (7, 2), we hypothesized that
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small molecules capable of autonomously per-
forming ion transport could leverage such gra-
dients to restore transmembrane ion flux in a
site- and direction-selective manner (Fig. 1A).
Iron homeostasis, in particular, is maintained
by dynamic networks of active and passive iron-
transport proteins and their regulators that permit
essential use while minimizing toxicity of this
redox-active metal (2). No known regulatory mech-
anisms of iron excretion exist (6), and systemic
iron levels are thus primarily controlled through
rigorous regulation of dietary iron absorption
(2, 6). Deficiencies or dysfunction of proteins
involved in iron transport, homeostasis, or metab-
olism often impede the movement of iron into, with-
in, and/or out of cells (Fig. 1A) and are associated
with more than 25 Mendelian diseases (table S1)
(6-9). We asked whether a small-molecule iron
transporter could leverage transmembrane gra-
dients of the labile iron pool (2) that selectively
build up in such situations to restore the move-
ment of iron into, within, and/or out of cells
and thereby enable its use in endogenous iron-
dependent physiological processes (Fig. 1A).
We specifically chose to study three disease-
relevant iron-transporter deficiencies that disrupt
iron movement in different directions, cellular
locations, and tissues (2, 6). Deficiencies of di-
valent metal transporter 1 (DMT], also known
as NRAMP2, DCT1, or SLC11A2) reduce apical
iron uptake into duodenal enterocytes (fig. S1A)
and prevent endosomal iron release in red blood
cell progenitors (fig. S1B) (2, 6). Mitoferrin (MFRN1,
also known as SLC25A37) deficiencies in the inner
mitochondrial membrane impair iron import
into the mitochondrial matrix (fig. S1C) (10, I11).
Ferroportin (FPN1, also known as IREG1, MTP1,
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or SLC40A1) deficiencies reduce iron efflux from
the gut epithelium (fig. S1D) and reticuloendothelial
macrophages (fig. S1E) (12-15).

Previous reports suggest that high doses of
hydrophilic iron chelators, such as deferiprone
and pyridoxal isonicotinoyl hydrazone (PIH),
as well as more lipophilic derivatives, such as
salicylaldehyde isonicotinoyl hydrazone (SIH),
may bind and relocate excess iron (16, 17). How-
ever, the corresponding complexes of many of
these chelators show limited membrane perme-
ation and may require the action of colocalized
proteins to achieve iron mobilization (78, 19). We
alternatively sought to identify a lipophilic small
molecule that can autonomously perform trans-
membrane iron transport to promote physiology
in cells and animals missing each of the afore-
mentioned proteins.

Small molecule—mediated functional
complementation in yeast

To find such a molecule, we designed a modified
functional complementation experiment (20), in
which candidate compounds known or predicted
to bind iron were tested for their capacity to res-
tore growth to a strain of Saccharomyces cerevisiae
missing the iron-transporting complex FetFtrl
(fet3Aftr1A; fig. SIF) (2I). Deferiprone, PIH, and
SIH did not restore growth (fig. S2B). In contrast,
the natural product hinokitiol (Hino, B-thujaplicin;
Fig. 1B)—originally isolated by Nozoe from essen-
tial oil of the Chamaecyparis taiwanensis (Taiwan
Hinoki) tree (22)—was highly effective (Fig. 1, C
to E). This natural product has previously been
characterized as a potent chelator of iron and
other metals (23-26) that exerts a range of other
biological activities (25-31). Hinokitiol restored
growth to iron transporter-deficient yeast under
fermentative and respiratory conditions (Fig. 1D
and fig. S3A) and independently of known side-
rophore transporters (fig. S3B) (21, 32). Hinoki-
tiol sustainably restored growth to wild-type
levels with similar doubling times (Fig. 1E and
fig. S3, C to E).

Synthetic removal of the C2 oxygen atom
by hydrogenolysis yielded C2-deoxy hinokitiol
(C2deOHino; Fig. 1B and fig. S3F). In contrast to
hinokitiol, C2deOHino cannot bind or transport
iron and thus served as a negative control (fig. S4,
A and B). Hinokitiol dose-dependently restored
yeast growth, whereas C2deOHino did not (Fig.
1F). Hinokitiol, but not C2deOHino, also restored
iron influx (Fig. 1G), and hinokitiol-mediated
growth was iron-dependent (fig. S3, G and H).
Growth restoration was similarly observed with
other lipophilic o-hydroxy ketones, but not with
hydrophilic o-hydroxy ketones or small mole-
cules that transport other ions (fig. S2, A to C,
and fig. S31).

Characterization of iron binding and
transport with hinokitiol

Biophysical experiments were performed to better
understand the capacity for hinokitiol to bind and
transport ferrous and ferric iron across lipid mem-
branes. This natural product rapidly binds iron to
form a hinokitiol:iron complex, as evidenced by
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protein deficiency

Fig. 1. Restoring physiol-
ogy to iron transporter—
deficient organisms.
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cell growth was observed
on low-iron SD agar plates
containing 10 uM FeCls by

time (h)

serial 10-fold dilution plating [from ODggo (optical density at 600 nm) = 1.0]. Under identical conditions,
but in the presence of 10 uM hinokitiol, restored cell growth was observed on the same low-iron
SD agar plates. (E) Yeast cell growth in liquid SD media containing 10 uM FeCls in the absence or presence
of 10 uM hinokitiol (n = 3). NS, not significant; ****P < 0.0001. (F) Hinokitiol restored growth
of fet3AftrlA yeast, whereas C2deOHino did not (n = 3). (G) Hinokitiol increased °Fe influx into
fet3AftrlA yeast, whereas C2deOHino did not (n = 3). In (E) to (G), graphs depict means + SEM. h, hours.

