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Fig. 1-1. Mechanism of protein glycosylation. 

 

 

Fig. 1-2. Variation of protein glycosylation in vertebrate. 
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1) N-glycosylation 
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Fig. 1-3. Mechanism of N-glycosylation. 
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2) O-glycosylation 

O-glycosylation N-glycosylation 	

N-glycosylation Asn GlcNAc

O-glycosylation Ser/Thr [10]	
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O-fucosylation [31]	 epidermal growth factor 
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O-fucose EGF-like 

repeat NeuAc-α2,3/α2,6-Gal-β1,4 -GlcNAc-β1,3-Fuc 4 TSR1

Glc-β1,3-Fuc 2 (Fig. 1-4)[43]	 

 

 

 

 

 

Fig. 1-4. Two independent O-fucosylation pathways. 
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3) C-mannosylation 
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Fig. 1-5. Structure of C-mannosyltryptophan. 

 

Fig. 1-6. Putative C-mannosylation pathway.  
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Krieg 1998 RNase2 Trp7 C-mannosylation

C-mannosylation Trp-Xaa-Xaa-Trp [48]
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3  Cathepsin V 

Cathepsin V (CTSV) cathepsin (CTS)

1 [53,54]	CTS B, C, D, E, F, G, H, K, L, O, S, V, W, 

X 14 CTSD, CTSE, CTSG 11
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[55-58]	 CTS

N pro-peptide [57,59]	

2

	 

CTS CTSB 30

[58,60]	 CTS
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N-glycosylation (Fig. 1-7)	 2

N-glycosylation

	 2 CTSV N-glycosylation

	CTSV

CTSV N-glycosylation
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Fig. 1-7. Schematic of human CTSV. 

A black box, a hatched bar, three asterisks, and two sugar chains denote the signal 

peptide, the pro-peptide, active sites, and putative N-glycosylation sites, respectively. 
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4  CCN1 

CCN1 Cyr61 (ECM)

CCN [72]	CCN CCN1~CCN6 6
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(Fig. 1-8)[72,73]	CCN1 4
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3 CCN1 O-fucosylation
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Fig. 1-8. Schematic of human CCN1. 

A black box, a gray box, a hatched bar, a checked bar, a dotted bar, and a hexagonal 

shape denote the signal peptide, the insulin-like growth factor binding protein (IGFBP) 

N-terminal domain, the von Willebrand factor type C repeat (vWC), the 

thrombospondin type-1 repeat (TSR1), the cysteine knot motif (CT), and the putative 

O-fucosylation site, respectively. 
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5  R-spondin1 

R-spondin1 (Rspo1) 2004 Kamata [80]	

Rspo Rspo1~Rspo4 4 40~60%

	 Rspo N signal 

peptide 2 furin repeat 1 TSR1 (Fig. 
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Fig. 1-9. Schematic of human Rspo1. 

A black box, two hatched bars, a gray box, and two hexagonal shapes denote the signal 

peptide, furin repeats, the thrombospondin type-1 repeat (TSR1), and two putative 

C-mannosylation sites, respectively. 
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2  Cathepsin V N-glycosylation  

N-glycosylation

	

cathepsin cathepsin B L

N-glycosylation 	

cathepsin V N-glycosylation

	 2 cathepsin V cathepsin V N-glycosylation

N-glycosylation

	 

 

1  Cathepsin V N-glycosylation  

cathepsin V (CTSV)

CTSV 221 292

N-glycosylation Asn-Xaa-Ser/Thr (Xaa ≠ Pro)

(Fig. 2-1)	N 1 N 2~3 kDa

	 SDS-PAGE N-glycosylation

	

N-glycosylation tunicamycin (TM) [92]	

CTSV N-glycosylation TM

CTSV 	 

CTSV C myc his6 CTSV-MH

(Fig. 2-2)	 N-glycosylation

TM CTSV

(Fig. 2-3)	 CTSV N-glycosylation 	  
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Fig. 2-1. Amino acid sequence of human CTSV. 

N-glycosylation consensus sequences are indicated by underlines. The locations of two 

putative N-glycosylation sites (Asn221 and Asn292) are indicated in red. 

 

 

Fig. 2-2. Establishment of a CTSV-overexpressing cell line, HT1080-CTSV-MH. 

Exponentially growing HT1080-neo and HT1080-CTSV-MH cells were lysed and each 

cell lysate was electrophoresed and immunoblotted with anti-c-myc antibody. The 

membrane after immunoblotting was visualized with CBB. 

MNLSLVLAAF CLGIASAVPK FDQNLDTKWY QWKATHRRLY GANEEGWRRA 
VWEKNMKMIE LHNGEYSQGK HGFTMAMNAF GDMTNEEFRQ MMGCFRNQKF 
RKGKVFREPL FLDLPKSVDW RKKGYVTPVK NQKQCGSCWA FSATGALEGQ 
MFRKTGKLVS LSEQNLVDCS RPQGNQGCNG GFMARAFQYV KENGGLDSEE 
SYPYVAVDEI CKYRPENSVA NDTGFTVVAP GKEKALMKAV ATVGPISVAM 
DAGHSSFQFY KSGIYFEPDC SSKNLDHGVL VVGYGFEGAN SNNSKYWLVK 
NSWGPEWGSN GYVKIAKDKN NHCGIATAAS YPNV 

CBB 
staining 

CT
SV

-M
H 

28 

(kDa) ne
o 

43 

57 

28 

43 

57 

CTSV-MH 



 21 

 

 

Fig. 2-3. Human CTSV was N-glycosylated. 

