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An Iron Delivery Pathway Mediated by a Lipocalin

iron to many tissues, including epithelia. Hypotransferri-Jun Yang,1 David Goetz,2,5 Jau-Yi Li,1,5 Wenge Wang,1

Kiyoshi Mori,1 Daria Setlik,1 Tonggong Du,1 nemic micehpx/hpx (Huggenvik et al., 1989; Trenor et al.,
2000) and atransferrinemic humans (Hamill et al., 1991;Hediye Erdjument-Bromage,3 Paul Tempst,3

Roland Strong,2 and Jonathan Barasch1,4 Hayashi et al., 1993) have severe defects in hematopoie-
sis and central nervous system development, but most1College of Physicians and Surgeons

of Columbia University epithelial organs are normal. Likewise, mice lacking the
transferrin receptor1 (Levy et al., 1999) initiate organo-New York, New York 10032

2 The Fred Hutchinson Cancer Institute genesis but succumb to the effects of anemia. Given
that iron is necessary for all cells, there must be otherSeattle, Washington 98109

3 The Memorial Sloan-Kettering Cancer Center pathways for iron acquisition in nonhematopoietic cells.
These additional pathways might involve the local ex-New York, New York 10021
pression of iron-trafficking proteins, such as lactoferrin
(Ward et al., 1999b), putative low molecular weight sider-
ophores (Fernandez-Pol, 1978; Jones et al., 1980), andSummary
cell surface iron transporters like DMT1.

Developing organs may be served by a variety of ironDespite the critical need for iron in many cellular reac-
tions, deletion of the transferrin pathway does not delivery proteins. Transferrin is expressed in the primor-

dial liver (Cassia et al., 1997), but circulation of thisblock organogenesis, suggesting the presence of al-
ternative methods to deliver iron. We show that a protein is uncertain before E12, by which time organo-

genesis is advanced (Gustine and Zimmerman, 1973).member of the lipocalin superfamily (24p3/Ngal) deliv-
ers iron to the cytoplasm where it activates or re- Transferrin is probably most critical for later stages of

hematopoiesis and neural tube development becausepresses iron-responsive genes. Iron unloading de-
pends on the cycling of 24p3/Ngal through acidic these cells undergo apoptosis as late as E13 in trans-

ferrin receptor1-deleted mice (Levy et al., 1999). Like-endosomes, but its pH sensitivity and its subcellular
targeting differed from transferrin. Indeed, during the wise, the final steps of kidney development are best

supported by transferrin, but initial steps do not requireconversion of mesenchyme into epithelia (where we
discovered the protein), 24p3/Ngal and transferrin this protein (Ekblom et al., 1983; Landschulz et al., 1984).

In these examples, iron delivery by transferrin is thoughtwere endocytosed by different cells that characterize
different stages of development, and they triggered to regulate proliferation of determined cells. Hence,

early stages of a lineage likely acquire iron by differentunique responses. These studies identify an iron deliv-
ery pathway active in development and cell physiology. mechanisms and perhaps for different purposes. How-

ever, specific iron delivery pathways are unknown.
The cardinal feature of kidney development is the for-Introduction

mation of epithelial tubules from nonepithelial mesen-
chymal cells. The conversion of cell type is controlledThe delivery of iron to cells is critical for cell growth and

development. Iron is located at the active site of a large by factors secreted from the ureteric bud (Barasch et
al., 1999; Plisov et al., 2001), and we have now purifiednumber of proteins including regulators of intermediary

metabolism and DNA synthesis (Cooper and Porter, and sequenced an epithelial inducer from ureteric bud
cell lines (UB cells; Barasch et al., 1996). The protein is1997; Nyholm et al., 1993), and it stabilizes three-dimen-

sional protein structure (e.g., Anderson et al., 1990). In called 24p3 (the mouse ortholog of human neutrophil-
gelatinase-associated lipocalin, Ngal), and it is a mem-addition, iron is a unique regulator of gene expression,

activating both transcriptional (Yamaguchi-Iwai et al., ber of the lipocalin superfamily. The lipocalin family is
thought to regulate growth and development by binding1996) and posttranscriptional mechanisms (Rouault and

Klausner, 1997). For these reasons, the acquisition of cell surface receptors (Wojnar et al., 2001) and activating
iron is central to cell survival, growth, and maturation, downstream targets (Devireddy et al., 2001) or, alterna-
and its metabolism is tightly regulated by many proteins. tively, by delivering low molecular weight ligands (Flower

