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Family with sequence similarity 20C (Fam20C), the major protein
kinase in the secretory pathway, generates the vast majority of
the secreted phosphoproteome. However, the regulatory mecha-
nisms of Fam20C transport, secretion, and function remain largely
unexplored. Here, we show that Fam20C exists as a type Il trans-
membrane protein within the secretory compartments, with its
N-terminal signal peptide-like region serving as a membrane anchor
for Golgi retention. The secretion and kinase activity of Fam20C are
governed by site-1 protease (S1P), a key regulator of cholesterol
homeostasis. We find that only mature Fam20C processed by S1P
functions in osteoblast differentiation and mineralization. Together,
our findings reveal a unique mechanism for Fam20C secretion and
activation via proteolytic regulation, providing a molecular link be-
tween biomineralization and lipid metabolism.
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Extracellular and secretory pathway phosphorylation regulates
numerous physiological processes, such as bone mineraliza-
tion, blood coagulation, extracellular matrix remodeling (1, 2),
and neuronal development (3). During the past decade, Fam20
proteins were identified as secretory pathway kinases. They are
synthesized in the lumen of the endoplasmic reticulum (ER) and
specifically localize in the Golgi apparatus and extracellular space
where they phosphorylate secreted proteins (4, 5) or proteoglycans
(6). Fam20C, the most-studied member of the Fam20 family, is
the bona fide “Golgi casein kinase,” which phosphorylates secre-
tory proteins within the S-x-E/pS motif (4). Loss-of-function
FAM20C mutations cause a rare and often lethal osteosclerotic
bone dysplasia called Raine syndrome (7). Indeed, Fam20C has
been found to phosphorylate the small integrin-binding ligand
N-linked glycoproteins (SIBLINGs), consisting of bone sialopro-
tein (BSP), osteopontin (OPN), dentin matrix protein-1 (DMP1),
dentin sialophosphoprotein (DSPP), and matrix extracellular
phosphoglycoprotein (MEPE), the major extracellular components
regulating biomineralization (4, 5). Moreover, the broad substrate
spectrum of Fam20C suggests that this protein kinase participates
in a wide range of biological processes besides biomineralization,
such as cell adhesion and migration (8), prohormone processing
(9-11), lipid homeostasis (12), protein trafficking (13), and ER
homeostasis (14-17), underscoring the biological importance of
Fam20C kinase within the secretory pathway.

Protein kinases can be regulated in multiple ways, such as
through interactions with regulatory subunits, oligomerization (18),
autoinhibition (19), and phosphorylation either by other kinases or
by itself (20). Different from other protein kinases, Fam20C
preferentially uses Mn>* over Mg** as a metal ion cofactor and is
insensitive to the broad-spectrum protein kinase inhibitor staur-
osporine (4). The crystal structure of the Fam20C ortholog from
Caenorhabditis elegans revealed an atypical kinase architecture,
and the position of the regulatory o-C helix and the lack of an
activation loop indicated an architecture primed for efficient ca-
talysis (21). Fam20C can be allosterically activated through the
formation of a homodimer or a heterodimer with its paralog
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Fam20A (22-24), a pseudokinase that plays a critical role in
dental development (25, 26). In addition, small molecules such as
sphingosine and several sphingolipids were also reported to acti-
vate Fam20C, but the underlying molecular mechanisms are
poorly understood (27, 28). Furthermore, little is known about the
regulatory mechanisms of Fam20C transport and secretion.

In C. elegans, retention of Fam20C in the early secretory
pathway impairs fertility, embryogenesis, and development of
worms (29), suggesting that transit into the late secretory pathway
and/or extracellular space is necessary for Fam20C to execute its
functions. Moreover, some Raine syndrome mutants of Fam20C
display mislocalization in the ER and secretion deficiency (4, 5).
These results imply that proper transport of Fam20C in the se-
cretory pathway is important for its function. The N terminus of
the extracellular mature Fam20C has been characterized as Asp93
(8), but the details of Fam20C processing and its biological roles
are currently unknown.

Limited proteolysis of proteins is a common irreversible post-
translational modification for releasing active products. The major
processing enzymes of the secretory pathway are subtilisin-like
proprotein convertases, a family of nine serine proteases (PCSK1
to 9) (30). The Golgi-resident site-1 protease (S1P, also named
PCSKS, SKI-1), encoded by the MBTPS! (membrane-bound tran-
scription factor peptidase, site-1) gene, cleaves membrane-bound
transcription factors at luminal sites, such as sterol regulatory
element-binding proteins (SREBPs) (31, 32), activating transcrip-
tion factor 6 (ATF6) (33), and cAMP response element-binding
proteins (CREBs) (34), to regulate cholesterol homeostasis and
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ER stress responses. S1P also functions in the biogenesis of lyso-
somes via the proteolytic activation of the N-acetylglucosamine-1-
phosphotransferase a-/B-subunit precursor (35). In addition, the
processing of viral envelope glycoprotein precursors by S1P is cru-
cial for arenavirus synthesis and spread (36). Interestingly, S1P is
also implicated in biomineralization, as S1P deficiency causes hu-
man skeletal dysplasia (37). S1P has been reported to regulate os-
teoblastic mineralization (38, 39) and bone development (40, 41).

However, it is currently unclear how S1P functions to regulate
biomineralization.