HT1080-neo and HT1080-CTSV-MH cells were treated with or without 10 µg/mL 

tunicamycin (TM) for 24 h. Cells were lysed, and each cell lysate was electrophoresed 

and immunoblotted with the indicated antibodies. 
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CTSV N-glycosylation N-glycosylation

	 CTSV

Ni-NTA agarose

	 SDS-PAGE CBB

	 40 kDa CTSV (Fig. 

2-4)	 N-glycosylation PNGase 

F Achromobacter protease I (API)

	 MALDI-TOF 

MS MS/MS 	MALDI-TOF MS PNGase F

PNGase F 2 (m/z 2123.0

2292.0) (Fig. 2-5)	 m/z
213YRPENSVADDTGFTVVAPGK232 274NLDHGVLVVGYGFEGANSDNSK295

( m/z 2123.0 2292.0) (D N-glycosylation

Asn N PNGase F Asp

)	 CTSV 221 292 Asn

N-glycosylation 	 

CTSV Asn221 Asn292 N-glycosylation

N-glycosylation site MS/MS

	 Fig. 2-6 b-ions

y-ions 	 221 292 Asn PNGase F

D 	

CTSV CTSV Asn221 Asn292 2

N-glycosylation 	  
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Fig. 2-4. Purification of recombinant CTSV protein from the conditioned medium 

of HT1080-CTSV-MH cells. 

HT1080-CTSV-MH cells were cultured in serum-free DMEM for 24 h, before the 

cultured medium was collected. The obtained cultured medium was incubated with 

Ni-NTA agarose, and the bound proteins were eluted with 300 mM imidazole. The 

proteins were electrophoresed on an SDS-polyacrylamide gel, and detected by CBB 

staining.  
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Fig. 2-5. Representative MALDI-TOF MS data for N-glycosylation of Asn221 and 

Asn292. 

Purified cathepsin V was treated with (lower) or without (upper) PNGase F, and 

subjected to SDS-polyacrylamide gels. Samples were digested with API, and the 

resulting peptides were analyzed by MALDI-TOF MS. Fragments converting Asn221 

and Asn292 with Asp by PNGase F had the expected masses of 2123.0 and 2292.0, 

respectively. Underlined “D”s indicate Asp residues converted from glycosylated Asn 

residues after treatment with PNGase F. 
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Fig. 2-6. Representative MS/MS data for N-glycosylation of Asn221 and Asn292. 

Fragment 1 (upper) and Fragment 2 (lower) (see Fig. 2-5) were analyzed by MS/MS. 

Observed peaks of these fragments are indicated b-ions and y-ions. Underlined “D”s 

indicate Asp residues converted from glycosylated Asn residues treated with PNGase F. 
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2  Cathepsin V N-glycosylation  

1) Cathepsin V  

2  1 CTSV Asn221 Asn292 2 N-glycosylation

	 CTSV Asn221 Asn292

(Gln) N-glycosylation ( N221Q

N292Q) 2 Gln (2NQ) CTSV

(Fig. 2-7)	CTSV mRNA

(Fig. 2-7 A) 	CTSV

(Fig. 2-7 B)	 SDS-PAGE

CTSV N221Q N292Q

2NQ (Fig. 2-7 B)	 CTSV

CTSV Asn221 Asn292 2 N-glycosylation

	 N221Q N292Q 2NQ

N221Q N292Q N-glycosylation
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Fig. 2-7. Establishment of mutant CTSV-overexpressing cell lines. 

(A) Total RNAs were isolated from each cell line and semi-quantitative RT-PCR was 

performed. 

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and 

immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was 

visualized with CBB. 

  

CBB 
staining 

ne
o 

w
t N2
21

Q
 

N2
92

Q
 

2N
Q

 

43 

36.5 

28 

(kDa) 

43 

36.5 

28 

CTSV-MH 

CTSV-MH 

GAPDH 
ne

o 

w
t 

N2
21

Q
 

N2
92

Q
 

2N
Q

 

CTSV-MH 

CTSV-MH 

A 

B 



 28 

2) Cathepsin V N-glycosylation  

 CTSV N-glycosylation 	

2NQ CTSV N-glycosylation

TM western blotting (Fig. 2-8)	 2NQ TM

10 µg/mL CTSV 	

TM 10 µg/mL CTSV 2NQ

	 2 CTSV Asn221 Asn292

2 N-glycosylation 	

N-glycosylation PNGase F

(Fig. 2-9)	 

N221Q N292Q N-glycosylation

	 N221Q N292Q

N-glycosylation TM TM 10 µg/mL

CTSV N221Q N292Q

TM 10 µg/mL CTSV

(Fig. 2-10)	 CTSV N221Q N292Q

N-glycosylation 	

CTSV N-glycosylation site

Table 2-1 	  
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Fig. 2-8. Inhibition of CTSV N-glycosylation by the treatment with TM. 

HT1080-neo, HT1080-CTSV-MH, and HT1080-CTSV/2NQ-MH cells were treated 

with the indicated concentrations of TM for 24 h. Cells were lysed, and aliquots of the 

cell lysates were electrophoresed and immunoblotted with the indicated antibodies. 

