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Abstract

Levels of serum phosphate are controlled by the peptide hormone FGF23, secreted from bone 

osteocytes. Elevated levels of circulating FGF23 are a key factor in several hypophosphatemic 

disorders and play a role in chronic kidney disease. Posttranslational processing of FGF23 

includes multi-site O-glycosylation, which reduces intracellular cleavage by proprotein 

convertases. The FGF23 protein also contains four serine phosphorylation consensus sequences 

(S-X-D/E); in this work, we asked whether FGF23 is a substrate for secretory phosphorylation. 

Both HEK cells as well as IDG-SW3 cells, an osteocyte model, incorporated radiolabeled 

orthophosphate into intact FGF23, as well as into the 14-kDa carboxy-terminal—but not the 17-

kDa N-terminal—fragment. Sequential serine-to-alanine site-directed mutagenesis of four kinase 

consensus sites showed that labeling occurred on three serines within the carboxy-terminal 

fragment, Ser180 (adjacent to the cleavage site), Ser207, and Ser212. Liquid chromatography-

coupled mass spectroscopy indicated the presence of phosphate at Ser212 in recombinant R&D 

mouse FGF23R179Q, confirming labeling results. A phosphopeptide-specific antibody was raised 

against phospho-Ser212 and exhibited immunoreactivity in osteocytes present in mouse long 

bone, providing further evidence that FGF23 is naturally phosphorylated in bone. Bone SIBLING 

proteins are serine-phosphorylated by the ubiquitous Golgi secretory kinase FAM20C. 

Cotransfection of HEK and MC3T3 cells with FGF23 and active, but not inactive, FAM20C 

kinase increased the storage and release of FGF23 in radiolabeling experiments, indicating 

potential effects of phosphorylation on FGF23 stability. Collectively, these data point to an 

important role for phosphorylation of FGF23 in bone.
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Introduction

The circulating peptide hormone FGF23, derived largely from bone osteocytes, controls the 

levels of circulating phosphate via binding to FGFR1 in a ternary complex with the protein 

Klotho (reviewed in Liu and colleagues(1)); activation of this receptor in kidney tubules 

results in decreased phosphate retention. Unlike most peptide hormone precursors, the 

secretion of bioactive FGF23 is controlled degradatively rather than biosynthetically; 

cellular cleavage of FGF23 at Arg179, located within a proprotein convertase consensus 

cleavage site, results in the secretion of cleaved protein, which is inactive on FGF23 

receptors.(2) However, circulating levels of cleaved FGF23 are high (especially in certain 

bone diseases), and recent data indicate that the C-terminus of FGF23 can act as an 

antagonist at FGF23 receptors to block effective binding of the intact hormone.(3)

There is as yet limited information on the posttranslational processing of FGF23. FGF23 is 

known to be multiply O-glycosylated, but only two O-glycosylation sites have been 

identified with certainty thus far.(4) O-glycosylation of FGF23 plays a critical role in 

controlling its secretion, as well as its proteolytic inactivation by convertases (reviewed in 

Gram Schjoldager and colleagues(5) and Kato and colleagues(6)); the identity of the 

proprotein convertase mediating FGF23 cleavage is still controversial.(7,8)

A new ubiquitously distributed secretory kinase, FAM20C, has recently been identified in 

many tissues, including bone.(9) Because it is the only kinase identified thus far that contains 

a signal peptide, FAM20C is thought to be responsible for most, if not all, phosphorylation 

of secretory proteins at serines located within S-X-E/D phosphorylation consensus sites.(9) 

The direct phosphorylation of many acidic secreted bone proteins in the SIBLING protein 

family is efficiently accomplished by this kinase, and mutations in this kinase are known to 

result in a human bone disease.(9,10) Interestingly, FGF23 itself contains several consensus 

sites for FAM20C phosphorylation. In this report, we present data showing that the carboxy-

terminal fragment of FGF23 is multiply phosphorylated by an endogenous kinase in bone 

cells, likely FAM20C.

