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RED CELLS, IRON, AND ERYTHROPOIESIS

Bone-derived C-terminal FGF23 cleaved peptides
increase iron availability in acute inflammation
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Inflammation leads to functional iron deficiency by increasing the expression of the
hepatic iron regulatory peptide hepcidin. Inflammation also stimulates fibroblast growth
factor 23 (FGF23) production by increasing both Fgf23 transcription and FGF23 cleavage,
which paradoxically leads to excess in C-terminal FGF23 peptides (Cter-FGF23), rather
than intact FGF23 (iFGF23) hormone. We determined that the major source of
Cter-FGF23 is osteocytes and investigated whether Cter-FGF23 peptides play a direct
role in the regulation of hepcidin and iron metabolism in response to acute inflammation.
Mice harboring an osteocyte-specific deletion of Fgf23 showed a ~90% reduction in
Cter-FGF23 levels during acute inflammation. Reduction in Cter-FGF23 led to a further
decrease in circulating iron in inflamed mice owing to excessive hepcidin production. We
observed similar results in mice showing impaired FGF23 cleavage owing to osteocyte-
J specific deletion of Furin. We next showed that Cter-FGF23 peptides bind members of
the bone morphogenetic protein (BMP) family, BMP2 and BMP9, which are established inducers of hepcidin. Coad-
ministration of Cter-FGF23 and BMP2 or BMP9 prevented the increase in Hamp messenger RNA and circulating
hepcidin levels induced by BMP2/9, resulting in normal serum iron levels. Finally, injection of Cter-FGF23 in inflamed
Fgf23%° mice and genetic overexpression of Cter-Fgf23 in wild type mice also resulted in lower hepcidin and higher
circulating iron levels. In conclusion, during inflammation, bone is the major source of Cter-FGF23 secretion, and

® Osteocytes are the
main source of Cter-
FGF23 peptides in
acute inflammation.

® Bone-derived Cter-
FGF23 peptides are
iron conserving
molecules and
antagonize BMP-
induced hepcidin
production.

independently of iFGF23, Cter-FGF23 reduces BMP-induced hepcidin secretion in the liver.

Introduction

Fibroblast growth factor 23 (FGF23) is a phosphate and vitamin D
regulating hormone produced in the bone by osteocytes." A
complex network of classical mediators of bone and mineral
metabolism regulates FGF23 production.”® High levels of para-
thyroid hormone, phosphate, calcitriol, and calcium stimulate Fgf23
transcription.>” ' Consequently, FGF23 is secreted into the circu-
lation as an intact, biologically active hormone (intact FGF23
[IFGF23]). Nonclassical stimuli also control FGF23 production,
including true iron deficiency, inflammation and functional iron
deficiency, erythropoietin administration, and acute blood loss.'*'®
However, in these settings, increased FGF23 production is associ-
ated with increased proteolytic cleavage to yield FGF23 cleavage
peptides that have not been shown to have a biological activity in
bone and mineral metabolism.'*'7?° Although the well-
established function of iFGF23 is to maintain normal phosphate
homeostasis, there is emerging evidence supporting extrarenal
FGF23 targets.”'™ FGF23-derived cleavage peptides are
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ineffective in regulating phosphate and vitamin D metabolism, but
they may play a role in mediating some of these more recently
discovered extrarenal FGF23 functions.

A tightly regulated coupling between FGF23 transcription and
downstream proteolytic cleavage results in varying proportions of
circulating intact (iFGF23), N-terminal FGF23, and C-terminal (Cter-
FGF23) peptides, referred to as total FGF23. O-glycosylation of
iFGF23 by GALNT3 at its major 176-RXXR-179 cleavage site pre-
vents proteolytic cleavage.” Conversely, phosphorylation at the
same site by family with sequence similarity 20, member
C (Fam20C) enables cleavage of iFGF23 by proprotein convertases
serine kinases.”>”” The fact that both FGF23 production and
cleavage are induced by inflammation, iron deficiency, anemia,
and EPO, with minimal impact on circulating iIFGF23 levels, %18
supports a possible role of FGF23-cleaved peptides under these
condlitions. Consistent with this hypothesis, we have shown that
excess total FGF23 correlated with prevalent anemia, change in
hemoglobin (Hb) over time, and development of anemia.”® FGF23
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has also been shown to induce anemia, suggesting that iFGF23 or
FGF23-derived peptides might have a direct impact on iron
metabolism and/or erythropoiesis.”’

Increased production of the iron regulatory hormone hepcidin in
response to inflammatory cytokines is a major cause of functional
iron deficiency and anemia.’® Hepcidin is the main regulator of
plasma iron concentrations, which acts by modulating cellular iron
export to plasma and extracellular fluid and, thus, is the principal
regulator of iron absorption and its distribution to tissues. During
inflammatory conditions, bone morphogenetic proteins (BMP)
signaling in hepatocytes increases the secretion of hepcidin,®'*
which downregulates the iron exporter ferroportin, thus limiting
iron entry into the bloodstream from absorptive enterocytes,
macrophages, and hepatocytes body stores.