an immediate change in color and ultraviolet-
visible (UV-vis) spectra upon addition of ferric or
ferrous iron (Fig. 2, A and B, and fig. S4, A and C).
Unlike water-soluble iron chelators (77), hinoki-
tiol:iron complexes predominantly partition into
nonpolar solvents rather than water (Fig. 2A and
fig. S3I). For example, >95% of hinokitiol:iron
complexes partition into octanol rather than
water, whereas deferiprone:iron complexes exhibit
>05% partitioning into water (fig. S3I). This is
consistent with quantitative extraction of hinoki-
tiol:iron complexes from the aqueous to the or-
ganic layer, as determined by inductively coupled
plasma mass spectrometry (ICP-MS) analysis
(fig. S4D).

Hinokitiol strongly binds ferrous and ferric
iron, with an association constant (K,) of 5.1 x
10" for ferrous iron and 5.8 x 10% for ferric iron,
the latter of which is more than an order of mag-
nitude stronger than that of deferiprone (fig. S4,
E to H, and table S2). Consistent with its high
affinity, hinokitiol removes iron from iron-citrate
complexes that compose the labile iron pool (fig.
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S4A). In buffered solution, competition experi-
ments indicate that hinokitiol can also remove
iron from the iron-binding proteins transferrin
and ferritin, but only when hinokitiol is used in
>1000-fold excess relative to transferrin and
>1,000,000-fold excess relative to ferritin (fig. S4,
I to K). Hinokitiol has a pK, of 7.33, suggesting
that both the neutral and anionic states are
accessible under physiological conditions (fig.
S4L). Moreover, “°Fe bound to hinokitiol read-
ily exchanged with *°Fe in solution, with >20%
exchange observed within 10 min (fig. S4M).
Thus, the binding of iron by hinokitiol under
physiological conditions is expected to be highly
dynamic, which may allow for the facile release
of iron from hinokitiol complexes to iron-binding
proteins and its subsequent use in iron-related
physiological processes.

Hinokitiol autonomously transported both fer-
rous and ferric iron across model liposomal mem-
branes, whereas C2deOHino, deferiprone, and
PIH showed minimal transport (Fig. 2, C and

D). Although the transport-active complex remains
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to be identified, speciation studies are consistent
with the predominant formation of a 3:1 Hino:
Fe'" complex in aqueous buffer (fig. S4, N and
0). X-ray crystallography of tristhinacolato) iron(IIT)
revealed a pair of C;-symmetric complexes, each
composed of a lipophilic outer shell encasing a
hydrophilic and iron-binding central core (Fig.
2F and fig. S4P).

Hinokitiol is a broad-spectrum metallophore
capable of binding and transporting multiple
divalent metals (fig. S5, A to I, and table S3).
Hinokitiol competitively bound 10 times as much
cu® as Fe! and transported Cu™ 80 times as fast
as Fe'l in liposomes, yet the low accessibility of
copper likely leads to high iron selectivity in vivo.
Specifically, the cytosolic labile copper pool is 10
orders of magnitude smaller than that of iron
(table S3) (33-35). This is attributed to robust
networks of transporters, chaperones, storage
proteins, and regulators that bind Cu™ with ex-
ceptional affinities and selectivities (35). For exam-
ple, the transcriptional activator Macl, which is
essential in regulating yeast copper homeostasis,
binds copper with a dissociation constant (K3) of
9.7 x 1072° M (35). Upon treatment of fet3AftriA
yeast with hinokitiol, intracellular iron levels in-
creased relative to those in vehicle-treated controls,
whereas levels of manganese, cobalt, nickel, zinc,
and copper were unchanged (fig. S5J).

The redox potential of Fe(Hino); in aqueous
systems is estimated to be as low as -361 mV,
compared with +770 mV for free iron (Fig. 2F;
fig. S6, A to J; and tables S2, S4, and S6). Consistent
with this, in a reducing environment, the reduc-
tion of iron(III) was slowed in the presence of
hinokitiol, but it was still nearly quantitative in
less than 2 hours (fig. S6, K and L). Moreover, the
redox potential increased with decreasing pH
and decreasing hinokitiol concentrations (fig. S6,
F, I, and J, and tables S4 and S5). Collectively,
these data suggest that both ferric and ferrous
iron should be readily accessible in the presence
of hinokitiol under physiological conditions.

Restored iron transport promotes
absorption and hemoglobinization
in cells

‘We thus asked whether hinokitiol could promote
iron movement into, within, and/or out of mam-
malian cells deficient in DMT1, MFRN1, or FPN1.
We first studied iron uptake and transepithelial
transport in differentiated DMT1-deficient Caco-2
gut epithelia monolayers (fig. S1A) (36, 37) estab-
lished through stable short hairpin RNA (shRNA)
transfection (fig. S7, A to C). Relative to wild-type
controls, DMT1-deficient monolayers showed
reduced iron uptake into cells and reduced trans-
epithelial iron transport to the basolateral fluid
after apical addition of **FeCl; (Fig. 3, A and B).
Apical addition of hinokitiol (500 nM) restored
uptake and transport (Fig. 3, A and B) in a time
frame commensurate with dwell times in the gut
(Fig. 3C). Hinokitiol did not disrupt monolayer
integrity (fig. S7D), caused no observable toxicity
(table S7), and did not affect basal DMTI expres-
sion (fig. S7, B and C). Hinokitiol-mediated trans-
port occurred across a range of pHs found
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Fig. 2. Physical characteristics of hinokitiol binding and transport. (A) In contrast to water-
soluble chelators, such as deferiprone, the hinokitiol-iron complex partitions into nonpolar solvents.