In this study, we first identified Fam20C as a type II trans-
membrane protein with its N-terminal transmembrane (TM) do-
main integrated into the membrane but not a luminal protein as
previously considered. We further demonstrated that the ER-to-
Golgi anterograde transport of Fam20C is mediated by COPII
vesicles and that the TM domain acts as a Golgi retention signal.
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Fig. 1. Identification of Fam20C as a type Il transmembrane protein. (A) Schematic representation of full-length human Fam20C (Upper) and secreted mature

Fam20C (Lower), depicting the TM domain, the propeptide (PP), the intrinsic disorder region (IDR), and the kinase domain (KD). The C-terminally Flag-tagged
Fam20C expressed in Hela cells was purified from cell extracts or conditioned medium, and the N-terminal amino acid sequence was determined by Edman
degradation. The amino acid residues surrounding the sequenced region were shown, and the domain boundaries were numbered from the C terminus. (B,
Upper) The total lysates (TL) of HelLa cells expressing Flag-tagged Fam20C WT were separated into soluble (S) and pelleted membrane (P) fractions. Fam20C
and the cytosolic protein a-tubulin were immunoblotted. (Lower) The P fraction in Upper was taken as total membrane (M), extracted with Na,COs in the
absence or presence of NaCl and Triton X-100, and then separated into soluble (S) and pelleted membrane (P) fractions. Fam20C, the ER lumen protein
calreticulin, and the ER membrane protein calnexin were immunoblotted. (C) Schematic representation of Fam20C ATM (Upper) and its secreted form
(Lower), depicting the amino acid mutations (3®DLLP3' to 2AAAA3") in red. Note that the original TM of Fam20C is changed to a cleavable signal peptide
(gray). The C-terminally Flag-tagged Fam20C ATM was ectopically expressed in FAM20C KO Hela cells, purified from cell extracts or conditioned medium, and
sequenced by Edman degradation. The amino acid residues surrounding the sequenced region were shown. (D) Immunoblotting of Fam20C in cell extracts
and Concanavalin A (Con A) precipitates from conditioned medium of FAM20C KO Hela cells expressing Flag-tagged Fam20C WT or ATM. (E) The membrane
fractionation of FAM20C KO Hela cells expressing Flag-tagged Fam20C ATM was performed as in B. (F) Topological diagram of Fam20C in cells.
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We provided evidence that cleavage of Fam20C propeptide is
catalyzed by the Golgi-resident protease S1P, and this processing
increases the secretion and kinase activity of Fam20C. Importantly,
we established a functional link between S1P and Fam20C in terms
of osteoblast differentiation and mineralization. Overall, we have
unraveled the mechanism for proteolysis-mediated maturation of
the secretory pathway kinase Fam20C, which plays a critical role in
biomineralization.

Results

Fam20C Is a Type Il Transmembrane Protein in the Secretory Pathway.
Fam20C is a secreted kinase that traverses the secretory path-
way, and its N-terminal 22 amino acid sequence was defined as a
canonical signal peptide targeting the kinase domain into the ER
lumen (4). However, the cleavage probability between residues
22 and 23 is very low, as predicted by SignalP-5.0 Server (SI
Appendix, Fig. S1A4). N-terminal sequencing analysis of the
C-terminally Flag-tagged Fam20C protein immunoprecipitated
from HeLa cells revealed that it begins with Met4 (Fig. 14),
suggesting that the signal peptide of Fam20C is not cleaved. In
addition, the Fam20C secreted from HelLa cells begins with Asp93
(Fig. 14), in line with previous results from HEK293T cells that
mature Fam20C is truncated by 92 residues (8). Indeed, topology
predictions using multiple methods have suggested that 11 to 30
amino acid residues form an N-terminal TM domain (SI Appendix,
Fig. S1C). Sedimentation and alkaline extraction were performed
to investigate whether Fam20C is integrated into the membrane.
Flag-tagged Fam20C that precipitated with membrane fractions
was not extracted into the supernatant by alkaline and high salt
washes unless detergent was added (Fig. 1B). Similar results were
obtained with endogenous Fam20C (SI Appendix, Fig. S1D), in-
dicating that Fam20C is a membrane protein but not a luminal
protein.

Furthermore, we mutated four residues at the end of the TM
region (**DLLP*' to AAAA>"). This mutant was predicted to
be cleaved by signal peptidase during cotranslational transloca-
tion into the ER, and the generated protein lacked the TM
domain, hereafter referred to as Fam20C ATM (SI Appendix,
Fig. S1B). In FAM20C knockout (KO) HeLa cells (15), intra-
cellular Fam20C ATM begins with Ala30, as determined by
N-terminal sequencing analysis (Fig. 1C), and its molecular weight
is less than that of Fam20C wild type (WT) (Fig. 1D). Fam20C
ATM can be extracted into the supernatant by alkaline washes
alone, suggesting that the N-terminal TM domain anchors Fam20C
to the membrane (Fig. 1E). To determine the intramembrane
orientation of Fam20C, we performed a fluorescence protease
protection assay by measuring the restricted proteolytic digestibility
of Fam20C tagged with mApple at the C terminus. We confirmed
the Golgi localization of Fam20C and demonstrated that the C
terminus of Fam20C resides in the Golgi lumen, distinct from the
cytoplasmic peripheral Golgi protein GM130 (SI Appendix, Fig.
S1E). Taken together, these results indicated that intracellular
Fam20C is a type II membrane protein in the Golgi apparatus and
is composed of a short cytoplasmic amino terminus, a single-pass
TM domain, and a large luminal domain (Fig. 1F).