Most cells acquire iron by capturing iron-loaded trans- et al., 2000). By X-ray crystallography, atomic absorp-
ferrin. After binding to receptors, transferrin enters an tion, and X-ray fluorescence analyses, we found that
endocytic pathway (van Renswoude et al., 1982; Ya- 24p3/Ngal contains iron, and we now report that 24p3
mashiro et al., 1984). Within endosomes, iron dissoci- and Ngal are iron-trafficking proteins. Remarkably, in
ates from transferrin and is transferred across the vesi- tissue culture cells, the uptake, subcellular trafficking,
cle membrane into the cell cytoplasm. In epithelia, this and final destination of 24p3/Ngal differed from those
pathway is uniquely located in the basal domain of the taken by transferrin. In the primordial kidney, 24p3/
cell (Fuller and Simons, 1986). However, despite its ubiq- Ngal targeted early epithelial progenitors and stroma,
uity and quantitative importance in adult physiology, the whereas transferrin targeted later staged epithelial pro-
transferrin pathway is not essential for the delivery of genitors. These data show that, during organogenesis,

mechanisms for the acquisition of iron are stage and
cell-type specific and, consequently, iron is likely to4 Correspondence: jmb4@columbia.edu

5 These authors contributed equally to the work. activate different programs upon delivery.
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Figure 1. Induction of Epithelia and Tubules by the Ureteric Bud Protein 24p3

(A) A purified UB protein epithelializes rat metanephric mesenchyme. The epithelia form chains and kidney tubules called S-shaped bodies
(inset) that contain many types of epithelia including visceral (v) and parietal (p) cells of the glomerulus (inset). Bars, 100 �m.
(B) Silver stain of the active fraction reveals a single 25 kDa protein, identified as 24p3.
(C) Whole mount in situ hybridization of E15 rat kidney (overnight culture) shows 24p3 is expressed predominantly by the ureteric bud (arrows
and inset). S-shaped (s) nephrons also express 24p3, but metanephric mesenchyme is negative.
(D) Frozen section of E13 rat kidney stained with anti-24p3. Staining is found in the ureteric bud (UB) and its basement membrane but not in
mesenchyme. Wolffian duct (w).
(E) Immunoblots confirm expression of 24p3 in ureteric bud. 20 �g/lane. (D and E) Preimmune were negative.

Results To confirm the identification of an inducer of mesen-
chymal to epithelial conversion, we used a recombinant
glutathione S-transferase (gst)-24p3 fusion protein andA Member of the Lipocalin Superfamily Induces

Mesenchymal to Epithelial Conversion its derivative, pure 24p3. These proteins (50–100 �g/ml;
2–4 �M) induced metanephric mesenchyme to convertWe previously showed that factors produced by mouse

UB cells (Barasch et al., 1996) convert metanephric mes- into epithelia (n � 100). Human Ngal exists as a monomer
or a disulfide-linked dimer (Kjeldsen et al., 1993), andenchyme into complex epithelia. Using an in vitro assay,

we and others have already purified one of these factors, recombinant versions of both forms induced cell conver-
sion (n � 100). Likewise, the Ngal fraction of a commer-the IL-6 cytokine, LIF (Barasch et al., 1999; Plisov et al.,

2001). One additional activity bound to heparin-Sepha- cial preparation of disulfide-linked Ngal-gelatinaseB in-
duced cellular conversion (n � 2), but the gelatinaserose beads, and we proceeded to purify it to homogene-

ity by cation exchange, chromatofocusing, and hydro- fraction was negative. These assays confirm that mouse
24p3 and its human ortholog Ngal are epithelial inducersphobic interaction chromatography. We found that the

inducing activity (Figure 1A) was a 25 kDa protein (Figure and show that the activity is conserved across species.
24p3 behaved like a classical inducer in that it was1B). The protein was identified by matrix-assisted laser-

desorption/ionization reflectron time-of-flight (MALDI- largely expressed by the ureteric bud and not by mesen-
chymal cells. Figures 1C and 1D show expression by inreTOF) and by electrospray ionization (ESI) MS/MS of

tryptic peptides. The protein was mouse 24p3, the mouse situ hybridization and by immunocytochemistry in the
rat ureteric bud. Immunoblots confirmed this expressionortholog of human neutrophil-gelatinase-associated-

lipocalin (Ngal) and a member of the lipocalin superfam- pattern (Figure 1E) as did gene chip analysis. These data
demonstrate that the ureteric bud expresses 24p3 in vivo.ily of transport proteins.
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Figure 2. Iron-24p3

(A) UB cells were incubated with 59Fe or 35S-methionine for 3 days and 24p3 immunoprecipitated. Immune sera were specific for a single 35S-
labeled 25 kDa protein. The immunoprecipitate contained four times more 59Fe than the preimmune precipitate.
(B) 59Fe-labeled conditioned media were fractionated by heparin-Sepharose chromatography. Proteins were eluted by a gradient of NaCl and
measured (280 nm light, red line), 59Fe was detected by liquid scintillation (black line), and 24p3 was detected by immunoblot. 59Fe and 24p3
coeluted. Inspection of the sample showed a copurifying low molecular weight substance that was reddish-yellow.