(B) UV-vis titration study of hinokitiol with increasing FeCls indicates that hinokitiol binds iron. Arrows
indicate changes in the UV spectrum with increasing iron from O:1 Fe:Hino (light blue line with least
absorbance at 420 nm) to 6:1 Fe:Hino (black line). (C and D) In contrast to water-soluble iron chelators and
C2deOHino, hinokitiol autonomously promotes the efflux of (C) ferrous and (D) ferric iron from model
POPC liposomes (n = 3). (E) X-ray crystal structure of a C;-symmetric Fe(Hino)s; complex. (F) Cyclic
voltammogram of the iron-hinokitiol complex in 0.1 M Tris buffer in 1:1 MeOH:H,0 at pH = 7.2, using 500 uM
Hino and 100 uM Fe(NO3)3 with a 100 mV/s scan rate (NHE, normal hydrogen electrode). In (C)

and (D), graphs depict representative runs of three independent experiments; in (F), a representative run

of four independent experiments is shown.

throughout the duodenum and increased with
decreasing pH (fig. S7E). Whereas hinokitiol pro-
moted uptake and transport over a wide range
of concentrations, C2deOHino and subtoxic con-
centrations of the iron chelators deferiprone,
deferoxamine, PIH, and SIH did not promote
both uptake and transport (fig. S7, F and G, and
table S7). High concentrations of these more
hydrophilic iron chelators instead decreased
iron uptake into DMTI-deficient monolayers
(fig. S7F).

If DMT1 is missing, depleted, or hypomorphic,
intracellular iron(II) efflux from endosomes of
erythroid precursors is precluded, thus preventing
hemoglobinization (fig. S1B) (2, 6, 38). We tested
for dimethyl sulfoxide (DMSO)-induced differen-
tiation and hemoglobinization in DS19 murine
erythroleukemia (MEL) cells (39) and shRNA-
transfected DMTI1-deficient MEL cells (fig. S8, A
to C), in the absence or presence of hinokitiol.
Control cells differentiated normally after 3 days,
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as indicated by the characteristic pink color of
hemoglobin in cell pellets (Fig. 3D) and brown
staining of hemoglobinized cells with o-dianisidine
(fig. S8, D and E). Reduced hemoglobinization was
observed in DMT1-deficient cells (Fig. 3, D to F, and
fig. S8, D to F). Three days of hinokitiol treatment
(1 uM) restored *°Fe uptake (fig. S8F), *Fe incor-
poration into heme (Fig. 3F), and hemoglobiniza-
tion (Fig. 3D and fig. S8, D to J) without observable
toxicity (fig. S8K and table S7), whereas C2deO-
Hino had no effect (Fig. 3, E and F, and fig. S8, F, 1,
and J). As expected, no differentiation was observed
in the absence of DMSO, with or without hinokitiol
treatment (fig. SSL).

Having observed hinokitiol-mediated transport
of iron into and within DMTI-deficient cells, we
asked whether the same small molecule could also
substitute for other iron-transport proteins. MFRN1
in the inner mitochondrial membrane imports
iron into the mitochondrial matrix for hemoglo-
binization (fig. S1C) (2, 10). MFRN1-deficient MEL
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cells developed through CRISPR-Cas9-mediated
knockout (fig. SOA) exhibited reduced hemoglobi-
nization by o-dianisidine staining (Fig. 3G), *’Fe
uptake (fig. S9B), and >°Fe incorporation into
heme (fig. S9C) after DMSO induction. Hinoki-
tiol (1 uM) restored hemoglobinization, whereas
C2deOHino had no effect (Fig. 3G and fig. S9, B
and C), suggesting hinokitiol-mediated mitochon-
drial delivery of iron. As expected, hinokitiol did
not promote hemoglobinization to MEL cells
that were instead deficient in a protein involved
in porphyrin biosynthesis (TMEM14CA) (fig.
S9, D to F).

FPN1 deficiencies reduce iron efflux across
the basolateral membrane of gut epithelia (fig.
S1D) and from reticuloendothelial macrophages
(fig. S1E) that recycle iron from senescent eryth-
rocytes (13, 14). Quercetin (40) and hepcidin (41)
were used to transiently decrease FPNI1 levels in
differentiated Caco-2 epithelia monolayers and
J774 macrophages (41), respectively (fig. S9, G to
J). Hinokitiol (1 uM) restored transepithelial
iron transport in FPNI-deficient Caco-2 mono-
layers (Fig. 3H and fig. SOK) without affecting
iron uptake (Fig. 3I) or disrupting monolayer
integrity (fig. S9L). Hinokitiol also time- and
dose-dependently restored iron release from
FPNI1-deficient J774 macrophages without ob-
servable toxicity (Fig. 3, J and K; fig. SOM; and
table S7).