 

 

Fig. 2-9. Deglycosylation of CTSV by PNGase F in vitro. 

HT1080-neo, HT1080-CTSV-MH, and HT1080-CTSV/2NQ-MH cells were lysed, and 

aliquots of the cell lysates were treated with or without PNGase F for 3 h. Samples were 

electrophoresed and immunoblotted with anti-c-myc antibody. 

  

43 

36.5 

28 

(kDa) 
➖��➕���➖���➕���➖���➕� PNGase F 

neo wt 2NQ 

CTSV-MH 

CTSV-MH 

43 
36.5 

28 

(kDa) 0      0.1      1     10     0      0.1      1     10     0      10 TM (µg/mL) 

neo wt 2NQ 

CTSV-MH 

CTSV-MH 

α-tubulin 



 30 

 

Fig. 2-10. CTSV was N-glycosylated at both Asn221 and Asn292. 

HT1080-neo, HT1080-CTSV-MH, HT1080-CTSV/N221Q-MH (upper), and 

HT1080-CTSV/N292Q-MH (lower) cells were treated with the indicated concentrations 

of TM for 24 h. Cells were lysed, and aliquots of the cell lysates were electrophoresed 

and immunoblotted with the indicated antibodies. 

 

Table 2-1. N-glycosylation status of wild-type and each mutant CTSV. 

○ and × mean glycosylated and non-glycosylated site, respectively.  
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3) Cathepsin V N-glycosylation  

CTSV cathepsin

[57,58]	 CTSV

N-glycosylation

CTSV 	 CTSV

	 

GRASP65 ( )

myc CTSV

(Fig. 2-11)	 CTSV

	 

	LysoTracker(

) myc CTSV

CTSV

(Fig. 2-12)	 N221Q CTSV

(Fig. 2-12)	

N292Q 2NQ CTSV

(Fig. 2-12)	 CTSV N-glycosylation Asn292

N-glycosylation CTSV 	  
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Fig. 2-11. Effect of N-glycosylation on Golgi apparatus localization of CTSV. 

Each cell was fixed and stained with Hoechst33258 (blue; nucleus), anti-c-myc 

antibody (green; CTSV-MH), and anti-GRASP65 antibody (red; Golgi apparatus). The 

samples were observed by fluorescence microscopy. Bar, 10 µm. 
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Fig. 2-12. Effect of N-glycosylation on lysosome localization of CTSV. 

Each cell was cultured with LysoTracker (red; lysosome) and fixed. The samples were 

further stained with Hoechst33258 (blue; nucleus), and anti-c-myc antibody (green; 

CTSV-MH). The samples were observed by fluorescence microscopy. Bar, 10 µm. 
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4) Cathepsin V N-glycosylation  

CTSV 	

CTSV N-glycosylation

western blotting CTSV 	CTSV

24 24

N221Q (Fig. 2-13)	

N292Q 2NQ (Fig. 

2-13)	 CTSV N-glycosylation Asn292 N-glycosylation

CTSV 	  



 35 

 

 

 

Fig. 2-13. Effect of N-glycosylation on the secretion of CTSV. 

Each cell was cultured in serum-free DMEM for 24 h, before the cultured media and 

cell lysates were collected. Samples from the conditioned media and aliquots of the cell 

lysates were electrophoresed and immunoblotted with anti-c-myc antibody. The 

membrane after immunoblotting was visualized with CBB. 
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5) Cathepsin V N-glycosylation  

CTSV [53,54]	

CTSV N-glycosylation 	Brömme

CTSV 7-[(Cbz-L-Phe-L-Arg-) ]-4-

 (Z-FR-MCA) [69]	

	 Fig. 2-13 CTSV

N292Q 2NQ N221Q 	

N292Q 2NQ N221Q 5~10

	Fig. 2-14

	

CTSV 	

E-64

[93]	 CTSV

E-64

CTSV (Fig. 

2-14)	 	 N221Q

7 (Fig. 2-14)	

N292Q 2NQ 1 ~2

(Fig. 2-14)	 CTSV N-glycosylation Asn292

N-glycosylation CTSV 	  
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Fig. 2-14. N-glycosylation at Asn292 is required for the enzymatic activity of CTSV. 

Each cell was cultured in serum-free DMEM for 24 h, before the culture media were 

collected. The obtained cultured media were incubated with Ni-NTA agarose, and the 

bound proteins were eluted with 300 mM imidazole. Samples were dialyzed to assay 

buffer for 3 h. The amount of each protein was evaluated by western blotting using 

anti-c-myc antibody (inset). Recombinant proteins were incubated with 20 µM substrate 

(Z-FR-MCA) for 1 h at 37°C, and methylcoumarylamide hydrolysis was monitored at 

excitation and emission wavelengths of 380 nm and 460 nm, respectively. Closed 

circles, opened circles, closed triangles, opened triangles, and closed diamonds indicate 

CTSV-MH, CTSV/N221Q-M, CTSV/N292Q-MH, CTSV/2NQ-MH, and CTSV-MH in 

the presence of 10 µM E-64, respectively. 
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3   

2 CTSV CTSV N-glycosylation

	N-glycosylation TM

MALDI-TOF MS CTSV Asn221 Asn292 2

N-glycosylation 	 N-glycosylation

CTSV 	N-glycosylation Asn

Gln NQ CTSV N-glycosylation CTSV

	

