




tag. Stable expression and purification of sGalNAc-T3 from
conditioned medium were performed as described (1).

Enzyme Assays. Kinase assays. In vitro kinase assays were performed
essentially as described (1). The reaction mixture contained 32.5
mM Tris·HCl (pH 7.5), 100 mM NaCl, 12.5% glycerol, 10 mM
MnCl2, 0.5 mM [γ-32P]ATP (specific activity 100–500 cpm/pmol),
0.5 mg/mL FGF23 R176Q, and 20 μg/mL Fam20C-Flag or Fam20C
(D478A)-Flag.
Glycosylation assays. In vitro O-glycosylation assays were per-
formed essentially as described (3). Reactions were performed in
a 20-μL mixture containing 25 mM sodium cacodylate (pH 7.4),
10 mM MnCl2, 1.5 mM UDP-GalNAc (Sigma), 0.5 mg/mL pep-
tide substrate: PIPRRHTRSAEDDSERDPL; FGF23(172–190)
or PIPRRHTRpSAEDDSERDPL; pFGF23(172–190), and 50
μg/mL sGalNAc-T3. Reactions were incubated at 37 °C and
terminated at the indicated time points by the addition of an
equal volume of Sigma-Aldrich universal MALDI matrix re-
suspended in 78% acetonitrile and 0.1% trifluoroacetic acid.
Protease assays. Furin cleavage assays were performed as previ-
ously described (3). Reactions were performed in a 20-μLmixture
containing 50 mM Hepes (pH 7.5), 1 mM CaCl2, 0.5 mg/mL
FGF23(172–190) or pFGF23(172–190), and 0.02 units per μL
furin (New England Biolabs). Reactions were incubated at 37 °C
and terminated at the indicated time points by the addition of
an equal volume of Sigma-Aldrich universal MALDI matrix re-
suspended in 78% acetonitrile and 0.1% trifluoroacetic acid.
Deglycosylation and λ-phosphatase assays. V5-immunoprecipitates
from conditionedmedium of U2OS cells transiently expressing V5-
tagged FGF23 were treated with O-glycosidase and α-(2→3,6,8,9)-
neuraminidase to remove O-linked glycosylation or PNGase F to
remove N-linked glycosylation according to the manufacturer’s
instructions (Sigma-Aldrich; Enzymatic Protein Deglycosylation
Kit). λ-Phosphatase assays were performed as described (1).

Matrix-Assisted Laser Desorption/Ionization Analysis. Glycosylation
and protease reaction products (1 μL) were plated on an Applied
Biosciences (ABI) MALDI target plate for analysis. The ABI
4800 MALDI-TOF/TOF was calibrated at 25 ppm mass error
with a peptide mix standard. After calibration, each spot was
analyzed using reflectron positive ionization and a laser power of
30%. Masses that corresponded to truncated forms of peptide
PIPRRHTRSAEDDSERDPL and the phosphorylated version
PIPRRHTRpSAEDDSERDPL were sequenced de novo for
validation. In addition, b- and y-ion masses were used to localize
phosphorylated residues on fragment ions.

Peptide Synthesis.Peptides and phosphopeptides were synthesized
by standard O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate/1-Hydroxybenzotriazole (HBTU/HOBt) Fmoc

solid-phase chemistry on Wang resin using an ABI 431A synthesizer
and incorporating pSer as its Fmoc-O-benzyl ester. Peptide–resin
was cleaved with reagent K (2-Ethyl-5-phenylisoxazolium-3′-
sulfonate). Identity and purity were assessed by electrospray
ionization-Fourier transform ion cyclotron resonance mass spec-
trometry; the purity of crude peptide was at least 90%. Peptides
were dissolved in 10 mM Hepes and the pH was adjusted to 7 with
NaOH before use.

Mass Spectrometry. Fifty picomoles of Flag-tagged FGF23 R176Q
was oxidized with 4 mM DTT and alkylated with 8 mM iodoa-
cetamide and digested with either trypsin, endoproteinase GluC,
or chymotrypsin. The resulting peptide extract was diluted into
a solution of 2% acetonitrile, 0.1% formic acid (buffer A) for
analysis. Two picomoles of each digest was analyzed by automated
microcapillary liquid chromatography-tandem mass spectrome-
try. Fused-silica capillaries (100-μm inner diameter; i.d.) were
pulled using a P-2000 CO2 laser puller (Sutter Instruments) to
a 5-μm i.d. tip and packed with 10 cm of 5-μm Magic C18 ma-
terial (Agilent) using a pressure bomb. This column was then
installed in-line with a Dionex 3000 HPLC pump running at 300
nL/min. Peptides were loaded with an autosampler directly onto
the column and were eluted from the column by applying a
30-min gradient from 5% buffer B to 40% buffer B (98% aceto-
nitrile, 0.1% formic acid). The gradient was switched from 40% to
80% buffer B over 5 min and held constant for 3 min. Finally, the
gradient was changed from 80% buffer B to 100% buffer A over
0.1 min, and then held constant at 100% buffer A for 15 more
minutes. The application of a 1.8-kV distal voltage electro-
sprayed the eluting peptides directly into an LTQ XL ion trap
mass spectrometer equipped with a nano-liquid chromatography
electrospray ionization source. Full mass spectra were recorded on
the peptides over 400–2,000 m/z, followed by five tandem mass
(MS/MS) events on the five most intense ions. Mass spectrometer
scan functions and HPLC solvent gradients were controlled by the
Xcalibur data system (Thermo Finnigan). MS/MS spectra were
extracted with ReAdW.exe (http://sourceforge.net/projects/sashimi).
The resulting mzXML file contains all of the data for all MS/MS
spectra and can be read by the subsequent analysis software. The
MS/MS data were searched with Inspect (4) against a database
containing protein sequences for all E. coli proteins, common
contaminants, and the sequence for FGF23 R176Q (2,786 pro-
teins) with modifications: +16 on methionine (oxidation), +57
on cysteine (carbamidomethyl), and + 80 on threonine, serine, or
tyrosine (phosphorylation). Only peptides with at least a P value
of 0.01 were analyzed further. The MS/MS data of putative
phosphorylated peptides were manually verified. In addition,
further verification was performed by analyzing putative phos-
phorylated peptides in targeted MS/MS mode.
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Fig. S1. FGF23 is phosphorylated on Ser180. Representative MS/MS fragmentation spectra of a chymotryptic peptide (FGF23 178–190) depicting Ser180