Here, we tested the role of Cter-FGF23 peptides on iron
metabolism during acute inflammation. We show that bone
represents the major source of Cter-FGF23 peptides during
acute inflammation. We also show that furin is the major pro-
tease responsible for FGF23 cleavage in response to inter-
leukin-1p (IL-1p) administration. Importantly, we demonstrate
that Cter-FGF23 depletion, owing to the genetic deletion of
Fgf23 or Furin, aggravates functional iron deficiency in acute
inflammation. Finally, we show that exogenous administration
and/or genetic overexpression of Cter-FGF23 increases iron
bioavailability by antagonizing BMP-dependent hepcidin pro-
duction. Together, our data show that bone-produced Cter-
FGF23 peptides are new iron conserving molecules and that
Cter-FGF23 peptides could represent a therapy to alleviate
inflammation-induced anemia.

Methods

Animals

A 6-week-old male, wild type (WT), Fgf23Ko, and Cre-
recombinase mice driven by dentin matrix protein 1 promoter
(DMP1€®")  were purchased from The Jackson Laboratory.
Fgf23fioflox mice® were from the laboratory of W.C. (University of
California San Francisco, San Francisco, CA), Furin1o* mijce3®
were from the laboratory of JW.M.C. (Center for Human
Genetics, KU Leuven, Leuven, Belgium), and Dmp1Ko mice were
provided by Jian Q. Feng’s laboratory (Baylor College of Dentistry
at Texas A&M Health Science Center, Dallas, TX). Flox mice were
crossed with Dmp1-Cre mice to generate Fgf23"o/"opmp1<re,
Fgf23"1 Dmp1<e*, Furin®/1x Dmp1Se, and  Furinfiox
Dmp1<*. Dmp1<™® served as WT littermate controls. We created
the Fgf23 conditional transgenic mouse (Cter-Fgf23P™P1<T9), as
detailed in supplemental Methods, available on the Blood web-
site. All experiments were approved by the Northwestern Uni-
versity Institutional Animal Care and Use Committee.

Recombinant proteins
Proteins were purchased and used as detailed in supplemental
Data.

Gelatin sponge scaffold implants

Mice were implanted with 5 mm x 5 mm absorbable gelatin
sponges (Gelfoam; Pfizer, New York, NY) containing MC3T3-E1
cells stably overexpressing the sequence encoding the aa 179
to 251 Cter-FGF23 peptide or an empty vector (Ctr). Briefly,
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MC3T3-E1 were seeded on gelatin sponges in vitro in cell
culture medium. After 15 hours, the mice were anesthetized,
and the sponge was implanted subcutaneously in the mid-
dorsal area. Blood and tissues were collected 24 hours after
implanting the sponge.

Tissue collection
Tissues were collected and prepared as detailed in supple-
mental Data.

Biochemistry
Biochemistry assays were performed as detailed in supple-
mental Data.

Ex vivo tissue secretion

Cortical bones, bone marrow, calvaria, liver, spleen, kidney and
heart were harvested from mice and cultured in 6-well plates in
optimized minimum essential medium supplemented with 1%
fetal bovine serum. Supernatants were collected after 24 hours
and secreted cFGF23 and iFGF23 were measured immediately.

Primary cell culture
Primary cells were cultured as previously described® and
detailed in supplemental Data.

Luciferase assay

MC3T3-E1 cells transfected with a secreted luciferase under the
control of the 1.5 Kb promoter of Fgf23 sequence were
cultured as previously described®*® and detailed in supple-
mental Data.

Hepatocyte cell culture

Mouse cell line FL83B hepatocytes (CRL-2390; ATCC, Mana-
ssas, VA) were plated at 3.0 x 10% per cm? in F-12K medium for
21 days, and then fasted for 16 hours before challenge with
OPTI-MEM minimal medium containing 1% fetal bovine serum.
FL83B cells were stimulated with 10 ng/mL BMP2/6/9 in pres-
ence or absence of 50 ng/mL of Cter-FGF23.

RNA isolation, RT-PCR, and RNA sequencing

RNA was isolated, purified, and expression measured as pre-
viously described'##*? and detailed in supplemental Data and
supplemental Table 1.

Immunoprecipitation (IP), western blotting, and
mass spectrometry

Serum and cell protein extracts were analyzed as detailed in
supplemental Data.

Immunohistochemistry

Decalcified mouse tibia paraffin sections (5 pm) were hydrated
and treated with unmasking solution and nonspecific site
blockade. FGF23 detection was performed using primary anti-
bodies (1:500; Quidel, San Diego, CA), anti-goat secondary
antibody, avidin-biotin coupling, and peroxidase revelation
(Vector Labs, Burlingame, CA). Images were captured by bright
field microscopy (Leica Microsystems, Buffalo Grove, IL).