N221Q

N292Q 	 CTSV

Asn292 N-glycosylation CTSV
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2  

1)  

HT1080 DMEM 10% (v/v) FBS 100 units/mL 

penicillin G 100 mg/L kanamycin 600 mg/L L-glutamine 2.25 g/L NaHCO3

37°C 5% CO2 	 

 

2) Cathepsin V  

CTSV HT1080 cDNA 	myc his6

C PCR 	myc

his6 	 

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG 

his6: CATCATCACCATCACCAT 

CTSV-myc-his6 (CTSV-MH) pCI-neo (Promega)

	 CTSV-MH (N221Q, N292Q, N221Q/N292Q (2NQ))

PCR 	 

N221Q: 5’-GAGAATTCTGTTGCTCAAGACACTGGC-3’ (forward) 

5’-GCCAGTGTCTTGAGCAACAGAATTCTC-3’ (reverse) 

N292Q: 5’-GGAGCAAATTCGCAAAACAGCAAG-3’ (forward) 

5’-CTTGCTGTTTTGCGAATTTGCTCC-3’ (reverse) 

 

3)  

HT1080 Lipofectamine LTX (LifeTechnologies)

400 µg/mL G418(Roche Applied Sciences) 	

2

(HT1080-CTSV-MH, HT1080-CTSV/N221Q-MH, HT1080-CTSV/N292Q-MH, 

HT1080-CTSV/2NQ-MH) 	 
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4) Western blot 

lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton 

X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)

	 Coomassie Brilliant Blue 

(CBB) G-250 (Bio-Rad Laboratories)

	 5 1 loading buffer (350 mM Tris-HCl, pH 

6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol)

98°C 3 SDS-PAGE 	

PVDF 5% 	1

c-myc (#sc-40; Santa Cruz Biotechnology) α-tubulin

(#T5168; Sigma) 	 2 HRP mouse IgG

(Amersham Biosciences) Immobilon Western (Millipore 

Corporation) 	 LAS4000 mini (GE healthcare) 	 

 

5) Cathepsin V  

HT1080-CTSV-MH 24 	24

Ni-NTA agarose (Qiagen) CTSV-MH Ni-NTA 

agarose 	Ni-NTA agarose CTSV-MH PBS

300 mM imidazole PBS 	

SDS-PAGE CBB R-250 	 

 

6) MALDI TOF-MS  

1% SDS 95°C 5

	1% Triton X-100 10 PNGase F (Roche 

Diagnostics GmbH) N 	N

SDS-PAGE CBB

	CBB

0.1 M Tris-HCl, pH 9.0 37°C 12 0.2 µg API
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[94]	 Zip TipC18µ (Millipore Corporation)

α-cyano-4-hydroxycinnamic acid

Ultraflex TOF/TOF MS (Bruker Daltonics) 	 

 

7) RT-PCR 

RNA Trizol (LifeTechnologies) 	1 µg RNA

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)

	PCR rTaq DNA (Takara Bio Inc.)

	RT-PCR Table 2-2

	 

 

Table 2-2. The sequences of the primers, annealing temperature, and the number 

of cycles for RT-PCR 

 

 

8) PNGase F  

4) lysis buffer Ni-NTA agarose

	300 mM imidazole PBS 0.1% SDS 50 mM 

2-mercaptoethanol 50 mM phosphate buffer (pH 7.5) 	

5 0.75% Triton X-100 2.5 units PNGase 

F (Sigma) 37°C 3 N 	 4)

western blot 	 

 

9)  

	

100 nM LysoTracker Red DND-99 (Molecular Probes)

Target gene Primer sequence Annealing
temperature

Number
of cycles

5’-TATGTCAAGGAGAACGGAGG-3’ (forward)
5’-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)
5’-TGAAGGTCGGAGTCAACGGATTTGGT-3’ (forward)
5’-CATGTGGGCCATGAGGTCCACCAC-3’ (reverse)

56°C 23CTSV

GAPDH 56°C 25
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2 	 0.1% Triton X-100

2% BSA 	CTSV-MH 1

c-myc 2 Alexa Fluor488-conjugated 

anti-mouse IgG (Molecular Probes) 	 1

GRASP65 (#sc-30093; Santa Cruz Biotechnology) 2

Alexa Fluor568-conjugated anti-rabbit IgG (Molecular Probes) 	

2 µg/mL Hoechst 33258 (Polysciences, Inc.) 	 

 

10) Cathepsin V  

CTSV Ni-NTA agarose assay buffer (50 mM 

potassium phosphate, pH 6.5, 2.5 mM EDTA, and 2.5 mM dithiothreitol) 	

20 µM Z-FR-MCA (AnaSpec) 37°C 1 CTSV

	E-64 10 µM

[93]	1 380 nm 460 nm 	 
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3  CCN1 O-fucosylation  

O-glycosylation N-glycosylation 1 	

O-glycosylation Ser Thr GalNAc

	 O-fucosylation GalNAc

fucose

O-glycosylation 	CCN1 O-fucosylation

	 3 CCN1 O-fucosylation CCN1

O-fucosylation 	 

 

1  CCN1 O-fucosylation  

CCN1 N

4 (Fig. 1-8)	 4

1 thrombospondin type-1 repeat (TSR1)

Cys-Xaa2-3-(Ser/Thr)-Cys-Xaa2-Gly Ser/Thr

O-fucosylation [42]	 CCN1

CCN1

TSR1 242 O-fucosylation

(Fig. 3-1)	 CCN1 O-fucosylation

	 CCN1 C myc his6

CCN1-MH (Fig. 3-2)	

CCN1 [75]	

CCN1 CCN1

CCN1

(Fig. 3-3)	  



 44 

 

Fig. 3-1. Amino acid sequence of human CCN1. 