24p3/Ngal Binds Iron Using a Cofactor observation that 24p3-containing fractions of ureteric
bud proteins contained a low molecular weight reddish-The structure of Ngal was solved by X-ray crystallogra-

phy, and a combination of X-ray crystallography, atomic yellow substance (Figure 2B, top), similar in color to
enterobactin. Moreover, the molecular mechanism byabsorption, and X-ray spectroscopy showed that bacte-

rially cloned human Ngal contains stoichiometric quanti- which Ngal recognizes enterobactin is likely applicable
to other types of siderophores (oxazaline or thiazolineties of iron (Goetz et al., 2002 [this issue of Molecular

Cell]). In addition, the cloned protein contained a small type) in addition to the tris-catecholate (Goetz et al.,
2002).ringed structure called enterobactin or enterochelin, a

tris catecholate siderophore (Neilands, 1995) that medi-
ates the association of iron with Ngal. To determine Iron Trafficking by 24p3/Ngal

To test whether cloned 24p3/Ngal can deliver iron, wewhether native mouse 24p3 can also associate with iron,
we metabolically labeled UB cells with 59Fe and then incubated UB cells (mouse embryonic kidney collecting

duct cells; Barasch et al., 1996), human Wilms tumorpurified 24p3 using immunoprecipitation or column
chromatography. The immunoprecipitate contained a kidney cells (WT), Madin Darby Canine Kidney (MDCK;

dog kidney collecting duct cells), 7.1 (rat embryonic kid-single protein of 25 kDa (detected in a parallel immuno-
precipitation from 35S-methionine-labeled cells) and ney epithelia; Herzlinger et al., 1993), and BF-2/Foxd1�

cells (mouse kidney stroma; Hatini et al., 1996) with 59Fe-18,462 � 963 cpm of 59Fe. In contrast, preimmune sera
failed to precipitate a specific protein, and it contained labeled human Ngal or mouse 24p3. All cells accumu-

lated 59Fe in a time-dependent manner (Figure 3A). Ironon average only 3938 � 370 cpm of 59Fe (Figure 2A). In
addition, we partially purified 24p3 from the radiolabeled uptake was blocked at 4�C or by the inclusion of a 20-

fold molar excess of unlabeled ligands, indicating thatmedia using a heparin-Sepharose column and found
that 24p3 (Figure 2B, top) and 59Fe copurified (Figure the uptake was receptor mediated. As would be ex-

pected from numerous studies, these cells also accumu-2B, bottom). Last, we repurified 24p3 from UB cells,
depleted it of endogenous iron by prolonged dialysis lated 59Fe-transferrin (both species-matched and human

transferrin) in a time- and temperature-dependent fash-with the chelator deferoxamine, followed by ultrapure
water, and then added increasing concentrations of 59Fe. ion. Interestingly, it appeared that 59Fe delivery by 24p3/

Ngal reached an isotope equilibrium distribution thatWe found that pure 24p3 trapped 59Fe, that the associa-
tion was competed by 100-fold excess nonradioactive was lower than that produced by transferrin despite

the addition of identical isotope concentrations to theiron, and that the stoichiometry of iron to protein was
less than 1:1. These results show that mammalian ex- medium. These results suggest that the two proteins

deliver iron to different compartments (see below) andpressed 24p3 contains iron. The nature of the iron-pro-
tein association is not clear, however, but it may involve that iron trafficking by 24p3/Ngal could mediate a sub-

stantial rate of iron delivery.a mammalian homolog of enterobactin, whose existence
was suggested by prior studies (Fernandez-Pol, 1978; Because acquisition of iron from an iron-loaded pro-

tein like transferrin requires endocytosis of the carrierJones et al., 1980). This hypothesis is supported by the
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Figure 3. Subcellular Trafficking of 24p3/Nga1

(A) Iron delivery by Ngal. MDCK cells were incubated with 59Fe-Ngal or 59Fe-transferrin at 37�or 4�C and time- and temperature-dependent
uptake of iron was found (n � 4). Addition (arrows) of the vacuolar H�ATPase inhibitor, bafilomycin (0.5 �M) blocked 59Fe accumulation. Similar
data were obtained from other renal cells and with human or dog transferrin.
(B) Endocytosis of Alexa568-24p3 in UB cells.
(C and D) Uptake was blocked by a 20-fold molar excess of unlabeled 24p3(C) but not by a 20-fold molar excess of unlabeled transferrin (D).
(E) Conversely, unlabeled 24p3 did not block endocytosis of Alexa488-transferrin. Note the different intracellular distributions of 24p3 and
transferrin in UB cells (compare [B] and [E]) and Ngal and transferrin in WT renal epithelia (compare [F] and [G]). In addition, some cells show
an exclusive uptake of one of these proteins (compare [F] and [G]).
(F–H) At steady state, Ngal organelles were not occupied by transferrin (green or red arrows), except in a single perinuclear compartment in
a minority of cells ([H], yellow arrows). Confocal 3 �m projection. Bar, 15 �m.