Statistics

Data analysis was performed with Statistica (TIBCO Software
Inc, Palo Alto, CA) using Student t test and analysis of variance.
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Figure 1. Acute inflammation increases bone FGF23 production. (A) Fgf23 promoter activity in MC3T3-E1 osteoblasts in response to escalating doses of IL-1p and calcium
used as positive control. Serum (B) cFGF23, (C) iFGF23, (D) i/cFGF23, and (E) bone Fgf23 mRNA expression in 6-week-old WT mice, 6 hours after administration of a single
dose of IL-1. n = 3 per group, P < .05 vs (a) 0 (Ctr), (b) 5, (c) 10 ng/mL, and (d) 50 ng/g IL-1p.

The sizes of the different data sets were determined according
to the minimal number of animals estimated to reach statistical
significance and biological relevance during assessment of the
primary outcome for the experiment. Data are presented as
mean * standard error of the mean. P values < 0.05 were
considered statistically significant.

Results

Cortical bone is the major contributor of FGF23
production during acute inflammation

Acute inflammation induced by 50 ng/g of IL-1B in mice
increases osteoblast/osteocyte Fgf23 transcription and circu-
lating cFGF23 levels but not iFGF23."? Fgf23 promoter reporter
MC3T3-E1 osteoblasts show a dose-dependent increase in
Fgf23 transcription in response to IL-1p (Figure 1A). MC3T3-E1
producing a double tagged FGF23 (red fluorescent protein at
the N-terminal and GFP at the C-terminal domain) under the
control of Fgf23 1.2 Kb promoter also show a time-dependent
increase in FGF23 production and secretion of mainly FGF23
fragments (supplemental Videos 1-3). Recent studies have
shown that FGF23 can be secreted by other cells/organs under
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challenge.”® To determine the major site of production and
recruit all available sources of FGF23 in acute inflammation, we
administered a 5x higher dose of IL-1p (ie, 250 ng/g) to WT
mice. This further increased both cFGF23 and iFGF23, leading
to an increase in i/cFGF23 ratio (Figure 1B-D). This higher dose
of IL-1p also increased Fgf23 messenger RNA (mRNA) by 20-
fold in calvarium and by ~60-fold in the cortical bone (P <
.05), which are enriched in osteocytes. Acute inflammation also
modestly increased Fgf23 expression in kidney, spleen, and
liver (Figure 1E). In vitro, short-term organ cultures from WT
mice treated in vivo or in vitro with either saline or IL-1p
confirmed increased secretion of both ¢ and iIFGF23 in the same
organs in response to inflammatory stimuli (supplemental
Figure 1) and further support that osteocytes are the major
source of FGF23 in response to inflammation.

Osteocyte-specific deletion of Fgf23 suppresses
FGF23 response to acute inflammation

To further test whether osteocytes are the major source of
circulating FGF23 in acute inflammation, we created osteocyte-
specific Fgf23 knockout mice using a Dmp1-Cre recombinase
and repeated saline and IL-1p treatments. Vehicle-treated

COURBON et al
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Figure 2. Deletion of Fgf23 in osteocytes reduces circulating FGF23 in acute inflammation. Serum (A) cFGF23, (B) iFGF23, (C) i/cFGF23, (D) phosphate, (E) 1,250H,D,
bone (F) Fgf23 mRNA, and (G) FGF23 protein expression in 6-week-old WT and Fgf23°P™P"© mice 6 hours after administration of a single dose of 250 ng/g IL-1p. n > 5 per
group, P < .05 vs (a) WT Ctr, (b) Fgf23P™P™-<KO Ctr () WT IL-1p. (H) Fgf23 mRNA levels and secreted (I) cFGF23 and (J) iFGF23 in primary osteoblast cultures cultured for 3 weeks
in osteoblastic medium and treated with saline or 10 ng/mL of IL-1p for 6 hours. n > 3 per group, P < .05 vs (a) WT Ctr, (b) Fgf23°™"KC Ctr (c) WT IL-1p.

Fgf23P™P1-KO mice showed lower circulating levels of cFGF23 but
normal iFGF23 levels. In acute inflammation, Fgl‘Z\'b’DmP"d<O mice
secreted a dramatically lower quantity of both ¢ and iFGF23 than
that of WT littermates (-92% of circulating cFGF23% and —80% of
iFGF23), leading to a slight increase in i/c FGF23 ratio and a mild
increase in serum phosphate and calcitriol levels (Figure 2A-E).
Inflammation increased Fgf23 mRNA in the cortical bone of WT but
not of Fgf23P™PKO mice (Figure 2F). Immunohistochemistry
showed increased FGF23 in the cortical bone of IL-1p-treated
WT but not in IL-1p-treated Fgf23P™P<KC mice (Figure 2G). Of
note, IL-1p increased neutrophil count similarly in WT and
Fgf23PmPTeKO mice (supplemental Figure 2). Primary osteoblasts
isolated from the cortical bone of WT and Fgf23P™P"<<C mjce
showed increased Fgf23 mRNA and supernatant ¢ and iFGF23
levels in response to IL-1p in WT but not in Fgf23°™P"© cells
(Figure 2H-J). Together, these data show that mature osteoblasts/
osteocytes are the main cells producing FGF23 in response to
inflammation.