O-fucosylation consensus sequence is indicated by underline. The location of putative 

O-fucosylation site (Thr242) are indicated in red. 

 

 

 

Fig. 3-2. Establishment of a CCN1-overexpressing cell line, HT1080-CCN1-MH. 

HT1080-neo and HT1080-CCN1-MH cells were lysed, and each cell lysate was 

electrophoresed and immunoblotted with anti-c-myc antibody. The membrane after 

immunoblotting was visualized with CBB. 
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Fig. 3-3. CCN1 bound to cell surface HSPGs. 

Each cell was cultured with or without 50 µg/mL heparin, and each cell lysate and 

conditioned media were electrophoresed and immunoblotted with anti-c-myc antibody. 

The membrane after immunoblotting was visualized with CBB. 
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CCN1 CCN1

	CCN1

24

CCN1 	24

Ni-NTA agarose

	 SDS-PAGE CBB

	 40 kDa CCN1

(Fig. 3-4)	

	 MALDI-TOF MS MS/MS

	MALDI-TOF MS m/z 2706.4 2868.5

Thr242 229*CIVQTTSWSQ*CSKT*CGT 

GISTR250 fucose (dHex) fucose-glucose (dHex-Hex)

m/z (T O-fucosylation Thr242

*C 	)(Fig. 3-5)	

(m/z 2560.4) 	

CCN1 242 Thr O-fucosylation

	 dHex: dHex-Hex MS

1:2 	 

CCN1 Thr242 O-fucosylation

O-fucosylation site MS/MS 	 Fig. 

3-6 y-ions 	 y8

y9 146 Da (dHex) 308 Da (dHex-Hex) 	

CCN1 CCN1 Thr242

O-fucosylation 	  
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Fig. 3-4. Purification of recombinant human CCN1 protein from the conditioned 

medium of HT1080-CCN1-MH cells. 

Cells were cultured with heparin sepharose beads for 24 h, and the beads were collected. 

The proteins bound to heparin were washed and eluted, and CCN1-MH was purified 

with Ni-NTA agarose. Samples were electrophoresed on an SDS-polyacrylamide gel 

and visualized with CBB. 

  

30 

40 

50 
60 
80 

(kDa) In
pu

t 
Un

bo
un

d 
W

as
he

d1
 

W
as

he
d2
 

W
as

he
d3
 

El
ut

ed
 

Ni-NTA 

CCN1-MH 
CBB 

staining 



 48 

 

 

 

 

Fig. 3-5. Determination of O-fucosylation site within CCN1. 

Purified CCN1 was digested with trypsin, and the resulting peptides were analyzed by 

MALDI-TOF MS. The observed masses (m/z 2706.4 and 2868.5) corresponded well to 

the expected masses of the trypsin-digested peptide 229CIVQTTSWSQCSKTCGTGIST 

R250, which contains a putative O-fucosylation site (Thr242), modified by dHex and 

dHex-Hex. Putative O-fucosylation site (Thr242) is underlined and propionamide 

cysteine is indicated in *C. 
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Fig. 3-6. Determination of O-fucosylation site within CCN1. 

The peptides modified by dHex (upper) and dHex-Hex (lower) were analyzed by 

MS/MS. Observed peaks of these fragments are the indicated y-ions. Putative 

O-fucosylation site (Thr242) is underlined and propionamide cysteine is indicated in *C. 
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2  CCN1 O-fucosylation  

1) CCN1  

3  1 CCN1 Thr242 O-fucosylation

	 CCN1 Thr242 (Ala) O-fucosylation

(T242A) CCN1 (Fig. 3-7)	CCN1

mRNA (Fig. 3-7 A)

	CCN1

T242A (Fig. 3-7 B)	  
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Fig. 3-7. Establishment of an O-fucosylation-defective mutant CCN1- 

overexpressing HT1080 cell line, HT1080-CCN1/T242A-MH cell. 

(A) Total RNAs were isolated from each cell line and semi-quantitative RT-PCR was 

performed. 

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and 

immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was 

visualized with CBB. 
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2) CCN1 O-fucosylation  

CCN1

[75]	Fig. 3-3

CCN1 	

CCN1 O-fucosylation

CCN1 	 Triton 

X-100 c-myc CCN1

	

CCN1 	

CCN1 T242A

(Fig. 3-8)	

CCN1

(Fig. 3-8)	

CCN1

CCN1 O-fucosylation 	  
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Fig. 3-8. Effect of O-fucosylation on cellular membrane localization of CCN1. 

Each cell was cultured with or without 50 µg/mL heparin. After 24 h, unpermeabilized 

cells were fixed and stained with Hoechst 33258 (blue) and anti-c-myc antibody (green). 

The samples were observed by fluorescence microscopy. Bar, 10 µm. 
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3) CCN1 O-fucosylation  

CCN1 O-fucosylation CCN1

O-fucosylation 	

western blotting CCN1

	CCN1 T242A

24 24

T242A 25% (Fig. 3-9)	

CCN1 O-fucosylation CCN1
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Fig. 3-9. Effect of O-fucosylation on CCN1 secretion. 