The TM Domain Retains Fam20C in the Golgi Apparatus. Notably,
Fam20C ATM secreted much more efficiently than WT, and its
propeptide remained uncleaved (Fig. 1 C and D). We employed
the retention using selective hooks (RUSH) system to investigate
the possible functions of the TM domain for Golgi retention and
secretion. Fam20C was tagged with streptavidin binding protein
(SBP) and EGFP at the C terminus and was initially trapped in
the ER by luminal streptavidin fused with the ER retention
signal KDEL (Fig. 24). Biotin competed with streptavidin for
SBP and induced a synchronized release of Fam20C from the ER
to the downstream secretory pathway, with a peak in the Golgi
approximately at 60 min postbiotin, in line with the idea that
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Fam20C is secreted via the Golgi, a canonical pathway (Fig. 2 B
and C). Compared with Fam20C WT, Fam20C ATM displayed a
faster transport rate from the ER to the Golgi, with a peak ap-
proximately at 30 min postbiotin. Moreover, the EGFP signal
from Fam20C ATM was lost within 90 min but was maintained up
to 6 h for Fam20C WT (Fig. 2 B and C), suggesting that the TM
domain mediated the Golgi retention of Fam20C. To further
confirm this, we fused Fam20C amino acid sequences 1 to 28 and
1 to 31 to the N terminus of mEmerald, named SP-mEmerald and
TM-mEmerald, respectively (SI Appendix, Fig. S24). SignalP-5.0
Server prediction showed that the signal peptide of SP-mEmerald
has a high cleavage probability, while TM-mEmerald is less
cleavable (SI Appendix, Fig. S2 B and C). Fluorescence imaging
showed that SP-mEmerald exists throughout the secretory path-
way, while TM-mEmerald displayed dominant Golgi localization
and little secretion (SI Appendix, Fig. S2 D and E). These results
further demonstrated that the TM domain of Fam20C is a Golgi
retention signal. Previous studies have suggested that oligomeri-
zation is a potential mechanism for Golgi protein retention (42).
We found that high salt was required for the extraction of Fam20C
WT (Fig. 1B) but not for ATM (Fig. 1E), implying that the TM
domain may contribute to the oligomerization of Fam20C in the
Golgi membrane via electrostatic interactions. To validate this, we
analyzed the oligomerization of Fam20C WT and ATM by a
discontinuous sucrose gradient. Fam20C WT tended to form
higher molecular weight complexes than Fam20C ATM, under-
lining an important role of the TM domain in Fam20C oligo-
merization (SI Appendix, Fig. S2F).

COPII vesicles are crucial for ER export of a large majority of
secretory proteins. COPII vesicle formation involves recruitment
of the Sec23-Sec24 complex triggered by Sarl GTPase, which is
followed by polymerization of the Sec13-Sec31 complex on the
outer layer of the vesicle (43). To explore whether the transport
of Fam20C from the ER to the Golgi depends on COPII, we
used the dominant-negative mutant SarlA H79G to detect its
effect on the subcellular localization and secretion of Fam20C.
The overexpression of SarlA WT promoted the secretion of
Fam20C without changing the Golgi localization of Fam20C (Fig.
2 D and E). However, SarlA H79G dramatically inhibited the
secretion of Fam20C and trapped Fam20C in the ER (Fig. 2 D
and E). Furthermore, coimmunoprecipitation (co-IP) showed that
Fam?20C physically interacted with the COPII components Sec23A
and Sec24A (Fig. 2F). We also generated RUSH-Fam20C tagged
with mApple to visualize its colocalization with COPII during
transport by using GFP-tagged Sec23A as a COPII marker. In the
initial stage after biotin addition, Fam20C and Sec23A colocalized
at ER exit sites, but their colocalization disappeared 60 min post-
biotin, by which time most Fam20C had transited to the Golgi
(Fig. 2G). Thus, the transport of Fam20C from the ER to the Golgi
is mediated by COPII vesicles.