Increased furin expression causes cFGF23 excess
in acute inflammation

To determine the sequence of events leading to excess FGF23
in acute inflammation, we assessed the hourly response to a
single injection of IL-1p in WT mice for 6 hours. IL-1f increased
Fgf23 mRNA in the cortical bone as early as 1 hour after
injection (Figure 3A), followed by an increase in serum cFGF23

levels with a maximum peak at 5 hours (Figure 3B). Levels of
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iFGF23 followed the same pattern, albeit at lower levels
(Figure 3C). i/cFGF23 ratio was reduced 2 hours after injection
(Figure 3D) and remained low until é hours, suggesting early
modifications of FGF23 cleavage. IP of FGF23 in serum using
antibodies directed against a C-terminal motif of FGF23
confirmed the presence of iIFGF23 and cleaved peptides, at
predicted sizes (Figure 3E). The expression of Galnt3, which
protects FGF23 from cleavage, was reduced in the cortical
bone only after 4 hours (Figure 3F), and the expression of
Fam20c, which promotes FGF23 cleavage, peaked at 3 hours
after IL-1p injection (Figure 3G). Six hours after IL-1f injection,
out of the 9 different proteases predicted to recognize the
FGF23 cleavage site, we observed a nonsignificant increase in
Pcsk2 expression in the cortical bone and a significant increase
in Furin (supplemental Figure 3). In contrast with late modifi-
cations in Galnt3 and Fam20c expression, Furin mRNA
increased as early as 1 hour after IL-1p injection, coinciding with
the acute increase in cFGF23 levels (Figure 3H). Given that
FGF23 is mostly produced as FGF23 cleaved peptides in acute
inflammation (supplemental Videos 1-3), we tested whether
cleavage of FGF23 occurs before or after secretion. Bone
explants from Fgf23C mice devoid of endogenous FGF23
production and treated with exogenous iFGF23 and IL-1p
showed that only a small percentage of iFGF23 was cleaved
in response to IL-1p (Figure 3I-K). This suggests that, in
acute inflammation, FGF23 peptides result from intracellular
cleavage by furin in osteocytes and are subsequently secreted.
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Figure 3. FGF23 cleavage by furin in osteocytes contributes to a time dependent secretion of FGF23 cleaved peptides. (A) Cortical bone Fgf23 mRNA, serum (B)
cFGF23, (C) iFGF23, (D) i/cFGF23, (E) IP/WB of circulating FGF23 peptides, and cortical bone mRNA expression of (F) Galnt3, (G) Fam20c and (H) Furin in 6-week-old WT mice
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Accordingly, osteocyte-specific Furin knockout mice showed a
reduced amount of serum cFGF23 levels in response to acute
inflammation, compared with that of IL-1p-treated WT litter-
mates, and a further increase in iIFGF23 levels, despite a similar
increase in Fgf23 transcription, lower phosphate, and normal
calcitriol levels (Figure 3L-Q). Administration of IL-1p resulted in
a similar increase in neutrophils in both WT and Furin®™P?-<<©
mice (supplemental Figure 4A). As a result of reduced Furin
expression in bone and increased iFGF23 levels, IL-1p-treated
Furin®™PT-*€C mice showed an increase in phosphaturia
(supplemental Figure 4C). We also observed a reduction in Hb
levels in inflamed Furin®™P"K® mice, likely owing to an inde-
pendent role of Furin on inflammation-driven hemolysis
(supplemental Figure 4D).

FGF23 peptides reduce hepdicin secretion and
increase iron bioavailability during inflammation
IL-1B administration to WT mice induces functional iron defi-
ciency, leading to a time dependent decrease in circulating iron
and transferrin saturation (TSAT) (Figure 4A-B). These expected
effects are mainly because of increased hepatic production of
the iron regulatory hormone hepcidin, encoded by Hamp,
which blocks cellular iron export by binding to ferroportin
(Figure 4C-E).*° Consequently, transcription of bone marrow
erythroferrone (Erfe), a hormone that inhibits hepcidin produc-
tion, increases (Figure 4F). 4 Fgf23D’”p1'CKo mice, which pro-
duced ~90% less cFGF23 during inflammation, showed a
further reduction of serum iron and TSAT in response to IL-1p
administration, owing to a surprising increase in hepatic Hamp
and circulating hepcidin levels that occurred despite a further
increase in Erfe, compared with that of WT littermates
(Figure 4G-K). A similar effect was observed in response to
inflammation induced by heat-killed Brucella abortus particles
(supplemental Figure 5A-G). Impaired FGF23 cleavage in Fur-
inPmP1-eKO mice also further increased Hamp and hepcidin in
acute inflammation, leading to further reductions in serum iron
and TSAT (Figure 4L-O), despite a further increase in Erfe
(supplemental Figure 4E), suggesting that Cter-FGF23 cleaved
peptides increase iron bioavailability by suppressing hepcidin
production independently of erythroferrone.