Site- and direction-selective buildup
and release of iron gradients

‘We next probed the mechanistic hypothesis that
hinokitiol promotes site- and direction-selective
iron movement by harnessing built-up transmem-
brane iron gradients in transporter-deficient
systems (Fig. 1A). We first visualized compart-
mentalized iron in DMTI-deficient MEL cells
by using fluorescent dyes (fig. S10, A to C) (42, 43).
An OxyBURST Green-bovine serum albumin
conjugate localized to endosomes fluoresces upon
iron-mediated oxidation (fig. S10C), and fluorescence
emissions from the turn-off probes calcein green
(fig. S10A) and rhodamine B-[(1,10-phenanthrolin-
5-yl)-aminocarbonyl]benzyl ester (RPA) (fig. S10B)
in the cytosol and mitochondria, respectively, are
quenched upon iron binding. Relatively low endo-
somal, high cytosolic, and high mitochondrial iron
levels were observed in DMSO-induced control
MEL cells (Fig. 4A and fig. S11, A, B, E, and H).
We observed twofold increases in iron-promoted
OxyBURST Green fluorescence in DMT1-deficient
MEL cells (Fig. 4A and fig. S11, A and B), along
with reduced cytosolic and mitochondrial iron (Fig.
4A and fig. S11, A, E, and H). Hinokitiol treatment
decreased OxyBURST Green fluorescence 2.1-fold
and concomitantly quenched calcein green and
RPA fluorescence (Fig. 4A and fig. S11, A to J).
These data support hinokitiol-mediated release of
built-up pools of endosomal iron into the cytosol
and subsequent mitochondrial uptake.

Calcein green and >°Fe studies also revealed
a buildup of labile iron in FPN1-deficient J774
macrophages relative to wild-type cells (Fig. 4,
B to D). Hinokitiol direction-selectively pro-
moted both iron influx to (Fig. 4E) and efflux
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Fig. 3. Hinokitiol restores mammalian cell physiology. (A) °Fe uptake
into DMT1-deficient (shDMT1) Caco-2 monolayers and (B) transepithelial
transport (apical to basolateral) indicated that hinokitiol (500 nM) restored
normal iron absorption (n = 3). shControl refers to Caco-2 monolayers that
were transfected with a nontargeting control shRNA plasmid. (C) Hinokitiol-
promoted %°Fe transport occurs on time scales commensurate with dwell
times in the gut (n = 3). (D) Cell pellets from shControl and hinokitiol-treated
(1 uM) DMT1-deficient MEL cells appear pink, characteristic of hemoglobin,
whereas DMT1-deficient cell pellets do not. (E) ImageJ quantification of MEL
cells stained brown with o-dianisidine (n = 6 to 48). The dashed line represents
shControl levels. (F) 5°Fe incorporation into heme in hinokitiol-rescued DMT1-

deficient MEL cells (n = 3 to 23). The dashed line represents shControl levels.
(G) Hinokitiol increases the number of o-dianisidine—stained MFRN1-deficient
MEL cells (n = 21 to 48). The dashed line represents DS19 (wild-type) levels.
(H) Hinokitiol (1 uM) restores *°Fe transepithelial transport across FPN1-
deficient Caco-2 monolayers (I) without affecting iron uptake (n = 12).

(J) Hinokitiol (5 pM) promotes the release of >Fe from hepcidin-treated FPN1-
deficient J774 macrophages (t = 2 hours; n = 6 to 20). (K) Time-dependent
release of >°Fe from wild-type J774 macrophages and FPNI-deficient J774
macrophages treated with DMSO, hinokitiol, or C2deOHino (n = 6to 20). In (A)
to (C), and (E) to (K), graphs depict means + SEM. NS, not significant;

**P < 0.01; ***P < 0.001; ****P < 0.0001.

from (Fig. 3J and fig. SOM) J774 macrophages, de-
pending on the presence of high extracellular or
intracellular iron, respectively. Further, hinokitiol-
mediated iron(IT) and iron(III) efflux from liposomes
and iron(III) uptake into J774 macrophages was
directly proportional to the transmembrane iron
gradients (Fig. 4, E to G, and fig. S12, A to D). Last,
we loaded iron into J774 macrophages, rinsed the
cells to remove extracellular iron, and stained them

Grillo et al., Science 356, 608-616 (2017)

with calcein green (fig. SI2E). Hinokitiol addition
[at time (¢) = 5 min] rapidly increased calcein green
fluorescence, whereas vehicle and C2deOHino had
no effect (Fig. 4, H and I; fig. S13, A to C; and movie
S1). We then reversed the gradient in these same
cells by external addition of FeCl; (¢ = 12 min)
(fig. S12E). DMSO or C2deOHino treatment of cells
had no effect (Fig. 41 and fig. S13, A and C), whereas
quenching of calcein green fluorescence was