The %9RILQ*? Sequence of Fam20C Conforms to the Consensus
Recognition Motif of S1P. The secreted Fam20C begins with Asp93,
and its propeptide is cleaved (Fig. 14). We generated a consti-
tutively cleaved form of Fam20C by mutating Asp28 to Ala and
deleting amino acid residues 29 to 92, hereafter referred to as
Fam20C APP (Fig. 34 and SI Appendix, Fig. S34). N-terminal
sequencing confirmed that Fam20C APP begins with Asp93,
both in cells and in conditioned medium (Fig. 34). Fam20C APP
secreted more efficiently than WT with a similar molecular size
(Fig. 3B) and showed faster transport through the secretory
pathway (Fig. 3 C and D), suggesting that propeptide cleavage
promotes Fam20C secretion. Further evidence showing that the
Fam20C propeptide is cleaved came from the redox analysis of
Fam20C protein. Interestingly, while the secreted Fam20C mi-
grated at a similar position (~70 kDa) under either reducing or
nonreducing conditions, the intracellular Fam20C presented an
apparent molecular weight of 150 kDa on a nonreducing gel and
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Fig. 2. The COPIl vesicle mediates ER-to-Golgi anterograde transport of Fam20C. (A) Schematic depicts that Fam20C fused to the SBP, and EGFP
(Fam20C-SBP-EGFP) is retained in the ER via its interaction with the ER hook, KDEL fused to streptavidin (Str-KDEL). This interaction is mediated by the core
streptavidin and the SBP. The release is induced by the addition of biotin to allow trafficking of the Fam20C to the downstream secretory pathway. (B)
Representative confocal live-cell imaging of FAM20C KO Hela cells expressing Str-KDEL with Fam20C WT-SBP-EGFP or ATM-SBP-EGFP at the indicated time
points after the addition of biotin. (Scale bar, 10 pm.) (C) The plot showing fluorescence intensity in the Golgi region at each time point in B, normalized to
the maximum value. Data were shown as mean + SEM of at least 20 cells. (D) Immunoblotting of Fam20C in cell extracts and Concanavalin A (Con A)
precipitates from conditioned medium of Hela cells coexpressing Fam20C-Flag and Sar1A WT-GFP or Sar1A H79G-GFP. (E) Representative confocal imaging of
Hela cells coexpressing Fam20C-mApple and Sar1A WT-GFP or Sar1A H79G-GFP. (Scale bar, 10 pm.) (F) Co-IP of Flag-tagged Fam20C and GFP-fused Sec23A or
Sec24A in Hela cells. (G) Representative confocal live cell imaging of Hela cells coexpressing Fam20C-SBP-mApple, Str-KDEL, and Sec23A-GFP at the indicated
time points after the addition of biotin. (Scale bar, 10 pm; Zoom scale bar, 4 pm.)
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Fig. 3. Structural requirements for cleavage of the propeptide of Fam20C. (A) Schematic representation of Fam20C APP (Upper) and its secreted form
(Lower) depicting the amino acid mutation (D28A) and truncation from 29 to 92. Note that the N-terminal 28 residues in this mutant are a cleavable signal
peptide (gray). Fam20C APP purified from cell extracts or conditioned medium of Hela cells was sequenced by Edman degradation. The amino acid residues
surrounding the sequenced region were shown. (B) Immunoblotting of Fam20C in cell extracts and Concanavalin A (Con A) precipitates from conditioned
medium of FAM20C KO Hela cells expressing Flag-tagged Fam20C WT, ATM, or APP. (C) Representative confocal live-cell imaging of FAM20C KO Hela cells
expressing Str-KDEL with Fam20C WT-SBP-EGFP, R89A/Q92V-SBP-EGFP, or APP-SBP-EGFP at the indicated time points after the addition of biotin. (Scale bar,
10 pm.) (D) The plot showing fluorescence intensity in the Golgi region at each time point in C, normalized to the maximum value. Data were shown as
mean + SEM of at least 20 cells. (E) Cleavage site sequence alignment of Fam20C and known S1P substrates. The red arrow indicates the cleavage site, and the
conserved cleavage motif in gray shading is critical for S1P recognition. Hs, Homo sapiens; V, virus. (F) Immunoblotting of Fam20C in cell extracts and Con A
precipitates from conditioned medium of FAM20C KO Hela cells expressing Flag-tagged Fam20C WT or its mutants. (G) Quantification of the relative Fam20C
secretion level by calculating the medium/extracts ratio of Fam20C in F. Data were shown as mean + SEM of three independent experiments; *P < 0.05, **P <
0.01, ***P < 0.001; n.s., no significance (one-way ANOVA, Tukey’s multiple comparison test).
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75 kDa on a reducing gel (SI Appendix, Fig. S3B). These results
suggested that Fam20C mainly exists as a disulfide-linked homo-
dimer in cells and that this covalent dimer is disrupted by pro-
peptide cleavage. Two cysteine residues, Cys46 and Cys48, are
present in the Fam20C propeptide. The single mutation of either
Cys46 or Cys48 to Ser had no obvious effect on disulfide-linked
dimer formation. However, double mutation of Cys46 and Cys48
resulted in a complete disruption of the Fam20C covalent dimer
(SI Appendix, Fig. S3C). Therefore, intracellular Fam20C exists as
a cis-disulfide-linked homodimer via Cys46 and Cys48 (SI Ap-
pendix, Fig. S3D). Nevertheless, double mutation of Cys46 and
Cys48 did not affect Fam20C secretion (SI Appendix, Fig. S3E),
suggesting that these intermolecular disulfide bonds are not in-
volved in the regulation of Fam20C secretion.

Compared with WT Fam20C, secreted Fam20C ATM re-
served the propeptide (Fig. 1 C and D) and showed a shorter
retention time in the Golgi (Fig. 2 B and C), suggesting that
Golgi localization is required for the cleavage of the Fam20C
propeptide. Therefore, we searched Golgi-resident proteases and
found that the sequence ¥RILQ®? near the cleavage site of the
Fam20C propeptide was in accordance with the consensus rec-
ognition motif of SIP. SIP recognizes and cleaves the (R/K)
X(hydrophobic)Z motif, where X represents any amino acid res-
idue, and Z preferentially represents Leu or Thr but excludes Val,
Pro, Glu, Asp, and Cys (44) (Fig. 3E). According to the S1P
recognition code, we generated Fam20C mutants in the ¥ RILQ"*
motif and expressed them in FAM20C KO HeLa cells. The R89A,
L91S, Q92V, and R89A/QI2V (but not I90A) mutants exhibited
drastically decreased secretion compared with Fam20C WT (Fig.
3 F and G), albeit all these mutants showed normal Golgi distri-
bution (SI Appendix, Fig. S3F). In line with this, the RUSH assays
showed that the R89A/Q92V mutant normally transited from the
ER to the Golgi but was unable to leave the Golgi (Fig. 3 C and
D). Altogether, the above results suggested that cleavage of the
propeptide after the ¥RILQ?? motif in the Golgi is critical for the
efficient secretion of Fam20C.