protein (Dautry-Varsat et al., 1983), we examined whether beled by different fluorescent tags. We found that all
of the cell lines took up fluorescent and gst-labeled24p3/Ngal also entered cells. Cells were incubated with

purified gst-24p3 fusion protein or with 24p3/Ngal la- lipocalins and that the internalized protein was localized
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to vesicles scattered throughout the cytoplasm (Figures than transferrin for maximal iron release (Figure 4F), and
only 50% of the exchangeable iron was released by our3B and 3F). Uptake was inhibited at 4�C and by a 20-

fold molar excess of nonfluorescent ligand (Figure 3C), acidified solutions. To determine whether 24p3/Ngal-
loaded organelles had an acid pH that could mediateconfirming that it was receptor dependent. Next we ex-

amined whether 24p3/Ngal shared the same endocytic iron release, we labeled renal epithelia and stroma with
fluorescently labeled Ngal and the pH probe DAMP (An-pathway as transferrin. First, we found that transferrin

did not block the entry of labeled 24p3 into the test cell derson et al., 1984). DAMP accumulated in vesicles con-
taining 24p3, indicating that it was located in acidiclines (Figure 3D) and conversely 24p3 did not block

the entry of labeled transferrin (Figure 3E). These data vesicles (Figure 4G). The accumulation of DAMP re-
flected the transvesicular pH difference because it wasdemonstrate that these two iron transport proteins enter

cells by independent receptor-mediated mechanisms. dissipated when ammonium chloride (30 mM) was
added just prior to terminating the experiment (FigureTo study the polarized distribution of the two recep-

tors, we grew MDCK and UB cells on porous filters. We 4H). To determine whether the low pH of the endocytic
pathway was required for the delivery of iron from 24p3/found that both 24p3/Ngal and transferrin were captured

from the basal surface of MDCK, but in UB cells 24p3 Ngal, we fed epithelia and stroma 59Fe-Ngal and bafilo-
mycin (0.5 �M), an inhibitor of the vacuolar H�ATPasewas captured at both apical and basal surfaces, while

transferrin entered only from the basal surface. Similar (Bowman et al., 1988). We found that bafilomycin
blocked the incorporation of 59Fe from Ngal and fromstudies were obtained using 59Fe-24p3/Ngal or 59Fe-

transferrin, showing that the initial phase of trafficking of 59Fe-transferrin (Figure 3A), whereas endocytosis of li-
gands continues under these conditions (Clague et al.,these two molecules is independent. Filter-grown MDCK

and UB cells formed tight monolayers that were imper- 1994). These data show that 24p3/Ngal traffics in acid
vesicles and that low pH is essential for iron release.meable to gst-24p3 and to biotin-transferrin, added to

either apical or basal media. Hence, no significant trans- After the release of iron from its carrier protein in
cytoplasmic vesicles, iron is transferred to the cytosol.epithelial flux of either molecule appeared over 12 hr of

incubation (measured by immunoblot), ruling out signifi- Transferrin, for example, delivers iron to vesicles that
contain the membrane protein NRAMP2/DMT1(divalentcant transcytosis or leakage (data not shown).

To examine the steady-state distributions of 24p3/ metal transporter1) which is an Fe:H� synporter (Gun-
shin et al., 1997). To determine whether 24p3/Ngal deliv-Ngal and transferrin, we examined a variety of cells after

prolonged incubation with the fluorescent conjugates ers iron to vesicles that contain this transporter, we
localized DMT1 in a number of cell lines with specificand found that 24p3/Ngal and transferrin occupied dis-

tinct intracellular compartments (Figure 3). For example, antibodies. We found that DMT1 partially colocalized
with fluorescent 24p3 (Figure 4I). These data show thatin human WT cells (Figures 3F–3H), human transferrin

occupied a small perinuclear compartment. In contrast, vesicles containing 24p3/Ngal are potential sites of iron
acquisition.human Ngal occupied larger vesicles located at the pe-

riphery of the transferrin compartment, as well as To assess whether 24p3/Ngal is significantly de-
graded by intracellular trafficking, we measured the lossthroughout the cytoplasm. There was almost no overlap

of Ngal and transferrin, but in some cells a small perinu- of 35S-methionine-labeled 24p3 and 125I-Ngal. For com-
parison, we used 125I-transferrin, which is not degradedclear compartment contained both proteins (Figure 3H,

yellow arrows). To further characterize the distribution after endocytosis (van Renswoude et al., 1982) and 125I-
�2-macroglobulin which traffics to lysosomes and isof 24p3/Ngal in WT and stromal cells, we used markers

of different organelles and found that Ngal did not oc- degraded (Tycko and Maxfield, 1982; Yamashiro et al.,
1984). We found that transferrin and 24p3/Ngal were notcupy early endosomes (EEA1 and rab5; Figures 4A and

4B). Likewise, the majority of Ngal did not occupy late digested and remained insoluble (Figure 4J), while 125I-
�2 macroglobulin was converted into a TCA solublerecycling endosomes (rab11; Figure 4C) or late endo-

somes/prelysosomes (mannose-6-phosphate receptor; form. We confirmed these data by recovering full-length
gst-24p3 (measured by immunoblot) and TCA insolubleFigure 4D), although a colabeled population was readily

detectable (yellow arrows). Similarly, most 24p3 was 125I-Ngal after contact with a variety of cells for 12 hr,
whereas 125I-�2 macroglobulin became TCA soluble. Indistinct from dextran-labeled lysosomes (Yamashiro et

al., 1984), but again there was a small population with addition, we quantitatively recovered 24p3 from meta-
nephric mesenchyme after 7 days of coculture. Thesecolabeling (Figure 4E). These data show that 24p3/Ngal

can reach a late endosomal compartment and probably data show that, like transferrin, 24p3/Ngal enters an
endocytic pathway and the protein is not significantlycrosses the transferrin pathway in the perinuclear recy-

cling endosome. However, at steady state the bulk of degraded. Hence, it is plausible that 24p3/Ngal might
be reutilized after releasing iron. This was further sug-24p3/Ngal and transferrin is distinct.