Materials and Methods

Radiolabeling and immunoprecipitation

For analysis of phosphorylation, the pCAGEN-flag-hFGF23 vector, constructed by digesting 

the Flag-hFGF23 vector(11) with EcoR1 and XhoI restriction enzymes and transferring into 

the pCAGEN vector, was transiently transfected into either HEK293, MC3T3 osteoblasts, or 

IDG-SW3 osteocyte-like cells in a 6-well plate. MC3T3 cells were transfected with FGF23 

and other cDNAs at a 3:1 ratio (FGF23 to GalNT3, FAM20C, or FAM20C-D478A); an 

equivalent amount of pcDNA3 encoding alpha 1-antitrypsin cDNA (AAT) was used in the 

FGF23 control sample to ensure that all wells received the same amount of protein-encoding 

cDNA. cDNAs encoding FAM20C and variants were obtained from S Ichikawa and M 

Econs,(11) whereas cDNAs encoding FAM20C kinase or its inactive D478A variant were 

obtained from Drs V Tagliabracci and J Dixon.(9) One day after transfection, wells were 

washed twice with phosphate-free medium (either DMEM or RPMI), starved for 60 

minutes, and 0.5 to 1.0 mCi/mL of H2H32PO4 added to each well. After 3 to 4 hours of 
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labeling, wells were washed with medium containing phosphate, the medium was replaced 

with normal DMEM containing 1% fetal bovine serum (FBS), 100 μg/mL aprotinin and 

levamisole (100 μM), and cells were incubated for a further 2 to 3 hours. Medium samples 

were diluted in 5× RIPA buffer with protease and phosphatase inhibitors (“Halt”; Roche 

Diagnostics, Mannheim, Germany) and immunoprecipitated with goat antibodies directed 

against recombinant human FGF23 (R&D Systems, Minneapolis, MN, USA; AF2604) or 

with a mixture of these antibodies with goat antibodies against the C-terminus of human 

FGF23 (residues 225 to 244; courtesy of Dr J Lavigne, Immutopics, San Clemente, CA, 

USA). For methionine labeling, a similar protocol was followed, except that 0.5 mCi of 35S-

methionine was used in methionine- and cysteine-free medium (either DMEM or RPMI) 

supplemented with 10 mM HEPES, pH 7.4. Identification of phosphorylation sites in human 

FGF23 was examined by performing Ser-to-Ala Quikchange mutagenesis of residues within 

the four FAM20C consensus sequences, serines 77, 180, 207, and 212 (numbering is given 

for native human FGF23, including the initiating methionine; however, the construct we 

used contains an N-terminal Flag-tag sequence(11)). Mutagenesis reactions were carried out 

by GenScript (Piscataway, NJ, USA) and confirmed by sequencing of the entire insert. All 

radiolabeling experiments were carried out at least three times, except the analysis of the 

triple Ala mutant, which was carried out twice.

Western blotting

One day after Fugene-mediated transfection of MC3T3 cells, OptiMem containing 0.1% 

heat-treated FBS, 100 μg/mL recombinant aprotinin, 100 μM levamisole, and 1% penicillin-

streptomycin was added to OptiMem-washed cells and the cells further incubated at 37°C 

for 18 to 24 hours. The conditioned medium was precipitated on ice with 10% 

trichloroacetic acid, centrifuged, and the pellets resuspended in Laemmli SDS-sample buffer 

containing 6 M urea, whereas cells were lysed directly in Laemmli sample buffer. Western 

blotting was carried out using a mixture of the goat anti-FGF23 antiserum mentioned above 

at 1:1000 and a goat anti-Flag antiserum (Acris, San Diego, CA, USA) at 1:2000 final 

dilution; 10% to 30% of the medium and cell samples were assayed.