S1P Catalyzes Fam20C Propeptide Cleavage and Promotes Fam20C
Secretion. To identify whether S1P is responsible for Fam20C
propeptide cleavage, we first detected the interaction between
Fam20C and S1P. Immunofluorescence analysis showed that
S1P and Fam20C colocalized in the cis-Golgi (Fig. 44), and co-
IP experiments supported the physical interaction between Fam20C
and S1P (Fig. 4B and SI Appendix, Fig.S44). We generated S1P-
encoding gene (MBTPS1) KO HelLa cells by CRISPR/Cas9 tech-
nology (SI Appendix, Fig. S4B). Successful KO of endogenous S1P
was also supported by the observation that the ectopically
expressed S1P catalytically inactive mutant S414A migrated as a
single band, while SIP WT was further cleaved (Fig. 4C), as it has
been reported to undergo autoprocessing (45). MBTPSI KO
largely suppressed the secretion of endogenous Fam20C, which
could be restored by replenishment of S1IP WT but not the inac-
tivated mutant S414A (Fig. 4C). Consistently, knockdown of
MBTPSI by RNA interference also significantly reduced Fam20C
secretion (SI Appendix, Fig. S4 C and D). In addition, compared
with S1P S414A, overexpression of S1P WT further promoted the
secretion of Fam20C WT but did not affect the secretion of the
cleavage-resistant mutant Fam20C R89A/Q92V (Fig. 4D). We
also checked the effect of PF-429242, a specific S1P inhibitor (46),
on the secretion of Fam20C. PF-429242 clearly inhibited the se-
cretion of Fam20C WT but not Fam20C APP (Fig. 4E). PF-
429242 did not inhibit the secretion of Fam20C ATM either
(Fig. 4E), which is in line with the observation that Fam20C ATM
quickly transits the Golgi and bypasses S1P. Taken together, these
results indicated that the Golgi-resident protease S1P cleaves the
Fam20C propeptide and promotes Fam20C secretion.
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Removal of the Fam20C Propeptide Enhances Its Kinase Activity. To
explore whether the propeptide cleavage of Fam20C regulates its
kinase activity, we purified recombinant Fam20C (23 to 584) and
Fam20C (141 to 578), with or without a disordered region con-
taining the propeptide, respectively. In vitro kinase assays showed
that Fam20C (141 to 578) exhibited higher activity to phosphor-
ylate OPN than Fam20C (23 to 584), as phosphorylated OPN
migrated slower on sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) (Fig. 54). Similar results were ob-
served when using ER sulfhydryl oxidase Erola as a substrate,
analyzed by the slowly migrating bands and by p-Erola blotting
(SI Appendix, Fig. S5 A and B). These results suggested that the
propeptide-containing region hinders Fam20C from being fully
active. To further confirm this concept, we engineered recombi-
nant Fam20C*© with the human rhinovirus (HRV) 3C protease
recognition motif inserted after the propeptide cleavage site of
Fam20C (Fig. 5B). In vitro proteolysis assays showed that the
Fam?20C propeptide can be efficiently cleaved by 3C protease
(Fig. 5C). As shown in Fig. 5D, Fam20C*© with propeptide
cleavage was able to catalyze OPN phosphorylation much faster
than the uncleaved protein. Similar results were observed for
Erola phosphorylation (SI Appendix, Fig. S5C).

At the cellular level, although Fam20C ATM displayed more
secretion than WT, its kinase activity for the substrate Erola was
lower than that of WT (SI Appendix, Fig. S5 D and E) because
the propeptide was retained in Fam20C ATM (Fig. 1C). By con-
trast, Fam20C APP displayed increased activity to phosphorylate
Erola than Fam20C WT and ATM (SI Appendix, Fig. S5 D and
E). Interestingly, secreted Fam20C APP displayed higher phos-
phorylation levels than Fam20C WT and ATM (Fig. 5E). We
found that the phosphorylation of Fam20C is strictly dependent
on its kinase activity, as the inactive mutant D478A is not auto-
phosphorylated (Fig. 5F). Mass spectrum analysis revealed that
Ser106 in an S-x-E motif is heavily phosphorylated in Fam20C
APP, and mutation of Ser106 largely abolished its autophos-
phorylation level (Fig. SF). The above data showed that removal
of the propeptide enhances the kinase activity of Fam20C.

We performed a radiolabeling experiment to further confirm
the physiological role of S1P in Fam20C kinase activity regulation.
The S1P inhibitor PF-429242 suppressed OPN phosphorylation in
a dose-dependent manner, as assessed by the incorporation of 3P
into V5 immunoprecipitates when the cells were radiolabeled with
32p orthophosphate; moreover, the secretion of Fam20C was also
inhibited (Fig. 5 G and H). Similar results were also observed
when Erola was used as the substrate (SI Appendix, Fig. S5F).
Consistently, knockdown of MBTPSI by RNA interference de-
creased the phosphorylation levels of both OPN (Fig. 5 I and J)
and Erola (SI Appendix, Fig. S5G). In addition, compared with
inactive S1P S414A, overexpression of SIP WT in MBTPSI KO
cells promoted the phosphorylation of both OPN (Fig. 5 K and L)
and Erola (SI Appendix, Fig. SSH). Altogether, these results in-
dicated that S1P catalyzes the propeptide cleavage and enhances
the kinase activity of Fam20C.