That the endocytic pathway of 24p3/Ngal and trans- gested by 59Fe binding to acidified and then realkalinized
24p3/Ngal. However, further analysis of recycling mustferrin could be distinguished raised the question of

whether iron delivery by these proteins required different include structural and functional studies of the recycled
species, since the siderophore may be labile (Goetz etmechanisms. Dissociation of iron from transferrin is me-

diated in part by the acid pH of the endosome (Dautry- al., 2002).
The data show that 24p3/Ngal is incorporated by aVarsat et al., 1983). To determine whether 59Fe-24p3/

Ngal was also pH sensitive, we incubated 59Fe-Ngal in saturable mechanism into acidic vacuoles with trans-
membrane iron transporters. These vesicles are distinctsolutions of varying pH and recovered the protein-bound

59Fe on a filter. Like transferrin, Ngal released iron at low from transferrin vesicles, identifying a separate path for
iron delivery. Like transferrin, 24p3/Ngal may recycle.pH (n � 5); however, Ngal required a much lower pH
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Figure 4. Distribution of 24p3/Ngal in Acidic Vesicles

WT (A–D) and stromal cells (E, G–I). Ngal-Alexa568 (red) is compared to EEA (A), Rab5-GFP (B), Rab11-HA (C), and mannose 6 phosphate
receptor (D), and 24p3-Alexa568 (red) is compared to dextran-marked lysosomes (E). 24p3/Ngal showed minor colocalization with late
endosomal markers rab11 and mannose-6-phosphate as well as with lysosomes (single labeling, red or green arrows; colocalization, yellow
arrows). (F) Dissociation of 59Fe from Ngal or transferrin at acid pH. Protein-bound 59Fe was captured on a microcon filter. Ngal shows an
acid-shifted pH sensitivity (n � 5). (G) 24p3-Alexa488 (green) localizes to acid vesicles that trap DAMP, a pH probe (red) that is released by
alkalinization (NH4; H). 24p3 also colocalized with the divalent metal transporter, DMT1 ([I]; colocalization, yellow arrows). (J) 24p3/Ngal is not
degraded during intracellualr transport. Renal stroma (squares) and 7.1 cells (circles) were loaded with125I-24p3 or Ngal and washed, and the
media were collected after 1 hr. There was no change in the fraction of degraded, TCA-soluble 24p3/Ngal or transferrin, but 125I-�2 macroglobulin
converted into a TCA-soluble form in a temperature-sensitive manner. Similar data were obtained from 35S-24p3, gst-24p3, and unlabeled
Ngal. Confocal 3 �m projection. Bars, 25 �m.

24p3/Ngal Regulates Iron-Responsive Genes test this, we added iron-loaded Ngal to a number of cell
lines in the absence of transferrin. We found that theIron regulates the expression of a number of genes by

enhancing translation of message or conversely by pro- expression of ferritin was enhanced, while transferrin
receptor1 was suppressed. Hence, iron delivery by Ngalmoting degradation of the mRNA. As a result, the iron

storage protein ferritin and the transferrin receptor1 are was sufficient to regulate iron-responsive genes. Similar
data were obtained in the cultured metanephric mesen-reciprocally regulated by cytoplasmic iron. Treating cells

with iron-loaded transferrin enhances the translation of chyme, which expressed a higher basal level of ferritin
compared to the cell lines.ferritin while reducing the expression of the transferrin

receptor1 (Figure 5). Conversely, chelating cellular iron
with deferroxamine (Figure 5) inhibits the translation of 24p3/Ngal and Transferrin Have Nonredundant

Functions during Organogenesisferritin, but enhances the expression of transferrin re-
ceptor1. Hence, if 24/p3Ngal can deliver physiological The distinct trafficking pathways of 24p3/Ngal and

transferrin might be utilized to supply iron to differentquantities of iron to cells, then ferritin expression should
increase and transferrin receptor1 should decrease. To cells in a developing organ. To test this idea, we added
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in tandem: 24p3/Ngal induces primordial cells, while
transferrin acts on their progeny to complete the devel-
opmental program.