12 May 2017

observed with hinokitiol treatment (Fig. 4, H
and I; fig. S13B; and movie S1). These results are
consistent with initial hinokitiol-mediated re-
lease of iron from J774 macrophages when in-
tracellular iron levels are high, followed by
hinokitiol-mediated uptake of iron into these
macrophages when this transmembrane gradi-
ent is reversed by addition of extracellular iron
(fig. S12E).
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Fig. 4. Hinokitiol leverages built-up iron gradients. (A) Representative
fluorescence images of differentiated shControl and DMT1-deficient MEL
cells in the absence or presence of hinokitiol (1 uM), using OxyBURST Green,
calcein green, and RPA to detect relative endosomal, cytosolic, and
mitochondrial iron levels, respectively. A buildup of labile iron was observed
in endosomes of DMT1-deficient cells, which was released after hinokitiol
treatment. (B and C) A buildup of intracellular labile iron was observed

in FPN1-deficient J774 macrophages treated with 200 uM FeSQO, by
quenching of calcein green fluorescence (n = 3). (D) Iron(lll) uptake into
J774 macrophages treated with 50 uM FeCl3 similarly revealed a buildup of
total intracellular iron in FPN1-deficient cells after 4 hours, as observed
using %Fe as a radiotracer (n = 8). (E) Increased extracellular iron(lll) levels
increased rates of iron uptake into J774 macrophages treated with
hinokitiol (1 uM), as observed using %°Fe as a radiotracer (n = 3). (F and

G) Increased intraliposomal (F) ferrous and (G) ferric iron led to increased

Grillo et al., Science 356, 608-616 (2017) 12 May 2017

C
—10 wild type
= FPN1-deficient
& 08 -
(]
[
S 2 06 -
s 2o
8 204 - s
®5 x
© 3502
=
0.0 —TT
0 15 30 45 60 75 9
time (min)
G
4 o 30mM Fe" 12 ,30mM Fell
= 15 mM Fe" = 15 mM Fell
g =} 10 mM Fe' g © 1.0 { 10 mMm Fem
= E 345 mmFe s £ 5 mM Fell
) £ 1 mM Fe" o= 0811 mmFen
§ é o | vehicle § é 06 | venicie
2o, €904
2 9 ' = 0
1 & & 02
0 LT e 00
0 15 30 45 60 75 90 0 15 30 45 60 75 90
time (min) time (min)
[
J774 + Hino )
+ FeCly (t = 20 min) DMSO, Hino,
e PP or C2deOHino FeCl;
1.3 -

calcein green
fluorescence (r.u.)
o L iv

o
©
!

0.8

0246 8101214161820
time (min)

rates of iron efflux in the presence of hinokitiol (10 uM) (n = 3). No efflux was
observed in the absence of hinokitiol. (H) Fluorescence imaging of
cytosolic iron with calcein green, using artificially created iron gradients in
opposite directions in J774 macrophages. Cells were loaded with FeSO,4
(200 uM) and rinsed; then, hinokitiol (100 uM) was added at t = 5 min. An
increase in fluorescence was observed, consistent with decreased
intracellular labile iron. The gradient was then reversed in these same cells
by addition of 100 uM FeCls to the media at t = 12 min. Fluorescence
quenching was observed, consistent with iron uptake. (I) Representative
ImageJ quantification of calcein green fluorescence iniron-loaded J774 cells
with addition of DMSO, hinokitiol, or C2deOHino at t = 5 min and FeCls at

t =12 min. Scale bars, 10 um in (A) and 20 um in (B) and (H). In (C) to (E),
graphs depict means + SEM; **P < 0.01; ****P < 0.0001. In (F) and (G), graphs
depict means of three independent experiments. In (1), a representative
graph from six independent experiments is shown. r.u., relative units.
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Fig. 5. The endogenous network is involved in hinokitiol-mediated
Caco-2 transport. (A) Representative Western blot images of proteins
involved in iron absorption and regulation indicate an anemic state in shDMT1
Caco-2 monolayers to promote maximal iron absorption. (B) Unidirectional
hinokitiol-mediated transport in shDMT1 Caco-2 monolayers observed with
apical or basolateral addition of hinokitiol (500 nM) and 5°Fe radiotracer
(n = 3). (C) Determination of 5°Fe levels in immunoprecipitated ferritin in
Caco-2 monolayers (n = 3). (D) Knockdown of FPN1 in shDMT1 Caco-2
monolayers with quercetin abrogates hinokitiol-mediated transport (n = 3).
(E) Rates of Caco-2 transport with varying concentrations of iron 4 hours after
treatment with DMSO or hinokitiol (500 nM) (n = 3). The rates of transport
level off with increasing iron concentrations. (F) Increased doses of hinokitiol

Mechanisms for maintaining

iron homeostasis

We then asked whether endogenous networks of
other ion-transport proteins and regulators (2) in
iron transporter-deficient cells can collaborate

Grillo et al., Science 356, 608-616 (2017) 12 May 2017

with the small molecule hinokitiol to help pro-
mote restoration of site- and direction-selective
iron transport while still maintaining iron home-
ostasis. In yeast, the intracellular movement and
storage of iron is dependent on a proton gra-

increase uptake into shDMT1 Caco-2 monolayers apically treated with 25 uM
FeCls; however, a bimodal effect is observed in transepithelial iron transport at
5 uM hinokitiol (n = 3). (G) Representative Western blot images of proteins
involved in iron absorption and regulation after treatment with increasing
hinokitiol and 25 uM FeCls. Bimodal effects were similarly observed in protein
levels involved in iron absorption and regulation. (H) Intermediate concen-
trations of hinokitiol lead to significant calcein green quenching in shDMT1
monolayers treated with 25 uM FeCl5 after 1 hour, consistent with increased
labile iron. This effect was reversed at high doses of hinokitiol. Scale bar, 20 uM.
(Iand J) ImageJ quantification of calcein green fluorescence in these monolayers
(n =310 6). In (B) to (F), (I), and (J), graphs depict means + SEM; NS, not
significant; ****P < 0.0001.