The S1P-Fam20C Axis Is Responsible for Efficient Osteoblast
Differentiation. S1P and Fam20C are both implicated in bio-
mineralization. To explore whether the SIP-Fam20C axis regu-
lates biomineralization, we first investigated the role of S1P in
osteoblast differentiation and mineralization. In mouse MC3T3-
El preosteoblasts treated with the SI1P inhibitor PF-429242,
Fam20C secretion decreased (SI Appendix, Fig. S64), which was
similar to the results from HeLa cells (Fig. 4F). Moreover, PF-
429242 also inhibited the phosphorylation of endogenous OPN in
MC3T3-El cells (SI Appendix, Fig. S6 A and B), which is a well-
characterized Fam20C substrate and one of the major extracellular
components regulating biomineralization. Importantly, the S1P in-
hibitor largely suppressed osteoblast differentiation and minerali-
zation (SI Appendix, Fig. S6 C and D). Consistently, the transcription
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Fig. 4. The secretion of Fam20C is modulated by S1P. (A) Immunofluorescence analysis of HelLa cells coexpressing Flag-tagged S1P and V5-tagged Fam20C.
GM130 was used as a cis-Golgi marker. (Scale bars, 10 pm.) (B) Co-IP of V5-tagged Fam20C and Flag-tagged S1P WT or its catalytic inactive mutant S414A in
Hela cells. (C) Immunoblotting of endogenous Fam20C in Concanavalin A (Con A) precipitates from conditioned medium of WT Hela cells or MBTPS1 KO cells
expressing Flag-tagged S1P WT or its catalytic inactive mutant S414A. Asterisk indicated a nonspecific protein band. The relative amounts of secreted Fam20C
(rel. 20C) were quantified. (D) Immunoblotting of Fam20C in cell extracts and Con A precipitates from conditioned medium of FAM20C KO Hela cells
coexpressing Flag-tagged S1P WT or S414A and V5-tagged Fam20C WT or its cleavage-resistant mutant RB9A/Q92V. Please note that S1P S414A was processed
by endogenous S1P and showed a triplet band, and the cleavage efficiency of S1P WT was much higher than S414A. (E) Immunoblotting of Fam20C in cell
extracts and Con A precipitates from conditioned medium of FAM20C KO Hela cells expressing Flag-tagged Fam20C WT, ATM, or APP treated with or without

100 pM PF-429242, an S1P inhibitor for 18 h. s.e., short exposure; l.e., long exposure.

levels of genes associated with osteogenic differentiation, such as
Dmpl, Mepe, Bsp, and Opn, were all dramatically down-regulated
by PF-429242 treatment (SI Appendix, Fig. SOE). These results
indicated that S1P is crucial for osteoblast differentiation and
mineralization.

Next, we investigated whether S1P-catalyzed cleavage of the
Fam20C propeptide is involved in biomineralization. We gen-
erated MC3T3-El1 stable cell lines expressing different Fam20C
mutants by lentivirus infection (Fig. 64). Compared with mock
cells, the overexpression of Fam20C WT promoted osteoblast
differentiation and mineralized nodule formation (Fig. 6 B and C).
By contrast, the S1P cleavage-resistant mutant Fam20C R89A/
Q92V was unable to promote osteoblast differentiation (Fig. 6 B
and C) and showed little secretion (Fig. 64). Notably, the MC3T3-
E1 cells expressing the constitutively active mutant Fam20C APP
displayed enhanced differentiation and mineralization compared
with Fam20C WT cells (Fig. 6 B and C), consistent with its in-
creased secretion (Fig. 64). As a negative control, the catalytically
inactive Fam20C APP D478A had little effect on osteoblast
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differentiation and mineralization (Fig. 6 B and C), though its
secretion was as efficient as Fam20C APP (Fig. 64). We also
detected the transcription of osteogenic differentiation markers in
these transduced cells. The overexpression of Fam20C WT and
APP led to a similar up-regulation of the messenger RNA (mRNA)
levels of Dmpl and Mepe, though it had less effect on the tran-
scription of Bsp and Opn. The uncleaved R§89A/Q92V mutant had
little effect on any of the four osteogenic differentiation markers
(Fig. 6D). Thus, these results indicated that propeptide cleavage is
indispensable for Fam20C to regulate osteoblast differentiation and
mineralization.