Each cell was cultured with 50 µg/mL heparin. After 24 h, each cell lysate and 

conditioned media were collected, and the samples were electrophoresed and 

immunoblotted with anti-c-myc antibody. The membrane after immunoblotting was 

visualized with CBB. 
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3  Pofut2 CCN1 O-fucosylation  

CCN1 O-fucosylation TSR1 O-fucose

Pofut2 	T242A CCN1

(Fig. 3-9) Thr Ala

	 CCN1 Pofut2

T242A

	CCN1 2 Pofut2

siRNA siCtrl Pofut2 	mRNA

Pofut2 RT-PCR (Fig. 3-10 A)

western blotting CCN1 	

siRNA 24 24

siCtrl 2

siPofut2 20%

(Fig. 3-10 B)	 T242A 	

CCN1 Pofut2 O-fucosylation CCN1
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Fig. 3-10. Knockdown of Pofut2 decreased CCN1 secretion. 

(A) Knockdown of Pofut2 using siRNAs. HT1080-CCN1-MH cells were treated with 

the indicated siRNAs for 72 h. Total RNAs were isolated from each cell line, and 

semi-quantitative RT-PCR was performed to confirm the knockdown efficiency of each 

gene. 

(B) Effect of knockdown of Pofut2 on CCN1 secretion. Each cell was cultured with 50 

µg/mL heparin. After 24 h, each cell lysate and conditioned media were collected, and 

the samples were electrophoresed and immunoblotted with anti-c-myc antibody. The 

membrane after immunoblotting was visualized with CBB.  
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4   

3 CCN1 CCN1 O-fucosylation

	CCN1

MALDI-TOF MS CCN1 Thr242

O-fucosylation 	 O-fucosylation CCN1

	O-fucosylation Thr Ala

TA CCN1 O-fucosylation CCN1

	 CCN1

O-fucosylation Thr242 TSR1 Pofut2

O-fucosylation siRNA Pofut2

	Pofut2 CCN1 TA

	 CCN1 O-fucosylation Pofut2

Thr242 O-fucosylation CCN1 	  
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3  

1)  

HT1080 DMEM 10% (v/v) FBS 100 units/mL 

penicillin G 100 mg/L kanamycin 600 mg/L L-glutamine 2.25 g/L NaHCO3

37°C 5% CO2 	 

 

2) CCN1  

CCN1 MDA-MB-231 cDNA

	myc his6 C

PCR 	myc his6

	 

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG 

his6: CATCATCACCATCACCAT 

CCN1-myc-his6 (CCN1-MH) pCI-neo (Promega)

	 CCN1-MH (T242A)

PCR 	 

T242A: 5’-GTCCCAGTGCTCAAAGGCCTGTGGAACTGGTATC-3’ (forward) 

5’-GATACCAGTTCCACAGGCCTTTGAGCACTGGGAC-3’ (reverse) 

 

3)  

HT1080 Lipofectamine LTX (LifeTechnologies)

400 µg/mL G418(Roche Applied Sciences) 	

2

(HT1080-CCN1-MH, HT1080-CCN1/T242A-MH) 	 

 

4) Western blot 

lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton 

X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)
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	 Coomassie Brilliant Blue 

(CBB) G-250 (Bio-Rad Laboratories)

	 5 1 loading buffer (350 mM Tris-HCl, pH 

6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol)

98°C 3 SDS-PAGE 	

PVDF 5% 	1

c-myc (#9E10, DSHB) 	 2 HRP

mouse IgG (Amersham Biosciences) Immobilon Western 

(Millipore Corporation) 	 LAS4000 mini (GE healthcare)

	 

 

5) CCN1  

50 µg/mL 24

CCN1 	

24 4) western blot

CCN1 	 

 

6) CCN1  

HT1080-CCN1-MH 1% (v/v) heparin sepharose 

6 fast flow (GE Healthcare) 24 	24 heparin 

sepharose PBS buffer A (900 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, and 20 mM imidazole) CCN1 	

Ni-NTA agarose (Qiagen) CCN1-MH Ni-NTA agarose 	

Ni-NTA agarose CCN1-MH buffer A 500 

mM imidazole buffer A 	

SDS-PAGE CBB R-250 	 
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7) MALDI TOF-MS  

SDS-PAGE CBB 	CBB

0.1 M Tris-HCl, pH 8.0 37°C 

12 0.05 µg sequencing-grade TPCK-trypsin (Worthington Biochemical)

	

Zip TipC18µ (Millipore Corporation)

α-cyano-4-hydroxycinnamic acid ultrafleXtreme 

TOF/TOF MS (Bruker Daltonics) 	 

 

8) RT-PCR 

RNA Trizol (LifeTechnologies) 	2µg RNA

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)

	PCR Quick Taq HS DyeMix(Toyobo) 	

RT-PCR Table 3-1

	 

 

Table 3-1. The sequences of the primers, annealing temperature, and the number 

of cycles for RT-PCR 

 
 

9)  

	

3% BSA 	CCN1-MH 1

c-myc 2 Alexa Fluor488-conjugated anti-mouse IgG 

(Molecular Probes) 	 2 µg/mL Hoechst 33258 (Polysciences, 

Target gene Primer sequence Annealing
temperature

Number of
cycles

5’-ATGAGCTCCCGCATCGCCAGGGCGCTCGCCTTAG-3’ (forward)
5’-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)
5’-ATGGCGACACTCAGCTTCGTCTTCCTGCTGCTG-3’ (forward)
5’-TCAGTAGGTGATCTTCCAGTGGGTGGGTTGCTC-3’ (reverse)
5’-CTTCTACAATGAGCTGCGTG-3’ (forward)
5’-TCATGAGGTAGTCAGTCAGG-3’ (reverse)

β-actin 58°C 20

CCN1 63°C 25

Pofut2 63°C 31
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Inc.) 	 