Cter-FGF23 regulates iron metabolism
independently of iFGF23 signaling

To further investigate whether bone-produced Cter-FGF23
regulates iron metabolism, we created a Cter-Fgf23 conditional
transgenic mouse overexpressing Cter-Fgf23 in osteocytes
(Cter-Fgf23PmPT-<19) - Cter-Fgf23°™P"<79 mice showed a dra-
matic increase in circulating total cFGF23 and only a modest
increase in iIFGF23 levels, confirming that these mice secrete
mainly Cter-FGF23 peptides (Figure 5A-C). Importantly, serum
phosphate levels were normal compared with that of WT lit-
termates (Figure 5D). Excess Cter-FGF23 reduced serum hep-
cidin levels, leading to increases in serum iron and TSAT
(Figure 5E-G). Hb levels also increased in Cter-Fgf23PmrT-<T9
mice (Figure 5H), likely because of increased iron

bioavailability. Cter-FGF23-treated WT mice show reduced liver
Hamp expression and circulating hepcidin levels, increased
serum iron and TSAT, and normal phosphate levels (Figure 5I-
M), despite normal Erfe expression (supplemental Figure 5H). In
contrast, animals with a primary increase in iFGF23, such as
hypophosphatemic Dmp15® mice, show unchanged serum
iron, TSAT, and Hb compared with that of WT littermates,
further suggesting that iFGF23 is not involved in systemic iron
regulation (Figure 5N-S). Administration of Cter-FGF23 pep-
tides to Fgf23° mice, devoid of endogenous FGF23, did not
reduce serum hepcidin, likely owing to the confounding effects
of hyperphosphatemia and hypervitaminosis D on hepcidin
secretion.””** However, administration of Cter-FGF23 peptides
prevented the induction of liver Hamp expression and circu-
lating hepcidin levels by inflammation and maintained serum
iron and TSAT at normal levels compared with Fgf23< litter-
mates treated with IL-1p alone (Figure 5T-2). This further dem-
onstrates that Cter-FGF23 peptides do not compete with
iFGF23 signaling and act via a fibroblast growth factor
receptor—independent mechanism to reduce hepcidin.

Cter FGF23 peptides prevent BMP2- and
BMP9-dependent hepcidin secretion

BMP2 and BMPé6 are the major hepcidin regulators and
stimulate its expression through BMPR/Smad 1/5/9
mechanism.?®*4%¢ BMP9 is the most potent inducer of hep-
cidin in vitro, but its role is disputed in vivo.®" In WT mice,
circulating levels of BMP2 increase and peak as early as
1 hour after IL-1f injection, whereas BMP9 levels peak only at
4 hours (Figure 6A-B). An equivalent enzyme-linked immu-
nosorbent assay currently does not exist to measure circu-
lating BMPé levels. In the liver, Bmp2 and Bmp9 mRNA were
increased as early as 1 hour after IL-1p injection, and Bmp2,
Bmpé, and Bmp9 mRNA were all increased by 6 hours
(Figure 6C-F; supplemental Figure 5I-J). Injection of
BMP2,6,9 to WT mice increased liver Hamp and circulating
hepcidin levels, leading to reductions in serum iron and TSAT
and normal phosphate levels (Figure 6G-K). Cter-FGF23
cotreatment partially prevented the effects induced by
BMP2 and BMP9 but did not antagonize the effects of BMPé.
In parallel, we implanted WT mice with subcutaneous scaf-
folds containing cells overexpressing Cter-FGF23 peptides or
empty plasmid. Injection of BMP2/6/9 in these mice showed
a similar response to that of mice coinjected with Cter FGF23
and BMPs (supplemental Figure 5K-O). We also treated
Cter-Fgf23°PmP1-<T9 mjice with BMP2/9 and show that over-
expression of Cter-FGF23 reduced hepcidin induction by
BMP2/9 (supplemental Figure 5P-S). We further confirmed
these results in vitro by treating FL83B immortalized hepa-
tocytes with BMP2/6/9, in the presence or absence of
Cter-FGF23 (Figure 6L). To determine binding partners of
Cter-FGF23 peptides, we treated cultured osteoblasts
collected from Fgf235® mice with exogenous Cter-FGF23
peptides for 2 hours and performed IP/MS analyses after
treatment. We identified binding peptide sequences