Digestion and mass spectroscopy

Carrier-free and hexa-His-tagged mouse recombinant FGF23R179Q was purchased from 

R&D Systems. Two milligrams were resuspended in PBS and subjected to reduction-

alkylation and a 5-hour trypsin digestion using the Pierce in-solution tryptic digestion and 

guanidation kit (Thermo Fisher Scientific, Pittsburgh, PA, USA). Samples were desalted 

over a 3-layer C-18 tip and digests analyzed by LC-MS/MS analysis using an LTQ- Orbitrap 

mass spectrometer. MS1 data were acquired in the profile mode in the Orbitrap with a 

resolution of 60,000 at 400 m/z, and the top 10 most intense ions in each MS1 scan were 

selected for collision-induced dissociation in the linear ion trap. Dynamic exclusion was 

enabled with a repeat count of 2 and exclusion duration of 15 seconds. Other mass 

spectrometry data generation parameters were as follows: collision energy, 35%; ion 

selection threshold for MS/MS, 1000 counts; isolation width 3; and default charge state, 3. 

Each sample was analyzed twice by LC- MS/MS for two technical replicates. For the 

identification of phosphopeptide, the systematic parent ion mass measurement errors were 

corrected by DtaRefinery. The resulting DTA files were searched against a UniProt human 
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database using SEQUEST, and were filtered by the following criteria and validated 

manually: Xcorr ≥2.5, 3.0 and 3.5 for 2+, 3+, and 4+ peptides, respectively (1+ peptides 

were ignored) and ΔCn > 0.1. The candidate peptides were then validated manually by 

visual inspection.

Immunocytochemistry and phosphate-specific antiserum production and validation

A phosphorylated human FGF23 peptide, CSQELP[pS]AE, was conjugated to keyhole 

limpet hemocyanin with maleimide and the conjugate used to immunize rabbits (Covance, 

Denver, PA, USA). An IgG fraction was prepared using a Protein A column and used for all 

experiments. The specificity of this IgG preparation (final concentration, 1 μg/mL) for 

phosphorylated peptide was tested by preferential Western blot reaction for FGF23R176Q 

obtained from the conditioned medium of HEK cells cotransfected with FAM20C versus 

inactive kinase cDNAs, as well as by phosphopeptide ELISA, as described in Results. 

Immunocytochemistry was performed on paraffin-embedded sections of a decalcified mouse 

tibia using the Vectastain Elite ABC kit and NovaRed Peroxidase substrate (Vector 

Laboratories, Burlingame, CA, USA) in the presence or absence of phospho-FGF23 IgG 

(1:50 dilution). Specificity was confirmed by incubating the antibody solution with a serial 

tibial section in the presence of excess phosphorylated human FGF23 immunogen peptide.

Results

The primary structure of human FGF23 contains four Ser-X-D/E consensus FAM20C kinase 

sites;(9) one serine (S77) is present in the amino-terminal domain and three serines (S180, 

S207, and S212) in the carboxy-terminal domain. All of these sites are conserved between 

mouse and human FGF23 and in the seven mammalian species cloned to date.

Site-directed mutagenesis of FGF23 shows phosphorylation of Ser180, Ser207, and Ser212 
within the C-terminal fragment

To identify the particular residue involved in FGF23 phosphorylation, site-directed 

mutagenesis was performed on four serines within known FAM20C consensus sequences 

and these cDNAs transfected into HEK cells. These data (shown in Fig. 1A) clearly show 

that Ser207 and Ser212 represent major phosphorylation loci by an endogenous HEK kinase. 

However, even when these two sites were mutated to alanine, C-terminal peptide 

phosphorylation persisted, indicating usage of another site.

Bone osteocytes are the known source of most circulating FGF23; we, therefore, examined 

the sites at which IDG-SW3 cells, a bone cell line that models osteocyte differentiation,(20) 

are able to phosphorylate FGF23. Fig. 1B shows that an endogenous kinase present in IDG-

SW3 cells carries out efficient phosphorylation of FGF23. Consistent with the pattern 

observed in HEK cells, in IDG-SW3 cells the Ser207/212Ala mutant was phosphorylated to 

a much lesser extent, but phosphorylation was again not eliminated. We then constructed a 

triple mutant with no remaining C-terminal kinase consensus sequences; this totally 

eliminated phosphorylation. These results support the idea that all three C-terminal serine 

consensus sites within FGF23 are phosphorylated by an endogenous kinase in bone cells. 
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The lack of phosphate labeling in the N-terminal fragment clearly indicates the absence of 

phosphorylation at Ser77.