Discussion

Lipocalins are structurally related proteins that transport
a variety of ligands (Flower et al., 2000). By delivering
these cargo, the lipocalins are believed to act as survival
factors (e.g., purpurin, Schubert and LaCorbiere, 1985)
and developmental regulators (e.g., lazarillo, Sanchez
et al., 1995; retinol binding protein, Newcomer and Ong,
2000). For example, glycodelin (Kamarainen et al., 1997)
promotes epithelialization after endocytosis, suggesting
that it delivers a small molecule that stimulates differen-
tiation (Zhou et al., 2000). However, the specific actions
of the lipocalins have not been established because their
ligands and receptors are unknown. Hence, it has not
been clear why 24p3/Ngal is highly expressed at sitesFigure 5. 24p3/Ngal Regulate Iron-Responsive Genes
of rapid epithelial turnover such as malignant or inflamed

7.1 cells were cultured with 24p3/Ngal (100 �g/ml), transferrin (200
epithelia (Nielsen et al., 1996; Stoesz et al., 1998).�g/ml), additional free iron (50 �M ferric ammonium citrate or ferric

We now report that 24p3 and its human ortholog Ngalchloride), or the iron chelator deferroxamine (10 �M) for 48 hr. Trans-
ferrin receptor1 and ferritin were measured by immunoblot (20 �g/ are iron-trafficking proteins. The evidence for iron asso-
lane). 24p3/Ngal suppressed transferrin receptor1 but enhanced the ciation includes the purification of 59Fe-24p3 from UB
expression of ferritin, just like iron loading with transferrin or free cells that were metabolically labeled with 59Fe, the bind-
iron. Deferoxamine had the opposite effect. Ferritin expression un- ing of iron to pure preparations of 24p3, and the struc-
der basal conditions could be seen after prolonged exposure of the

tural studies of Goetz et al. (2002). Evidence for 24p3/immunoblot.
Ngal mediated iron delivery includes time- and tempera-
ture-dependent radiolabeling of cells by 59Fe-24p3/Ngal
in a saturable fashion, traffic of these proteins through
acidified endosomes with divalent metal transporters,fluorescently labeled proteins to kidneys at different
and the subsequent modulation of iron-responsivestages of development. In all cases, transferrin was con-
genes. Trafficking by 24p3/Ngal was distinct from trans-centrated by mesenchymal cells adjacent to the tips of
ferrin at the subcellular level, and their pathways werethe invading ureteric bud (Figure 6A, green). These cells
even more divergent in embryonic kidney, where theyare late-staged epithelial progenitors as judged by their
targeted different cells. 24p3/Ngal is expressed by thelocation in the developing kidney as well as by their
ureteric bud in the embryonic kidney, suggesting thatintense expression of transcription factors (e.g., Pax-2,
it regulates local transfer of iron between renal cells,Figure 6B; Rothenpieler and Dressler, 1993). Their prog-
while transferrin transfers iron from the circulation.eny, the renal tubular epithelia, also prominently incor-
These data show that 24p3/Ngal is an iron-traffickingporated transferrin (Figure 6A). These cells highly ex-
protein, with functions distinct from those of transferrin.press the transferrin receptor1 (J.B., unpublished data).

24p3, in contrast, had the reverse distribution. It pre-
dominantly targeted peripheral cells (Figures 6A and Subcellular Trafficking of 24p3/Ngal

24p3/Ngal loaded organelles were larger than transferrin6C), including epithelial progenitors at an early stage of
the lineage (Pax-2�; P� nuclei in Figure 6C) and stroma vesicles, suggesting that they were lysosomes. How-

ever, this was ruled out by the recovery of intact 24p3/(P� nuclei; data not shown). To confirm the distinct tar-
geting of transferrin and 24p3/Ngal, we explanted meta- Ngal from cell lines and metanephric mesenchyme. In

addition, most internalized 24p3/Ngal failed to colocal-nephric mesenchyme (rat E13) and again found that trans-
ferrin targeted late epithelial progenitors (Yang et al., ize with dextran, which marks lysosomes. Alternatively,

the 24p3/Ngal vesicles are late endosomes. Evidence2002) while 24p3 targeted peripheral cells (Figure 6D).
Distinct trafficking in the metanephric mesenchyme includes the lack of association with early endosomal

markers and a minor, but discernable, overlap with lateimplies that 24p3/Ngal and transferrin have different
functions. 24p3/Ngal (50 �g/ml; 48 hr) stimulated mod- markers. In addition, 24p3/Ngal colocalized with DMT1

iron transporters, which are found in late endosomesest growth of early progenitors (Figure 6E) but failed to
produce morphologically evident epithelia, unless trans- (Tabuchi et al., 2000). These compartments are more

acidic than the early recycling vesicles, perhaps moreferrin was added after 24p3/Ngal (data not shown). On
the other hand, treatment of the metanephric mesen- closely matching the pH sensitivity of 24p3/Ngal. Traf-

ficking in acidic endosomes is very important for thechyme with transferrin (100 �g/ml) failed to stimulate
growth (Figure 6F) or epithelial conversion, and the sub- removal of iron from catecholate siderophores because

it converts ferric-catecholate to ferric-salicylate, whichsequent addition of 24p3/Ngal was ineffectual. Hence,
these proteins provide stage specificity to the iron re- is a substrate for reduction by a NADH or NADPH cou-

pled ferrireductase. Reduction results in the dischargequirement by targeting different cells in the epithelial
lineage. This results in complementary activities that act of iron, because Fe2�does not bind the acidified sidero-
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Figure 6. 24p3 and Transferrin Target Different Rat Kidney Cells