Figure 3 (continued) up to 6 hours after administration of a single dose of 250 ng/g IL-1p. Supernatant (I) cFGF23, (J) iFGF23 and (K) i/cFGF23 in 24 hours cultures of bone
explants from Fgf23’<o mice treated with recombinant murine iIFGF23 (10 ng/mL) and IL-1 (10 ng/mL) and furin inhibitor (0 or 15 pg/mL). Serum (L) cFGF23, (M) iFGF23, (N)
i/cFGF23, (O) bone Fgf23 mRNA, (P) serum phosphate, and (Q) 1,250H,D in 6-week-old WT and FurinPmP1-eKO mice 6 hours after administration of a single dose of 250 ng/g
IL-1B. n = 3 per group, P < .05 vs (*) Ctr, (a) Fgf23<C + FGF23, (b) Fgf23<C + FGF23 + IL-1B, () WT Ctr, (d) Furin®™"<KC Ctr, (e) WT IL-1p.
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Figure 4. Impaired FGF23 cleavage aggravates functional iron deficiency in acute inflammation. Time course of serum (A) iron and (B) TSAT, (C) Hamp mRNA expression
in selected organs, (D) liver Hamp mRNA expression, (E) serum hepcidin, and (F) bone marrow Erfe mRNA expression in é-week-old WT mice, 6 hours after administration of a
single dose of 250 ng/g IL-1p. (G) bone marrow Erfe mRNA expression and serum (H) iron and (I) TSAT, (J) liver Hamp mRNA expression and serum (K) hepcidin in 6-week-old
WT and Fgf23Dmp7'CKo mice 6 hours after administration of a single dose of 250 ng/g IL-1f. (L) Liver Hamp mRNA expression, serum (M) hepcidin, (N) iron and (O) TSAT in 6-
week-old WT and Furin®™""K© mice 6 hours after administration of a single dose of 250 ng/g IL-1B. n = 5 per group. P < .05 vs (*) Ctr, (a) WT Ctr, (b) cKO Ctr, (c) WT IL-1p.

belonging to BMP2 and BMP9 (Table 1). To study the puta-
tive interactions of BMP2 and BMP9 with Cter-FGF23, we
used the AlphaFold structure of murine iFGF23 (Q9EPC2)
(Figure 6M) and AlphaFold2 to isolate Cter-FGF23 peptide
structure (Figure 6N) and the most likely predicted structure
of the isolated peptide (Figure 60). We also obtained the
structure of murine BMP2 (P21274) and BMP9 (Q9WV56)
from the AlphaFold Protein Structure Database and used
pyDock and UCSF ChimeraX 1.3 to simulate and visualize
docking between Cter-FGF23 peptides and BMPs. BMP2 is a
dimeric protein, and 2 known receptor-binding motifs have
been identified in the BMP2 ligand. A large epitope 1 (wrist)
is a high-affinity binding site for BMPR-IA, and a smaller

112 @ blood" 6 JULY 2023 | VOLUME 142, NUMBER 1

epitope 2 (knuckle) is a low-affinity binding site for BMPR-II
(Figure 6P). Cter-FGF23 peptides are predicted to bind to 2
regions in the monomeric BMP2, including BMPR-II binding
site (not shown), or to the dimeric BMP2 (Figure 6Q). We
obtained similar predicted interactions between BMP9 and
Cter-FGF23, with a high-affinity binding in the BMP9/BMPR-II
region (Figure 6R). We also observed similar interactions with
the least likely AlphaFold2 predicted models of Cter-FGF23
(not shown). Accordingly, Cter-Fgf23P™P"<T9 mice did not
show increased hepcidin secretion in response to IL-1p
administration and showed a reduction in the SMAD/BMP
pathway activation in liver RNA-seq analyses, despite a slight
increase in both Bmp2 and Bmpé transcripts in IL-1p-treated
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Figure 5. Cter-FGF23 peptides directly regulate iron metabolism in mice. Serum (A) cFGF23, (B) iFGF23, (C) i/cFGF23 ratio, (D) phosphate, (E) hepcidin, (F) iron, (G) TSAT,
and (H) Hb in 6-week-old WT and Cter-FngEDmpLCTg mice. Liver (I) Hamp mRNA expression, serum (J) hepcidin, (K) iron and (L) TSAT and (M) phosphate in 6-week-old WT
mice 6 hours after administration of a single dose of 50 ng/g Cter-FGF23. Serum (N) cFGF23, (O) iFGF23, (P) phosphate, (Q) iron, (R) TSAT, and (S) Hb in 6-week-old WT and
Dm;:>1'<o mice. Liver (T) Hamp mRNA, serum (U) hepcidin, (V) iron and (W) TSAT, (X) Hb, (Y) phosphate and (2) 1,250H,D in 6-week-old FGF23%° mice 6 hours after
administration of a single dose of Cter-FGF23 (50 ng/g), IL-1p (250 ng/g), or both. n > 5 per group. P < .05 vs (a) WT/Ctr, (b) Fgf23“C + NaCl, (c) Fgf23“° + Cter-FGF23, (d)
Fgf23<© + IL-1p.
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Table 1. IP/LC-MS analyses of target proteins bound to FGF23 in differentiated mouse osteoblasts treated with