The FAM20C kinase was recently shown to phosphorylate a host of different bone 

proteins.(9) We observed a strong increase in incorporation of radiolabeled phosphate into 

FGF23 in the presence of cotransfected FAM20C kinase (Fig. 1A, last lane), supportive of 

FAM20C-mediated phosphorylation. Interestingly, FAM20C transfection also consistently 

increased FGF23 secretion, suggesting that phosphorylation may enhance FGF23 stability 

and/or secretion in a manner similar to O-glycosylation.(6,12) We note that the identity of the 

endogenous HEK cell kinase as FAM20C is not yet proven; it is possible that an 

unidentified secretory kinase performs this reaction. However, no other secretory kinase has 

been identified to date.

We further assessed the contribution of phosphorylation to FGF23 secretion using 

radiolabeling of transiently transfected MC3T3 cells, which produces similarly sized FGF23 

cleavage products as those generated by IDG-SW3 cells.(7,8) Increased secretion of FGF23 

and cleavage products was consistently observed in the presence of the active but not the 

inactive form of the FAM20C kinase, as detected by radiolabeling of MC3T3 cells with 35S-

methionine and immunoprecipitation (Fig. 1C). Interestingly, an upper band is present in 

GalNT3-transfected cells that is largely absent in FAM20C-transfected cells, implying 

differential glycosylation in the presence of kinase versus sugar transferase. However, 

differential cleavage of FGF23 in the presence of active FAM20C was never observed in 

radiolabeling experiments. Fig. 1D depicts the cell data from the same experiment shown in 

Fig. 1C, which shows that FGF23- transfected cells cotransfected with active FAM20C and 

GalNT3 contain more intact FGF23 than control cells cotransfected with expression vectors 

encoding alpha-1 antitrypsin or with an inactive FAM20C variant.

In transfected MC3TC3 cells, we detected increased production and secretion of cleaved N-

terminal product in the presence of furin and FAM20C compared with inactive FAM20C 

(Fig. 1E).

Commercial recombinant FGF23 contains phosphate at Ser212

Because FAM20C is ubiquitously expressed,(9) we asked whether commercially available 

FGF23, made in NSO cells and obtained from R&D, also contains phosphorylated residues. 

Fig. 2A shows the mass spectrum of a peptide containing phosphorylated Ser212 present in 

commercial mouse FGF23R179Q. These data show multiple phosphorylated fragments 

corresponding to the tryptic peptide expected from digestion of recombinant FGF23 

phosphorylated Ser212; the confidence level for detection of this fragment is 2.56 × e−10. 

The fact that no other phosphopeptides were found may imply their lesser abundance in this 

particular recombinant protein preparation.

Phospho212-FGF23 immunoreactivity is present in mouse bone

To determine whether FGF23 is phosphorylated in bone, we raised an antiserum against the 

Ser212 phosphosite by using a synthetic phosphorylated peptide as an antigen. Fig. 2B 

shows that the phospho212-specific antiserum MD283 was able to recognize an antigen 
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within osteocytes in mouse long bones; immunoreactivity was blocked by the addition of 

immunogen phosphopeptide and was not observed when the primary antiserum was omitted, 

suggesting endogenous phosphorylation of FGF23 in bone. The specificity of the phospho-

Ser212 IgG preparation used in this immunocytochemistry experiment is illustrated in Fig. 

2C, which indicates 15-fold lower reaction with FGF23 synthesized in the absence of active 

kinase. These data also show increased FGF23 in the medium after cotransfection of 

FGF23R176Q with active but not inactive FAM20C. In four independent HEK cell 

experiments, the average fold-increase in FGF23R176Q secretion conferred by active versus 

inactive FAM20C cotransfection was 1.62 ± 0.31 (mean ± SD). Fig. 2D further confirms the 

specificity of the phospho212 antiserum against FGF23 phosphopeptide (versus 

unphosphorylated peptide) in an ELISA reaction.