 

10) Pofut2  

HT1080-CCN1-MH 20 nM siRNA Lipofectamine RNAiMAX 

(LifeTechnologies) 	siRNA 8) RT-PCR

	 siRNA 	 

siPofut2#1: GUACUACAGAGGAUGGUUUdTdT 

siPofut2#2: CGUCAGAAAGGAAUAUGAAdTdT 

siCtrl (#4611G) Life Technologies 	 
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4  R-spondin1 C-mannosylation  

C-mannosylation 1994 	

C-mannosylation

2 mannose C-C

N-glycosylation O-glycosylation (Fig. 1- 5)	

C-mannosylation 	R-spondin1

C-mannosylation C-mannosylation

	 4 R-spondin1

C-mannosylation R-spondin1 C-mannosylation

	 

 

1  R-spondin1 C-mannosylation  

R-spondin1 (Rspo1)

Rspo1 TSR1 153 156 Trp

C-mannosylation Trp-Xaa-Xaa-Trp/Cys

(Fig. 4-1)	 Rspo1 C-mannosylation

	 Rspo1 C myc his6

Rspo1-MH (Fig. 4-2)	Rspo1

[95]	 Rspo1

Rspo1

Rspo1 (Fig. 4-3)	  
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Fig. 4-1. Amino acid sequence of human Rspo1. 

C-mannosylation consensus sequence is indicated by underline. The locations of two 

putative C-mannosylation sites (Trp153 and Trp156) are indicated in red. 

 

 

 

Fig. 4-2. Establishment of an Rspo1-overexpressing cell line, HT1080-Rspo1-MH. 

HT1080-neo and HT1080-Rspo1-MH cells were lysed, and each cell lysate was 

electrophoresed and immunoblotted with the indicated antibodies. 
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Fig. 4-3. Rspo1 bound to cell surface HSPGs. 

Each cell line was cultured with or without 50 µg/mL soluble heparin, and all lysates 

and conditioned media were electrophoresed and immunoblotted with anti-c-myc and 

anti-α-tubulin.  
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Rspo1 C-mannosylation

Rspo1 24

Rspo1 	 Rspo1

Ni-NTA agarose 	

SDS-PAGE CBB 	 38 kDa Rspo1

(Fig. 4-4)	

Asp-N 	

LC-MS MS/MS 	Rspo1 Asp-N

C-mannosylation Trp153 Trp156

152EWSPWGPCSK161 	

2 m/z 624.27 LC-MS

	 152EWSPWGPCSK161 1 2

mannose (Hex) 2 (m/z 705.31 786.33)

(Fig. 4-5)	 Rspo1

C-mannosylation 	 

Rspo1 C-mannosylation

C-mannosylation site MS/MS 	 Fig. 4-6

y-ions 	 1 mannose m/z 705.31

MS/MS y8 mannose 162 Da

(Fig. 4-6 A)	 1 mannose Trp156

Trp153 	 2 mannose

m/z 786.33 MS/MS y7 y8 1

mannose C-mannosylation

cross-ring cleavage -120 Da (Fig. 4-6 B)[39]	

2 mannose Trp153 Trp156

	 Rspo1 Rspo1 Trp153

C-mannosylation Trp153 Trp156 2

C-mannosylation 2 	  
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Fig. 4-4. Purification of recombinant human Rspo1 protein from the conditioned 

medium of HT1080-Rspo1-MH cells. 

Cells were cultured with 50 µg/mL heparin for 24 h, and the conditioned medium was 

collected. Secreted Rspo1-MH was purified with Ni-NTA agarose, and samples were 

electrophoresed on an SDS-polyacrylamide gel. The gel was visualized with CBB 

staining.  
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Fig. 4-5. Representative LC-MS data for C-mannosylation of Rspo1. 

Samples were digested with trypsin and Asp-N, and the resulting peptides were 

analyzed by LC-MS. The selected m/z (705.31 (A) and 786.33(B)) and the retention 

times were shown. Putative C-mannosylation sites are underlined. *C indicates 

propionamide cysteine. 
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Fig. 4-6. Representative LC-MS/MS data for C-mannosylation of Rspo1. 