phosphorylation of FGF23 R176Q purified from conditioned medium of HEK293T cells. The nonphosphopeptide and the phosphopeptide are shown in A and B,
respectively.
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Fig. S2. Fam20C phosphorylates FGF23 on Ser180. Selected ion chromatograms of tryptic peptides (FGF23 180–196) from FGF23 R176Q (A) or FGF23 R176Q that
had been treated with recombinant Fam20C (B). Note the relative 10-fold increase in the relative abundance of the phosphopeptide upon treatment with
Fam20C. Calculations are estimated based on the areas under the curve for the selected ion species (AA phospho/nonphospho; 38,501/812,455 = 0.05; 340,573/
714,375 = 0.5). AA and MA, area; RT, retention time.
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Fig. S3. Generation of Fam20C knockout cells using CRISPR/Cas9 genome editing. (A) The type II prokaryotic CRISPR/Cas9 from Streptococcus pyogenes has
been shown to facilitate RNA-guided site-specific DNA cleavage and can be harnessed to target the destruction of specific genes in mammalian cells (1–3). Any
genomic locus followed by a 5′-NGG PAM (red) can be targeted by a chimeric single guide RNA (sgRNA) (green) consisting of a 20-nt guide sequence and
a scaffold. The sgRNA directs the Cas9 nuclease (gray) to the genomic target, resulting in a double-strand break. The double-strand break is repaired by error-
prone nonhomologous end joining or by homologous recombination. (B and D) Schematic representations of the base pairing between guide RNAs and the
targeting locus of exon 1 in the human FAM20C gene. (C and E) The sequences of the mutated alleles in FAM20C clone 5 (C) and clone 9 (E) and representative
chromatograms depicting the indels (red) are shown. The indels are predicted to cause frameshift mutations producing inactive copies of the protein. SP, signal
peptide.
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Fig. S4. Expression and purification of sGalNAc-T3. SDS/PAGE and Coomassie staining of Flag-tagged sGalNAc-T3 immunopurified from the conditioned
medium of HEK293T cells.
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Fig. S5. Ser180-phosphorylated FGF23(172–190) is not a substrate for sGalNAc-T3. Full MALDI-TOF MS spectra depicting the time-dependent incorporation of
GalNAc from UDP-GalNAc into FGF23(172–190) (A) or Ser180-phosphorylated FGF23(172–190) (B).
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Fig. S6. Thr178 is O-glycosylated by sGalNAc-T3. Representative MS/MS fragmentation spectrum of the selected ion peak at m/z 2450 in Fig. S5A, depicting the
addition of GalNAc to Thr178.
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Fig. S7. Generation of FURIN knockout cells using CRISPR/Cas9 genome editing. (A and C) Schematic representations of the base pairing between a guide RNA
(sgRNA_18) and the targeting locus of exon 7 in the human FURIN gene. (B and D) The sequences of the mutated alleles in FURIN clone 17 (B) and clone 82 (D)
and representative chromatograms depicting the indels (red) are shown. The indels are predicted to cause frameshift mutations producing inactive copies of
the protein. (E) Protein immunoblotting of cell extracts from control and furin KO cells.
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Fig. S8. Ser180-phosphorylated FGF23(172–190) is cleaved by furin. Full MALDI-TOF MS spectra depicting the time-dependent cleavage of FGF23(172–190) (A)
or Ser180-phosphorylated FGF23(172–190) (B).
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Fig. S9. Model for the regulation of FGF23 by Fam20C. We propose that interplay between phosphorylation by Fam20C (i) and O-glycosylation by GalNAc-T3
(ii) regulates the processing and activity of FGF23 by furin. Phosphorylation of FGF23 at Ser180 by Fam20C inhibits GalNAc-T3-mediated O-glycosylation at Thr178

and promotes inactivation by furin. Fam20C may also phosphorylate predicted Ser-x-Glu/pSer residues in the C-terminal region of FGF23.
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