Discussion

The circulating peptide hormone FGF23 is critical to phosphate homeostasis because of its 

controlling role in kidney mineral exchange. Posttranslational modification is known to 

control the bioactivity of this hormone: O-glycosylation blocks convertase cleavage and 

results in enhanced secretion of intact bioactive hormone, whereas inactivating mutations in 

the GalNT3 enzyme responsible for O-glycosylation result in increased cleavage of FGF23 

concomitant with secretion of inactive cleavage products.(4,6,11) In this report, we describe a 

second type of posttranslational modification of FGF23, that of serine phosphorylation. The 

data presented here provide novel evidence for the physiological phosphorylation of the C-

terminal peptide of FGF23, generating a 14-kDa phosphorylated fragment secreted from 

both MC3T3 and IDG-SW3 bone cells.

The FAM20C kinase recently identified by Dixon and colleagues(9) is robustly expressed in 

both osteoblasts and osteocytes,(13) and transfection of cDNA encoding this kinase greatly 

increases the phosphorylation of the C-terminal fragment of FGF23. This Golgi kinase has 

recently been genetically associated with many bone disorders, now thought to be mediated 

via improperly phosphorylated bone proteins.(9,10,14) Our data indicate that FAM20C 

disorders may also impact bone secretory biology via interruption of multiple C-terminal 

FGF23 fragment phosphorylation. Whether FAM20C activity can be regulated is as yet 

unknown.

The functional significance of serine phosphorylation of many secreted proteins is thought 

to lie partly in the additional negative charges conferred, which offer protection against 

degradation and increase solubility. Serine phosphorylation of secreted peptide hormones is 

not common, although pro- opiomelanocortin, proenkephalin, and progastrin have all 

previously been shown to be phosphorylated.(15–18) The bone SIBLING proteins, a group of 

acidic secreted proteins with conserved ASARM motifs, require phosphorylation for 

functional interaction with bone hydroxyapatite and with the PHEX metalloprotease 

(reviewed in Rowe(19)), and many are efficiently phosphorylated by FAM20C.(9) The C-

terminal portion of FGF23 is involved in FGF23-Klotho interactions,(21) interactions that 

ultimately determine FGF23 signaling efficacy;(3) phosphorylation may also play a role in 

receptor activation.
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Our finding of Ser180 phosphorylation is interesting in that this site flanks Arg179, the 

residue within the convertase consensus site at which intracellular degradation occurs. O-

glycosylation in the vicinity of this site is known to block convertase cleavage.(11) Although 

our radiolabeling data showing similar secretion of cleaved C-terminal peptides in wild-type 

and Ser180Ala- substituted FGF23 do not support the idea that phosphorylation of this 

residue strongly affects convertase-mediated proteolytic cleavage within MC3T3 or IDG-

SW3 cells, preliminary results using bacterially expressed FGF23 indicate that furin is able 

to cleave FAM20C-phosphorylated FGF23 (data not shown).

In summary, the data presented here show multiple phosphorylation of the C-terminal 

fragment of FGF23 in bone cell lines, a posttranslational modification that impacts FGF23 

secretion and stability.

Note: While this article was in preparation, a paper was published demonstrating FAM20C-

mediated phosphorylation of FGF23 at Ser180, which inhibits O-glycosylation at 

Thr178.(22)
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Fig. 1. 
FGF23 is phosphorylated at Ser180, Ser207, and Ser212 within the carboxyl-terminal 

domain. (A) Endogenous phosphorylation of FGF23 by HEK cells. The C-terminal fragment 

is the major phosphorylated species. HEK cells were transfected with FGF23 cDNAs 

containing the mutations indicated, with FAM20C cDNA added to the two wells in the last 

lane. Cells were labeled with 32P-orthophosphate, chased in medium containing cold 

phosphate, and the medium immunoprecipitated with FGF23 antiserum. Samples were 

separated using SDS-PAGE, dried, and radioactivity visualized by phosphoimaging. iFGF23 