dient known as the proton motive force, which is
generated by the adenosine triphosphate (ATP)-
dependent active ion-transport proteins Pmal
and V-ATPase in the plasma and vacuolar mem-
branes, respectively (21, 35). Consistent with the

6 of 9

1202 ‘2 1snbny uo /610" Bewasualos adualos//:diy wolj papeojumod


http://science.sciencemag.org/

RESEARCH | RESEARCH ARTICLE

A B w D E F
*k Kk * s *%k *%k —
A4.O A1.8 §1‘0 5100 §1 0 ,,i 100
X . B X 15 o c 95 ( ' 95
o304 . = Z=08 ] Z=o08 @
:g * o %81'2 ﬁg = 90 EE = 90
o 2]
o 520 + ‘= TS0 S Sos £ 8 g 506 g 85
5‘6 . o 0 ,;."L:"SO.G oS g 80 o £04 3 80
?1.0 {e% == b w504 5 Ly, 5
o 20.3 o2 ¥ 75 0 =02 ¥ 75
© . © [ < [7] <
0.0 0.0 ©0.2 S 70 © 0.0 © 70
Hino — — <4 Hino — <= Hino — — <4 — S Hino — + — Hino — — < < Hino— <4 —
CZdeOHlnc; + — ffe/+ mice C2deOH|no; — — <4 C2deOHino — — < uninjected MO-Mfrn1 C2deOHino — — <=
+/? rats b/b rats uninjected MO-DMT1 zebrafish from zebrafish zebrafish zebrafish from
zebrafish zebrafish +/cdy cross +/frs cross
G H
» bk
$1& 88
LS I T mw
=

»

v

Y

121 +/+

+/frs

frs/frs frs/frs frs/frs

Fig. 6. Hinokitiol restores physiology in iron transporter—deficient
animals. (A and B) Oral gavage of 1.5 mg/kg hinokitiol promotes the gut
absorption of %°Fe into (A) DMTI1-deficient Belgrade (b/b) rats and (B)
FPN1-deficient flatiron (ffe/+) mice after 1 hour (n = 4 to 7). (C) Hinokitiol
treatment (1 uM) added to the embryo media (containing 10 uM iron
citrate) at 24 hpf and incubation for an additional 48 hours increases the
number of GFP-positive erythroids (detected by FACS analysis) in Dmtl-
deficient morphant zebrafish from a line of transgenic fish containing GFP-
tagged erythroids (n = 7 to 17). (D) Hinokitiol decreases the number of
anemic fish from a heterozygous cross of +/cdy fish, as determined by
o-dianisidine staining, whereas C2deOHino does not. (E) Hinokitiol (1 uM)

+ vehicle for 48 hours

+ hinokitiol for 48 hours

increases the number of GFP-positive erythrocytes in Mfrnl-deficient
morphant zebrafish (n = 3 to 13). (F) Hinokitiol increases the number of
nonanemic embryos from a heterozygous cross of +/frs fish. (G) Embryos
from a heterozygous cross of +/frs fish were genotyped by restriction
enzyme digestion with Bsrl restriction enzyme. Lanes 4 and 5 correspond
to frs/frs fish treated with hinokitiol for 48 hours. (H) Hinokitiol-treated
frs/frs fish stain brown with o-dianisidine, whereas anemic frs/frs fish do
not, indicating increased hemoglobin levels after hinokitiol treatment.
Graphs depict means = SEM in (A) to (C) and (E) and weighted

means = SEM in (D) and (F); NS, not significant; *P < 0.05; **P < 0.01,
***p < 0.001.

dependence of hinokitiol-mediated iron transport
on this proton motive force, hinokitiol-rescued
fet3AftrlA yeast were exceptionally sensitive to
chemical inhibition of Pmal and V-ATPase, but
not to off-pathway inhibitors (fig. S14, A to C).
In intestinal epithelia, iron-transport proteins
are transcriptionally and translationally regu-
lated to maintain systemic iron levels while
avoiding overload (2, 44). Specifically, levels of
the apical H*/Fe?* symporter DMT1, heavy (FTHI)
and light (FTL1) chains of ferritin responsible for
sequestering excess iron, basolateral efflux pro-
tein FPN1, and transferrin receptor 1 (TFR1) are
translationally regulated through short hairpin
iron response elements (IREs) located at the 5
and 3' untranslated regions of the corresponding
mRNA transcripts (fig. S15A) (2). Iron-sensing
iron response proteins (IRP1 and IRP2) bind to
these IREs to block translation (5-IRE, FTHI, FTLI,
FPNI) or stabilize mRNA (3"-IRE, DMT1, TFRI)
under iron starvation (fig. S15A). Upon iron stim-
ulation and binding, IRPs dissociate from the
mRNAs, reversing their described effects. Tran-
scriptional regulation is achieved through the
transcriptional activator hypoxia-inducible factor
20 (HIF20), which is degraded after O,- and iron-
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mediated proline hydroxylation (fig. S15B) (2).
HIF20 activates transcription of FPNI to evade
IRE-mediated translational repression under iron
deprivation (2).