(A) Confocal shows that mesenchymal cells and their epithelial progeny near the ureteric bud (UB) take up increasing amounts of Alexa488-
transferrin (green).
(B) These cells express high levels of Pax-2 (red, nuclei), typical of late preepithelial development.
(C) In contrast, Alexa568-24p3 (red) is taken up by cells throughout the kidney, particularly at the cortical margin and between branches of
the ureteric bud. These cells include Pax-2� epithelial precursors (P�, green nuclei) and Pax-2� (P�) stroma (data not shown).
(D) Cultured metanephric mesenchyme contains clusters of late-staged Pax-2� cells (Yang et al., 2002) that incorporate transferrin (green),
whereas 24p3 (red) is taken up by peripheral cells.
(E) 24p3 without transferrin stimulates 5	-bromodeoxyuridine incorporation by peripheral cells, whereas transferrin without 24p3 had no effect
on cellular proliferation. (F) Confocal 20 �m projection.
(A–C) Bars, 150 �m. (D–F) Bars, 100 �m.

phore (Ward et al., 1999a). In fact, ferrireductase activi- labeled at steady state by this protein will further define
the mechanism of iron delivery. It is notable that lactofer-ties have been found in late endosomes (Scheiber and

Goldenberg, 1993). In addition, siderophores such as rin, a second iron transport protein with a very acidic
pH sensitivity (Nicholson et al., 1997), also traffics toiron-hydroxamates are also sensitive to reduction (Ward

et al., 1999a). Hence, it is plausible that 24p3/Ngal traf- late endosomes (Birgens et al., 1988).
fics to late endosomes where acidification and reduction
unload iron. Structural analysis of acidified and reduced Stage Specificity in Iron Capture

Developing and mature organs have multiple cellular24p3/Ngal will clarify this mechanism. Further, a kinetic
description of the endocytic pathway of 24p3/Ngal, as compartments. These include progenitors, transit ampli-

fying cells, and mature progeny. The least developedwell as the isolation and identification of the organelles
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epithelial progenitors and associated stroma incorpo- version by regulating the cytoplasmic pool of iron in
early progenitors. This idea is plausible because 24p3/rated 24p3/Ngal but not transferrin, while later staged

epithelial progenitors (akin to transit amplifying cells) Ngal delivers sufficient iron to regulate iron-responsive
genes (Figure 5). In fact, epithelial induction by 24p3/took up transferrin but less 24p3/Ngal. This demon-

strates that iron capture in an embryonic organ is stage Ngal was markedly reduced by substituting gallium�3

for iron�3, whereas induction by LIF (Barasch et al., 1999;specific. This is likely to be a general principle because
iron transporters and receptors appear to be expressed Plisov et al., 2001) was not blocked by an equal quantity

of gallium (data not shown). Hence, iron delivery mayin a stage-specific manner at many sites. Transferrin
receptor1 is expressed in intestinal progenitors, while be an essential component of 24p3/Ngal-mediated in-

duction. Conversely, Fe-ionophores (enterobactin andDMT1 and ferroportin are expressed by their progeny
at the duodenal villus tip (reviewed in Roy and Enns, Fe-PIH; Landschulz et al., 1984) could partially replace

24p3/Ngal and induce small clusters of epithelia (data2000). Likewise, transferrin receptor1 is transiently ex-
pressed in hematopoietic lineages (Chitambar et al., not shown). Because no such activity was found for

transferrin in our induction assay (even at 200 �g/ml),1983; Vaisman et al., 2000; Kanayasu-Toyoda et al.,
1999), and the transporter lactoferrin is transiently ex- the ionophores must have targeted the same cells as

24p3/Ngal. These data suggest that iron itself is a signalpressed in the epithelia of the upper gut and airway
(Ward et al., 1999b). for epithelial development in early progenitors.

In sum, the distinct function of transferrin and 24p3/The targeting of primordial renal cells by 24p3/Ngal
and their progeny by transferrin explains the sequential Ngal in our model argues that iron delivery is not only

mediated by different proteins but also has differentactions of these proteins. 24p3/Ngal maintained viable
mesenchymal cells in the absence of transferrin but functions at different cellular stages. These ideas are

supported by the diverse actions of iron in cells that arecould not convert them to epithelia without the subse-
quent addition of transferrin. Conversely, transferrin had lineally related including crypt and villous cells in the

duodenum (Roy and Enns, 2000), hematopoietic stemno obvious action on the metanephric mesenchyme
without prior stimulation by 24p3/Ngal. These findings cells and their different progeny (Kanayasu-Toyoda et

al., 1999), fibroblasts and adipocytes (Festa, et al., 2000),are consistent with those of Ekblom et al. (Ekblom et
al., 1983; Landschultz et al., 1984) who demonstrated and glial restricted precursors and differentiated oligo-

dendrocytes (Morath and Mayer-Proschel, 2001). In allthat while transferrin was not required for early stages
of induction or cell conversion (Ekblom et al., 1983), of these examples, the earliest stages of cell determina-

tion were sensitive to iron acquisition, whereas latertransferrin was required after the mesenchyme was ex-
posed to an inducing factor. Similarly, hematopoietic stages were not sensitive. Finally, the surprising speci-

ficity of the transferrin receptor1 knockout supports theprecursors (Sposi et al., 2000; Kanayasu-Toyoda et al.,
1999; Wu et al., 1999) must be stimulated by inducing contention that both the delivery of iron and its functions

are cell type and cell stage dependent.factors to respond to transferrin. Hence, the exclusive
expression of transferrin receptor1 in late progenitors