= intact FGF23; C-term = C-terminal fragment of FGF23. (B) Endogenous phosphorylation 

of FGF23 in IDG-SW3 cells. Site identification. IDG-SW3 cells were radiolabeled with 

either 35S-methionine (left) or 32P-orthophosphate (right) and chased in medium containing 
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either cold methionine or phosphate. iFGF23 = intact FGF23; N-term = N-terminal 

fragment; C-term = C-terminal fragment of FGF23. (C) Enhanced secretion of FGF23 by 

FAM20C kinase co-expression in MC3T3 cells. MC3T3 cells were transfected with cDNAs 

encoding FGF23 and either AAT, FAM20C, FAM20C/D478A, or GalNT3 at a 3:1 ratio, 

radiolabeled with 35S-methionine for 3 hours, and the 3-hour chase medium 

immunoprecipitated with FGF23 antiserum in the presence of protease and phosphatase 

inhibitors. The arrow shows an upper band present in GalNT3-transfected cells that is not 

present in FAM20C-transfected cells, potentially indicating the presence of an additional 

sugar chain in GalNT3-treated cells. iFGF23 = intact FGF23; N-term = N-terminal 

fragment; C-term = C-terminal fragment of FGF23. (D) Increased cellular expression of 

FGF23 by FAM20C kinase co-expression in MC3T3 cells. Cells from the experiment 

described in (C) were extracted with RIPA buffer and the cleared supernatant subjected to 

FGF23 immunoprecipitation in the presence of protease and phosphatase inhibitors. iFGF23 

= intact FGF23; N-term = N-terminal fragment; C-term = C-terminal fragment of FGF23. 

(E) Effect of FAM20C on FGF23 expression and secretion in furin-transfected MC3T3 

cells. A 12-well plate of MC3T3 cells was transfected in triplicate with FGF23 and furin and 

either FAM20C or the inactive D478A mutant at a 2.5 to 1 ratio of FGF23 to other cDNAs. 

The conditioned medium was concentrated by TCA precipitation and subjected to Western 

blotting. No intact secreted FGF23 was detected. Cell lysates are shown in the bottom half 

of this panel.
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Fig. 2. 
(A) Commercial FGF23 is phosphorylated at Ser212. Mass spectroscopic identification of 

phosphorylation sites in recombinant mouse FGF23R179Q indicates the presence of a single 

phosphate within multiple peptide peaks (shown in red), all of which have masses consistent 

with peptides phosphorylated at Ser212. (B) Mouse long bone contains phospho-Ser212-

immunoreactive FGF23. Staining of osteocytes in mouse tibial slices using phospho-Ser212 

antibodies. The left panel shows staining in the absence of blocking peptide; the middle 

panel shows staining in the presence of blocking peptide; and the right panel shows staining 
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in the absence of primary antibody. (C) Increased release of FGF23 from FAM20C-

transfected cells; specificity of the phospho-Ser212 antibody. FGF23R176Q cDNA was 

transfected in the presence of either active FAM20C or inactive D478A FAM20C kinase 

cDNAs in duplicate. Western blotting was performed using the R&D pan-specific FGF23 

antibody or the phospho-Ser212 antibody. Actin blotting of cells corresponding to the 

medium samples is shown below only for the 20-μL sample; the 10-μL sample was taken 

from the same plate. Quantitation of these bands indicated that the phospho-Ser212 antibody 

was 15-fold more reactive toward phosphorylated FGF23. (D) The phospho-212 antiserum 

preferentially detects phosphorylated peptide in ELISA. An ELISA was performed using a 

1:500 dilution of protein A-purified phospho-212 antibodies on plates coated with either 

phosphopeptide (CSQELP{pS}AE) or a peptide lacking phosphate 

(CSQELPSAEDNSPMASDP), both at 0.5 μM. Results are the mean ± the SD, n = 3. The 

experiment was repeated once with an independent IgG preparation with similar results.
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