Consistent with these homeostatic mechanisms,
an anemic state (45) was initially observed in
DMT1-deficient Caco-2 monolayers, with decreased
levels of ferritin and increased levels of FPN1
(Fig. 5A and fig. S14, D to L), thus providing a
favorable cellular environment for small molecule-
mediated iron transport. Providing support for
functional collaboration with these endogenous
proteins, hinokitiol-mediated iron uptake and
transport across DMT1-deficient Caco-2 mono-
layers was unidirectional (Fig. 5B and fig. S14M).
Apical treatment with this low dose of hinokitiol
(500 nM) allowed for *°Fe incorporation into
ferritin (Fig. 5C), possibly mediated by the high-
affinity iron chaperone poly(rC)-binding protein
1(PCBPI) (2). Last, quercetin-mediated knockdown
of FPN1 (40) antagonized hinokitiol-mediated
transmembrane transport without affecting api-
cal uptake (Fig. 5D and fig. S14, N to P).

Moreover, increased rates of transepithelial
transport in DMT1-deficient monolayers were
observed with increased concentrations of apical

12 May 2017

FeCls, but these effects leveled off at higher con-
centrations of iron (Fig. 5E). Further, a similar
leveling of transmembrane transport was ob-
served when the same monolayers were treated
with a persistent iron gradient (25 uM FeCl3) and
increasing concentrations of hinokitiol (Fig. 5F).
This phenomenon was evident over a wide range
of hinokitiol and iron concentrations (fig. S16).
We thus asked how the endogenous system re-
sponds to the hinokitiol-mediated changes in
cellular iron status in the presence of a persist-
ent iron gradient. Consistent with IRP-mediated
translational regulation, decreased IRP2, increased
ferritin subunits (5™-IREs), and decreased TFR1 (3"-
IRE) protein levels were observed as a function of
hinokitiol concentrations up to 5 uM in the pres-
ence of a persistent iron gradient (Fig. 5G and
fig. S17, A to E). The transcription factors HIFla
and HIF2a similarly decreased along with de-
creased FPNI mRNA and FPNI protein levels
(Fig. 5G and fig. S17, F to I). As expected, IRE-
independent expression of the cytosolic iron
chaperone PCBP1 and HIF2o-independent FTHI
mRNA levels did not change, and no changes
in FPN1 were observed upon the addition of
hinokitiol in the absence of iron (Fig. 5G and
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fig. S17, K to N). A modest reversal of these ef-
fects was observed with higher concentrations of
hinokitiol (Fig. 5G and fig. S17, A to J). Visualiza-
tion of cytosolic iron with calcein green indicated
that incubation of DMTI-deficient Caco-2 mono-
layers with increasing hinokitiol led to increased
labile iron up to 5 uM (Fig. 5, H to J). Further
increases in hinokitiol prevented fluorescence
quenching, possibly because of competitive intra-
cellular chelation of labile iron at high doses of
this strongly binding metallophore (Fig. 5, H to J).
These results collectively support the conclusion
that the endogenous homeostatic networks can
collaborate with the small molecule hinokitiol to
help promote iron transport while maintaining its
homeostasis and preventing ferritoxicity.

On the basis of this mechanistic framework,
we hypothesized that hinokitiol would have rel-
atively minimal effects in wild-type cells. We
tested the capacity for the same concentrations
of hinokitiol to perturb transepithelial iron trans-
port, hemoglobinization, and iron release in
normal Caco-2 monolayers, MEL cells, and J774
cells, respectively (fig. S18, A to F). In contrast to
the hinokitiol-promoted increases in transepi-
thelial iron transport (Fig. 3B), hemoglobiniza-
tion (Fig. 3G), and iron release (Fig. 3J) observed
in the corresponding protein-deficient systems,
negligible effects were observed in hinokitiol-
treated wild-type systems under identical con-
ditions (fig. S18, A to F). Collectively, these results
are consistent with hinokitiol restoring site- and
direction-selective iron transport by harness-
ing gradients that selectively build up across
lipid membranes missing specific iron-transport
proteins.

Restored gut iron absorption and
peripheral hemoglobinization in animals

We were thus encouraged to ask whether hino-
kitiol could restore gut iron absorption and
hemoglobinization in animal models of these
iron-transporter deficiencies. DMT1 and FPN1
deficiencies in duodenal enterocytes reduce rates
of iron absorption in the gut by disrupting api-
cal iron uptake into cells and basolateral efflux
into the blood, respectively (2, 6, 12-15). We tested
gut iron absorption in DMT1-deficient Belgrade
(b/D) rats (6) and FPN1-deficient flatiron (ffe/+)
mice (14, 15) upon administration of a single dose
of ®*Fe and 1.5 mg of hinokitiol per kilogram of
body weight via oral gavage. Higher doses of
hinokitiol are reported to be nontoxic in rats sub-
jected to chronic oral administration for 2 years (46).
Similar to the reduced iron absorption previously
reported in b/b rats (47), a twofold reduction in
59Fe absorption was observed in C2deOHino-
treated b/b rats relative to sibling controls (+/+ or
+/b) (Fig. 6A and fig. S19A). Treatment of b/ rats
with hinokitiol increased **Fe absorption back to
control levels after 1 hour (Fig. 6A and fig. S19A).
Consistent with our previous results (15), ffe/+
mice also absorbed iron at low rates (Fig. 6B).
Hinokitiol increased ®°Fe absorption in ffe/+
mice after 1 and 2 hours (Fig. 6B and fig. S19B). A
statistically significant increase in the rate of *Fe
absorption was observed in hinokitiol-treated
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wild-type mice after 1 hour, but not after 2 hours
(fig. S19C).