Experimental Procedures(J.B., unpublished data) could result from antecedent
stimulation by 24p3/Ngal. Thus, transferrin stimulates

Purification, Identification, and Cloning of Lipocalin (24p3determined cells to complete their developmental pro-
and Ngal)

gram, while 24p3/Ngal acts on earlier populations. E13 rat metanephric mesenchymes were separated from the ureteric
bud and cultured in serum-free basal media that included FGF-2
(50 ng/ml), TGF� (10 ng/ml; Karavanova et al., 1996), and transferrinFunctions of Iron Delivery
(5 �g/ml). Basal media failed to convert the cells.The stage-specific capture of different iron transporters

Forty liters of media conditioned by UB cells (Barasch et al., 1999)is likely to reflect changing cellular requirements, and,
were desalted and fractionated by heparin-Sepharose (buffer A, 10

conversely, iron delivery might stimulate different re- mM NaPO4 [pH 7.0]; buffer B, buffer A � 2 M NaCl; activity eluted
sponses at different stages. Transferrin-iron stimulates at 0.25 M NaCl) followed by cation exchange (buffer A:50mM HEPES

[pH 7.6]; buffer B: buffer A � 0.5 M NaCl; activity eluted at 0.1 Mthe proliferation of many different cell types (Trowbridge
NaCl), chromatofocusing (buffer A, 25 mM Triethanolamine [pHand Shackelford, 1986), and transferrin-gallium (an iron
10.5]; buffer B: Pharmalyte 1:45 [pH 9.0]; activity eluted at pH 9.5–antagonist) results in cell cycle arrest (Chitambar et al.,
9.7), and hydrophobic interaction chromatography (buffer A, 1.7 M1983; Brodie et al., 1993) and suppression of cyclins,
NH4SO4, 50 mM Tris base [pH 8.5]; buffer B, 50mM Tris base [pH

bcl-2, and myc families (Alcantara, et al., 2001). The 8.5]; activity eluting at 50% buffer B) to yield a single protein (Biorad
inductive activity of 24p3/Ngal, however, cannot be ex- silver stain) that induced epithelia when added to the basal media.

Trypsin peptides of this protein were fractionated by Poros50 R2plained by an effect on proliferation alone. Instead, one
RP micro-tips (Erdjument-Bromage et al., 1998) and analyzed bypossibility is that iron induces early cells of the mesen-
matrix-assisted laser-desorption/ionization reflectron time-of-flightchymal lineage to epithelialize. Iron regulates many
(MALDI-reTOF) MS using a Reflex III instrument (Brüker Daltonics,genes including those not directly involved in iron me-
Bremen, Germany). Peptides were also analyzed by electrospray

tabolism by both posttranscriptional (iron response ele- ionization (ESI) MS/MS on an API 300 triple quadrupole instrument
ments; Rouault and Klausner, 1997; Lieu et al., 2001) (Applied Biosystems/MDS Sciex, Thornhill, Canada) modified with

an ultrafine ionization source (Geromanos et al., 2000). Selectedand transcriptional mechanisms (iron-dependent tran-
mass values from MALDI-TOF experiments were taken to searchscription factors; Yamaguchi-Iwai et al., 1996). Some of
the protein nonredundant database (NR; NCBI, Bethesda, MD) usingthese proteins are critical for development, including
PeptideSearch (Mann et al., 1993). MS/MS spectra were inspectedPKC-
, p21 (Alcantara et al., 1994; Gazitt et al., 2001)
for y″ ion series and compared with the computer-generated series

and eya, which produces the brachio-oto-renal malfor- from predicted tryptic peptides.
mation when deleted (Ye and Connor, 1999). These ex- Ngal-MMP9 heterodimers (Roche) were dissociated by gel filtra-

tion with DTT (5 mM). Mouse gst-24p3 was cloned, expressed (Bund-amples suggest that 24p3/Ngal could induce cell con-
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gaard et al., 1994), and 24p3 derived by thrombin cleavage. Proteins by the NIH (DK 55388, DK 58872). P.T. is supported by NCI Core
Grant P30 CA08748.were gel filtered and then authenticated by total amino acid analysis.

Dimeric and monomeric Ngal were produced by C87S mutagenesis
(50 �g/ml; Goetz et al., 2002). Each protein was tested on mesen- Received: April 9, 2002
chyme (50 �g/ml). Revised: September 30, 2002

Rabbits were immunized with recombinant gel-filtered 24p3. Sera
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