Discussion

Fam20C was identified as the Golgi casein kinase (G-CK) in
2012 (4, 5), but the molecular mechanism by which Fam20C is
retained in the Golgi apparatus and subsequently secreted is not
yet understood. In this study, we demonstrated that Fam20C is a
type II transmembrane protein, and its N-terminal signal peptide-
like region is not cleaved after targeting the nascent polypeptide
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Fig. 5. S1P-dependent propeptide cleavage enhances the kinase activity of Fam20C. (A) Phosphorylation of OPN catalyzed by recombinant Fam20C (23 to
584) or Fam20C (141 to 578) protein was measured by an in vitro kinase assay. Reaction products were separated by SDS-PAGE and visualized by Coomassie
blue staining. The relative amounts of nonphosphorylated OPN (rel. np-OPN) in different time points were quantified. (B) Schematic representation of
Fam20C inserted with HRV 3C protease cleavage site (Fam20C3) and its cleaved form. The inserted motif was colored in red, and the 3C protease cleavage site
was indicated by a red arrow. (C) In vitro proteolytic processing of Fam20C3¢ protein by 3C protease. Reaction products were analyzed by Coomassie blue
staining. (D) Phosphorylation of OPN catalyzed by recombinant Fam20C3¢ or Fam20C3 preincubated with 3C protease was measured by an in vitro kinase
assay. Reaction products were separated by SDS-PAGE and visualized by Coomassie blue staining. The relative amounts of nonphosphorylated OPN (rel. np-
OPN) in different time points were quantified. (E) Detection of phosphoserine (p-Ser) of Fam20C in Flag immunoprecipitates from conditioned medium of
FAM20C KO Hela cells expressing Flag-tagged Fam20C WT, ATM, and APP. (F) Detection of p-Ser of Fam20C in Flag immunoprecipitates from conditioned
medium of FAM20C KO Hela cells expressing Flag-tagged Fam20C APP, APP S106A and APP D478A. (G) Immunoblotting and autoradiography of V5 im-
munoprecipitates from conditioned medium of HeLa cells coexpressing Flag-tagged Fam20C and V5-tagged OPN treated with different concentrations of PF-
429242 and radiolabeled with 32P—or‘chophosphate. (H) Quantification of relative 3P OPN/OPN ratio in G. Data were shown as mean + SEM of three inde-
pendent experiments; **P < 0.01, ***P < 0.001 (one-way ANOVA, Tukey’s multiple comparison test). (/) Inmunoblotting and autoradiography of V5 im-
munoprecipitates from conditioned medium of HeLa cells transfected with control short hairpin RNA (shCtrl) or shMBTPS1 and V5-tagged OPN radiolabeled
with 32P-orthophosphate. (J) Quantification of relative 3P OPN/OPN ratio in /. Data were shown as mean + SEM of three independent experiments, **P < 0.01
(two-tailed Student’s t test). (K) Immunoblotting and autoradiography of V5 immunoprecipitates from conditioned medium of MBTPST KO Hela cells
coexpressing V5-tagged OPN, Flag-tagged S1P WT, or S414A and Fam20C radiolabeled with 32P-orthophosphate. (L) Quantification of relative 32P OPN/OPN
ratio in K. Data were shown as mean + SEM of three independent experiments, *P < 0.05; n.s., no significance (one-way ANOVA, Tukey's multiple
comparison test).
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independent experiments; *P < 0.05, ***P < 0.001, ****P < 0.0001 (one-way ANOVA, Tukey’s multiple comparison test). (D) Detection of Dmp1, Mepe, Opn,
and Bsp mRNA levels by real-time qPCR in MC3T3-E1 cells transfected with Flag-tagged Fam20C WT, R89A/Q92V, or APP after osteogenic induction. Data were
shown as mean + SEM of three independent experiments; *P < 0.05, **P < 0.01 (one-way ANOVA, Tukey’s multiple comparison test). (E) Proposed model for
the proteolytic regulation of Fam20C. Fam20C is a type Il transmembrane protein with an N-terminal TM region. In the lumen of the secretory pathway,
Fam20C exists as a cis-disulfide-linked homodimer and may form higher molecular weight oligomers mediated by the transmembrane region. The ER to Golgi
anterograde transport of Fam20C is mediated by COPII vesicle, and the TM region acts as a retention motif to enrich Fam20C in the Golgi. S1P, a Golgi-resident
proprotein convertase, cleaves the propeptide of Fam20C, therefore increasing both the secretion and kinase activity of Fam20C. Importantly, the cleavage of
Fam20C propeptide is necessary for efficient osteoblast differentiation and mineralization. 20C, Fam20C; S, substrate protein; P, phosphate group.
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chain into the ER lumen, rather, it serves as a Golgi-resident
membrane anchor (Fig. 6E). Furthermore, we reveal that the
Golgi-resident protease S1P catalyzes the propeptide cleavage of
Fam?20C, and the processed kinase can then be secreted and ac-
tivated. The link between Fam20C and S1P has been established
to function in osteoblast differentiation and mineralization (Fig. 6E).

The membrane-bound property of G-CK was initially detected
in the Golgi-enriched membrane fraction isolated from lactating
guinea pig mammary gland (47), although the molecular identity
of G-CK was unknown. The mechanisms for Golgi protein re-
tention are complex and varied. TM domain-mediated retention
is one of the major determinants of protein localization to the
Golgi apparatus. The membrane thickness model states that TM
domains of Golgi proteins are typically shorter than those of
plasma membrane proteins to prevent their entry into the sterol-
enriched and thicker bilayers of Golgi-derived transport vesicles
destined to the cell surface (42). In vertebrates, the mean lengths
of the TM domains of Golgi and plasma membrane proteins are
20.6 and 24.4 amino acids, respectively (48). The TM domain of
Fam20C consists of 20 amino acids (Fig. 14), consistent with
typical Golgi membrane proteins. Protein aggregation/oligomeri-
zation is another general mechanism for TM domain-mediated
Golgi retention by enlarging the protein size and excluding it
from transport vesicles (42). Consistent with this model, our results
show that the Fam20C TM domain mediates its oligomerization
(SI Appendix, Fig. S2F), which is further stabilized by Cys46-Cys46
and Cys48-Cys48 interchain disulfides (SI Appendix, Fig. S3D) and
noncovalent interactions between the kinase domains (24). Our
findings, that Fam20C is a type II transmembrane protein, support
and enrich the view that the majority of Golgi enzymes such as
glycosyltransferases and glycosidases are type II transmembrane
proteins (49). We analyzed the membrane-bound properties of all
known kinases in the secretory pathway by bioinformatics ap-
proaches. Many secretory pathway kinases show no or low cleavage
probability by signal peptidase and are predicted to contain an
N-terminal TM domain, including Fam20A, Fam20B, Fam20C,
Fam198B, Fam69A, Fam69B, Fam69C, vertebrate lonesome Kki-
nase (VLK), and Sgk196 (SI Appendix,Table S1). This information
implies that membrane spanning might be a general property for
secretory pathway kinases, but this needs to be verified in future
studies. Moreover, it will be interesting to investigate the rela-
tionship between the oligomeric regulation (22, 24) and proteolytic
regulation of Fam20C.