We have previously shown restoration of
hemoglobinization in Mfrnl-deficient zebra-
fish through ectopic expression of Mfrnl pro-
tein with complementary RNA (10). Danio rerio
is well established as a powerful model organism
in the study of hematopoiesis (48), and we used
it to test whether chronic treatment with a small-
molecule iron transporter could restore hemo-
globinization in Dmtl and Mfrnl deficiencies
(10, 49). We first performed morpholino-mediated
transient knockdown of Dmt1 in a 7g(globinLCR:
eGFP) zebrafish strain expressing green fluo-
rescent protein (GFP)-tagged erythrocytes (50).
Injection of a designed antisense morpholino
targeting the exon 4-intron 4 junction of pre-
mature dmtl mRNA reduced steady-state dmil
levels (fig. S19D) and decreased the number of GFP-
positive erythroid cells detected by fluorescence-
activated cell sorting (FACS) analysis (Fig. 6C).
Addition of hinokitiol to the embryo media 24 hours
postfertilization (hpf) and incubation for an ad-
ditional 2 days promoted hemoglobinization in
these DMT1-deficient morphant zebrafish without
observable toxicity, whereas C2deOHino had no
effect (Fig. 6C). We further tested whether hinoki-
tiol could similarly restore hemoglobinization in
genetically mutated chardonnay (cdy®*®) zebra-
fish, which contain a nonsense mutation leading
to truncated Dmtl and thereby exhibit severe
hypochromic, microcytic anemia (49). A heter-
ozygous cross of +/cdy fish led to a Mendelian
distribution of ~75% healthy (+/+ and +/cdy) and
~25% anemic (cdy/cdy) embryos in each clutch
after o-dianisidine staining 72 hpf (Fig. 6D). Hinoki-
tiol treatment for 2 days increased the number of
fish exhibiting high hemoglobin levels, whereas
C2deOHino had no effect (Fig. 6D).

We also tested hemoglobinization in Mfrnl-
deficient morphant 7g(globinL.CR:eGFP) zebrafish
(10, 50). Forty-eight hours of hinokitiol treatment
restored hemoglobinization and the number of
GFP-positive erythrocytes in these morphants
(Fig. 6E). Last, we tested whether hinokitiol
could restore hemoglobinization in genetically
mutated frascati (frs'?>?) zebrafish, which contain
a missense mutation leading to an inactive Mfrnl
mitochondrial protein and profound anemia dur-
ing embryogenesis (10, 11). Hinokitiol treatment
of embryos collected from a heterozygous cross
of +/frs fish prevented the anemic phenotype
(Fig. 6F). Genotyped (Fig. 6G) healthy larvae
(+/+ and +/frs) exhibited brown staining with
o-dianisidine, whereas untreated frs/frs fish did
not (Fig. 6H). Hinokitiol treatment restored brown
staining to frs/frs fish (Fig. 6H). As expected,
hinokitiol did not affect sauternes (sau'®?*?)
zebrafish (51) deficient in the initial enzyme
involved in porphyrin biosynthesis (Alas2) (fig.
S19E), indicating the specificity of hinokitiol
effects to defects in iron transport.

Outlook

We found that a small molecule, hinokitiol, can
restore site- and direction-selective iron transport
in different cells deficient in three distinct iron-
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transport proteins, and the same compound can
promote dietary gut iron absorption or peripheral
hemoglobinization in corresponding animal mod-
els. Mechanistic studies support the role of trans-
membrane ion gradients that build up in the
setting of missing iron transporters, enabling
hinokitiol to restore site- and direction-selective
transmembrane iron transport. Further, endog-
enous protein-based homeostatic mechanisms
interface with this small molecule to promote
iron-related physiological processes without dis-
rupting other cellular processes.

Like hinokitiol, many ion-transport proteins
are imperfectly selective. However, the relative
abundance of different ions contributes to in-
creased selectivity in living systems. For example,
protein chloride channels are largely unselective
with respect to chloride versus bromide and iodide,
but the low natural abundance of the latter halogens
favors chloride selectivity in vivo (7, 52). Differential
ion accessibility further enhances the in vivo se-
lectivity observed for many imperfect ion-transport
proteins (33-35). Like hinokitiol, DMT1 and FPN1
transport Co>*, Mn**, Zn>*, and/or Cu** (6, 13, 15).
However, high-affinity metalloproteins markedly
decrease the labile pool of these other metals,
leading to higher accessibility and thus selective
binding and transport of iron in vivo (33-35).

These findings provide a conceptual framework
and proof-of-concept demonstration to support
the pursuit of small-molecule surrogates for
missing or dysfunctional iron-transport proteins
that underlie many human diseases. It has re-
cently been recognized that acquired deficiencies
of FPN1 underlie the anemia of chronic inflam-
mation that frequently occurs in patients suffering
from a number of common diseases, including
rheumatoid arthritis, systemic lupus erythema-
tosus, and inflammatory bowel disease (9). Further,
this approach may have potential in promoting the
rapid excretion of excess iron that builds up in
tissues (e.g., liver or brain) in many diverse iron-
overload disorders.

These results also reveal frontier opportunities
to probe biology by using small molecules that
autonomously perform protein-like functions.
For example, our results demonstrate that in
both cells and zebrafish, hinokitiol-mediated
rescue of physiology distinguishes between de-
fects in porphyrin biosynthesis and iron transport,
which can be challenging to differentiate using
genetic and biochemical techniques. Because net-
works of active and passive ion-transport proteins
similarly underlie the directional movement of
many other ions in most living systems, including
humans, our findings may also have even broader
scientific and therapeutic implications.
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