iFGF23 or Cter-FGF23 for 2 hours

Exclusive spectrum count

Peptide sequences Target protein iFGF23 Cter-FGF23
VNFEDIGWDSWIIAPKEYDAYECKGGCFFPLADDVTPTKHAIVQTLVHLK BMP2 0 3
ACCVPTELSAISMLYLDENEKVVLKNYQDMWVEGCGCR BMP2 0 A
VNFEDIGWDSWIIAPKEYDAYECKGGCFFPLADDVTPTKHAIVQTLVHLK BMP9 0 27
ACCVPTELSAISMLYLDENEKVVLKNYQDMWVEGCGCR BMP9 0 41

Cter-Fgf23P™PTT9 mice vs IL-1p-treated WT (supplemental
Figure 6). Taken together, these data suggest that Cter-
FGF23 antagonizes BMP2 and BMP9-dependent stimulation
of hepcidin by preventing the binding of BMP2 and BMP9 to
BMP receptors.

Discussion

Circulating FGF23 levels are regulated by a balance between
Fgf23 transcription and FGF23 cleavage.'*' Associations
between excess FGF23 and inflammation have generated
interest in possible new functions for iIFGF23 and FGF23-
derived peptides. Indeed, we and others have shown that
increased iFGF23 promotes inflammation.”’*” We also showed
that inflammation is a potent driver of FGF23 production.'**? In
contrast with hyperphosphatemia, hyperparathyroidism, and
other acquired or genetic conditions leading to increased
iIFGF23,"* acute inflammation triggers an increase in FGF23
production and a concomitant increase in FGF23 cleavage. This
leads to a dramatic increase in circulating total FGF23, assessed
by increased cFGF23, but only a modest increase in
iIFGF23."2*7 The mechanisms leading to excess FGF23 cleaved
peptides remain largely undefined, and the biological signifi-
cance of excess Cter-FGF23 has been under debate, consid-
ering that these peptides are devoid of a phosphaturic effect.
Here, we show that both Cter-FGF23 and N-terminal FGF23
peptides are secreted from cells producing iFGF23 in response
to IL-1p treatment. We demonstrate that bone is the major
source of FGF23 production during acute inflammation. Most
importantly, we also show that bone-produced Cter-FGF23
directly regulates iron metabolism, increases iron bioavailability,
and prevents severe hypoferremia during acute inflammation
by antagonizing BMP-induced hepcidin production.*®

FGF23 is mainly secreted from osteocytes and osteoblasts in
bone." Recent published evidence'*'®*7>? shows that, in addi-
tion to bone, intact and cleaved FGF23 are also produced by bone
marrow. Several reports suggest that inflammation-induced FGF23
excess might be the result of increased FGF23 secretion by multiple

organs.”>>* In this study, we show that bone, the main source of
circulating FGF23 in physiological conditions, is also the main
contributor to FGF23 production in acute inflammation. Indeed,
bone-specific deletion of Fgf23 leads to 80% to 90% reduction in
both intact and cFGF23. In this study, we provide an active mech-
anism leading to excess Cter-FGF23 during inflammation. FGF23
peptides are generated by increased post-transcriptional cleavage
of iIFGF23 176-RXXR-179 site.>®> O-glycosylation at the cleavage
site by polypeptide N-acetylgalactosaminyl-transferase 3 (GALNT3)
protects FGF23 from cleavage and ensures its secretion,”>>
whereas phosphorylation at the cleavage site by Fam20C inhibits
O-glycosylation and promotes cleavage.?’ Previous studies have
shown that multiple proteases have the capacity to subsequently
cleave FGF23 in vitro and in vivo.”*?/*">7 Furin-like proteases have
been previously described as the most likely candidates respon-
sible for FGF23 cleavage but the exact enzyme has not been clearly
identified. In addition to increased Fgf23 transcription in osteo-
cytes, we show that inflammation leads to a reduction of Galnt3
expression that is paralleled by an increase in Fam20c expression
and a very acute and sustained increase in Furin expression.
Together, this represents a strong combination toward a rapid
increase in FGF23 cleavage directly after it is produced. We further
found that in acute inflammation, deletion of furin prevents the
sharp increase in the levels of Cter-FGF23, suggesting that the
coordinated increases in the expression of Fgf23 and Furin are
largely responsible for excess Cter-FGF23 in response to inflam-
mation. Although furin can process both intracellular and extracel-
lular proteins, our data suggest that iIFGF23 is cleaved intracellularly
before secretion.