Proteolysis is a general mechanism for the maturation and
activation of many proproteins. However, proteolysis-induced ac-
tivation of secretory pathway protein kinases has been less repor-
ted. We identified S1P, a Golgi-resident protease, as responsible
for Fam20C propeptide cleavage. Our results show that the pro-
peptide cleavage of Fam20C is crucial for its secretion and maxi-
mum kinase activity. It has been reported that mutation of
TLQD* to 'AAA® near the cleavage site does not affect
Fam20C secretion (8). This result can be explained because the
mutated *’RIAA®? sequence still conforms to the recognition motif
of S1P. Instead, we generated cleavage-resistant Fam20C mutants
with changes in the ®’RILQ®* motif, which does not adhere to the
S1P recognition rule. The R89A, 1.91S, Q92V, and R89A/Q92V
mutants exhibited significantly decreased secretion compared with
Fam20C WT (Fig. 3 F and G). In line with the observation that
S1P prefers to cleave membrane proteins (30, 36, 50), the pro-
peptide of Fam20C ATM was not cleaved by S1P (Fig. 1 C and D).
One possibility for this is that Golgi retention by the TM domain
provides a sufficiently long duration for efficient cleavage of
Fam20C by S1P. Another possibility could be that Fam20C un-
dergoes conformational changes at the Golgi membrane that are
essential for SIP recognition and cleavage. In cultured cells,
Fam?2(0C-catalyzed protein phosphorylation was believed to occur
inside the cells (15) and mostly in the Golgi lumen and trans-Golgi
network—derived vesicles (13). However, Fam20C can also be
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partially retained in the ER and phosphorylates ER-localized
proteins under ER stress (16). Since S1P-catalyzed propeptide
cleavage of Fam20C enhances its kinase activity, we believe that
immature full-length Fam20C with basal activity can phosphory-
late specific substrates under certain conditions and that fully
active mature Fam20C phosphorylates substrates more efficiently
in the late secretory pathway after S1P cleavage.

Loss-of-function FAM20C mutations are associated with Raine
syndrome, a human skeletal disorder. Notably, some Raine syn-
drome mutants of Fam20C display mislocalization in the ER and
secretion deficiency (4, 5). In mice, Fam20c deletion results in
hypophosphatemic rickets (51, 52), as well as severe enamel (53)
and dentin defects (54, 55). The overexpression of Fam20C ac-
celerates the odontoblast mineralization process (56), and trans-
genic expression of Fam20C in osteoblasts increases cortical bone
formation and osteoclastic bone resorption in mice (57). Our data
clearly demonstrated that only the mature active form of Fam20C
can execute its function to promote osteoblast differentiation and
mineralization (Fig. 6 B and C). Moreover, the inhibition of
Fam20C cleavage decreased the phosphorylation of endogenous
OPN (SI Appendix, Fig. S6 A and B), one of the major extracel-
lular components regulating biomineralization (4), which partially
explains how the Fam20C processing defect leads to the failure of
osteoblast differentiation and mineralization. Thus, it is likely that
mature fully active Fam20C generated by S1P cleavage efficiently
phosphorylates extracellular matrix proteins (such as SIBLINGs,
including OPN) in the late secretory pathway to promote bio-
mineralization. Previous studies showed that the addition of
recombinant Fam20C protein to culture medium promotes
MC3T3-E1 osteoblast differentiation (51). In addition, Fam20A-
mediated Fam20C secretion into the extracellular space seemingly
regulates Fam20C function in biomineralization (58). Thus, it is
also possible that as a calcium-binding protein (56), autophos-
phorylated Fam20C may function to promote the mineral depo-
sition process itself. Interestingly, in C. elegans, Fam20C must also
transit into the late secretory pathway for worm fertility and em-
bryonic development (29), further underlining that proper trans-
port of Fam20C in the secretory pathway is important for its
physiological function.

Previous studies have shown that SIP is essential for mam-
malian skeletal development, possibly because S1P cleaves TM
transcription factor precursors that are required for the expres-
sion and secretion of bone matrix proteins (37, 39, 59). Our re-
sults reveal that S1P mediates the maturation of the secretory
pathway kinase Fam20C, which can directly phosphorylate
SIBLINGs that are crucial for biomineralization, providing
mechanistic insight into S1P-regulated bone development at the
posttranslational level. It should be noted that S1P is a pleiotropic
protease in the secretory pathway and participates in the process-
ing of many substrates, therefore we cannot exclude the possibility
that PF-429242 inhibits osteoblast differentiation through other
unidentified mechanisms. S1P is also known as a key regulator of
lipid metabolism and cholesterol homeostasis by converting the
SREBP transcription factors, which regulate cholesterol and fatty
acid synthesis and uptake. Interestingly, Fam20C has also been
reported to be involved in lipid transport (8) and uptake (12). Thus,
it would be interesting to investigate whether the cellular cholesterol
content and membrane lipid composition can regulate the transport
and processing of Fam20C, which shall shed new light on the
crosstalk between lipid metabolism and biomineralization.

Materials and Methods

Protein Expression and Purification. Recombinant full-length human Erola
and OPN proteins were expressed in Escherichia coli BL21 (DE3) cells and
purified as before (4, 60). Fam20C3“ was generated by inserting a HRV 3C
protease cleavage site (LEVLFQGP) between Q92 and D93. For expression in
insect cells, Fam20C protein (141 to 578), Fam20C (23 to 584), and Fam20C3¢
were cloned into the psMBP2 vector and expressed as His6-MBP fusion
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proteins (61). More details on protein purification are presented in S/ Ap-
pendix, Materials and Methods.

Cell Culture and Transfection. HeLa and HEK293T cells were cultured in Dul-
becco’s modified Eagle’s medium (Gibco; C11995500BT) respectively sup-
plemented with 5% and 10% fetal bovine serum (FBS) (Gibco; 10091-148).
Mouse preosteoblast MC3T3-E1 subclone 4 (ATCC; CRL-2593) were cultured
in Minimum Essential Medium-a (Gibco; 12571-063) supplemented with 10%
FBS. All media were supplemented with 100 units/mL penicillin and 100 pg/
mL streptomycin (Invitrogen; 15140-122), and the cells were cultured at 37 °C
with 5% CO,. More details on cell culture and transfection are presented in
SI Appendix, Materials and Methods.
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