The dramatic increase in both Fgf23 transcription and FGF23
cleavage questions the physiological need for increased Fgf23
transcription in inflammatory conditions. Until now, the possi-
bility for physiological and pathological effects of FGF23-
derived peptides remained uncertain, because most studies
focused on the function of iIFGF23 only. The C-terminal domain
is unique to each member of the FGF family. For FGF23, it
allows binding to its coreceptor alpha klotho,*®%? which is
involved in the phosphaturic response to iFGF23. As such, a few

Figure 6. Cter-FGF23 peptides antagonize BMP2/9-induced hepcidin secretion. Time course of serum (A) BMP2 and (B) BMP9, mRNA expression of (C) Bmp2 and (D)
Bmp?in selected organs and time course mRNA expression of liver (E) Bmp2 and (F) Bmp?in 6-week-old WT mice, 6 hours after administration of a single dose of 250 ng/g IL-
1p. Liver (G) Hamp mRNA expression and serum (H) hepcidin, (I) iron and (J) TSAT and (K) phosphate in 6-week-old WT mice é hours after administration of a single dose of 50
ng/g Cter-FGF23, 10 ng/g BMP (2, 6 or 9), or both. n > 5 per group. Expression of (L) Hamp mRNA in primary hepatocytes treated with Cter-FGF23 (50 ng/mL), 10 ng/mL BMP
(2, 6 or 9) or both for 6 and 24 hours. n > 5 per group. P < .05 vs (*) Ctr TO, (a) Ctr NaCl, (b) Ctr Cter-FGF23, (c) BMP (2, 6, 9). (M) iFGF23 predicted 3D structure, (N) Cter-FGF23
isolated from panel M, (O) predicted AlphaFold2 Cter-FGF23 structure (model 0), (P) BMP2 dimer (blue) binding BMPR-II (purple) and BMPR-IA (red), (Q) Interaction of 2
molecules of Cter-FGF23 with a dimeric BMP2 at the BMPR-l site, (R) Interaction of 2 molecules of Cter-FGF23 with a dimeric BMP9.
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reports have suggested that Cter-FGF23 peptides might
antagonize iFGF23 signaling; however, these studies relied on the
administration of Cter-FGF23 of human origin to rodents,®>%¢
which might elicit different cross-species effects. However, in this
study, neither the administration of murine Cter-FGF23 to WT or
hyperphosphatemic animals devoid of endogenous Fgf23 pro-
duction nor the bone conditional overexpression of Cter-FGF23
led to modifications of circulating phosphate levels, suggesting
that Cter-FGF23 peptides do not interfere with iFGF23 signaling
and iFGF23-mediated regulation of phosphate homeostasis.
Excess FGF23 might be a causal factor for anemia and was
associated with prevalent anemia, change in Hb over time, and
development of anemia in patients with chronic kidney disease.”®
FGF23 has also been shown to induce anemia,’’ but these studies
did not differentiate between iFGF23 and total cFGF23. In this
study, to our knowledge, we show for the first time that Cter-
FGF23 is a direct and powerful regulator of iron metabolism.
Using Dmp 1< mice, an established model of hypophosphatemic
rickets with primary iIFGF23 excess, we excluded bone-produced
iFGF23 as a causative factor for perturbed iron metabolism or
anemia, because these mice show normal iron and Hb levels.
Genetic deletion of Fgf23 from bone, that leads to a decline in
both Cter and iFGF23 levels, paradoxically aggravated iron defi-
ciency in mice exposed to IL-1f injections, and we replicated
these effects in mice harboring a genetic deletion of Furin in bone
that prevents FGF23 cleavage and results in inadequately low
levels of Cter-FGF23 in response to inflammation. Together these
data suggest that increased Cter-FGF23 production is an adaptive
response to prevent severe hypoferremia and aggravated anemia
in inflammation.

Increased production of hepcidin in response to inflammatory
cytokines is a major cause of functional iron deficiency and
anemia.®” BMP signaling in hepatocytes increases the secretion
of hepcidin.?"** These findings show that Cter-FGF23 directly
regulates iron metabolism by reducing hepcidin secretion by
acting as a BMP antagonist. Whether Cter-FGF23 has other
physiological functions remains to be studied. Similarly, as Cter-
FGF23 peptides are only minimally increased during chronic
inflammation,'” it remains to be determined whether this
increase is sufficient to reduce hepcidin and increase iron
bioavailability in chronic conditions.

In multiple studies, total cFGF23, rather than iFGF23, is asso-
ciated with adverse outcomes, including anemia, change in Hb
over time, and mortality.?**® Our studies propose an active and
iFGF23-independent mechanism for the iron conserving prop-
erties of bone-derived Cter-FGF23 peptides. Our results sug-
gest that the coordinated increase in FGF23 production and
cleavage in osteocytes is an initial adaptive response to alle-
viate the burden of anemia of inflammation and, ultimately,

support an active coupling between the regulation of iron and
phosphate metabolisms.
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