The selected ions were further analyzed by LC-MS/MS. Indicated y-ions were detected, 

and only Trp153- (A) and both Trp153- and Trp156- (B) C-mannosylated peptides were 

observed. Putative C-mannosylation sites are underlined. *C indicates propionamide 

cysteine.  
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2  R-spondin1 C-mannosylation  

1) Lec15.2  

punctin-1 C-mannosylation

[39]	 Rspo1 C-mannosylation

	C-mannosylation mannose Dol-P-Man

Dol-P-Man CHO-K1

Lec15.2 [47]	

C-mannosylation Rspo1 	 

Dol-P-Man N-glycosylation [96]

Rspo1 N-glycosylation

[97]	 N-glycosylation Rspo1 Asn137

(Gln) N-glycosylation (N137Q)

[97]	 CHO-K1 Lec15.2

Rspo1/N137Q western blotting

	 Dol-P-Man C-mannosylation

Lec15.2 Rspo1/N137Q

(Fig. 4-7)	 Rspo1 C-mannosylation Rspo1
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Fig. 4-7. Effect of C-mannosylation on Rspo1 secretion using CHO-K1 and Lec15.2 

cells. 

CHO-K1 and Lec15.2 cells were transiently transfected with 

pCI-neo-Rspo1/N137Q-MH vector for 6 h and then cultured in serum-free medium with 

50 µg/mL heparin for 18 h. The protein samples were electrophoresed and 

immunoblotted with anti-c-myc and anti-α-tubulin. 
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2) R-spondin1  

4  1 Rspo1 Trp153 Trp156 2

C-mannosylation 4  2  1) Rspo1

C-mannosylation 	

C-mannosylation Rspo1

	 Lec15.2 N-glycosylation

C-mannosylation 	 Rspo1

Trp153 Trp156 (Ala) C-mannosylation

(W153A/W156A: 2WA) Rspo1 (Fig. 4-8)	

RT-PCR Rspo1 mRNA

(Fig. 4-8 A) 	  
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Fig. 4-8. Establishment of a C-mannosylation-defective mutant Rspo1- 

overexpressing HT1080 cell line, HT1080-Rspo1/2WA-MH cell. 

(A) Total RNA was isolated from each cell line, and semi-quantitative RT-PCR was 

performed. 

(B) Each cell was lysed, and aliquots of the cell lysates were electrophoresed and 

immunoblotted with the indicated antibodies.  
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3) R-spondin1 C-mannosylation  

Rspo1 (ER)

	 Rspo1

C-mannosylation

Rspo1 	 

KDEL (ER ) ER myc

Rspo1 	

2WA (Fig. 4-9)	

2WA Rspo1 ER 	 

	 GRASP65 (

) myc Rspo1

	 Rspo1 2WA

(Fig. 

4-10)	2WA Rspo1 Fig. 4-9

ER 	

Rspo1 C-mannosylation ER
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Fig. 4-9. Effect of C-mannosylation on ER localization of Rspo1. 

Cells were fixed and stained with Hoechst 33258 (blue), anti-c-myc antibody (green), 

and anti-KDEL antibody (red). The samples were observed by fluorescence microscopy. 

Bar, 10 µm. 

 

 

Fig. 4-10. Effect of C-mannosylation on Golgi apparatus localization of Rspo1. 

Cells were fixed and stained with Hoechst 33258 (blue), anti-c-myc antibody (green), 

and anti-GRASP65 antibody (red). The samples were observed by fluorescence 

microscopy. Bar, 10 µm. 
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4) R-spondin1 C-mannosylation  

 Rspo1 ER C-mannosylation

Rspo1 C-mannosylation 	

western blotting Rspo1 	Rspo1

2WA 24

24 2WA

20% (Fig. 4-11)	 Rspo1

C-mannosylation Rspo1

	 2WA Rspo1

(Fig. 4-12)	 Rspo1 C-mannosylation Rspo1
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Fig. 4-11. Effect of C-mannosylation on Rspo1 secretion. 

Each cell was cultured with 50 µg/mL heparin. After 24 h, each cell lysate and 

conditioned media were collected, and the samples were electrophoresed and 

immunoblotted with the indicated antibodies.  
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Fig. 4-12. Effect of C-mannosylation on the kinetics of Rspo1 secretion. 

Cells were cultured with 50 µg/mL heparin, and conditioned media were collected at the 

indicated times, electrophoresed, and immunoblotted with anti-c-myc antibody. Protein 

bands were quantified by using ImageJ software. The amount of wild-type Rspo1 at 24 

h was defined as 100%.   
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5) R-spondin1 C-mannosylation Wnt/β-catenin  

Rspo1 Wnt3a Wnt/β-catenin

[85,86]	 Wnt/β-catenin

TopFlash Rspo1 C-mannosylation

Wnt/β-catenin 	Fig. 4-11

2WA Rspo1 	

2WA Rspo1 Wnt/β-catenin

2WA

	Fig. 4-13

2WA 	

Rspo1 Wnt/β-catenin

	TCF/LEF

TopFlash TCF/LEF

FopFlash 293T Wnt3a

Rspo1

Rspo1 Wnt/β-catenin 	

Rspo1 2WA 15%

(Fig. 4-13)	 Rspo1 C-mannosylation Rspo1

Wnt/β-catenin 	  
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Fig. 4-13. Effect of C-mannosylation on Rspo1-mediated enhancement of Wnt 

signaling. 

Recombinant Rspo1 and Rspo1/2WA were purified from each cell line, and the 

amounts of proteins were equalized by western blot (inset). 293T cells were transfected 

with TopFlash or FopFlash in the presence of 10% Wnt3a conditioned medium and 

treated with equal amounts of purified Rspo1. After 24 h, luciferase activities were 

measured and normalized to Renilla luciferase. Non-C-mannosylated Rspo1 slightly 

enhanced Wnt signaling activity. Data shown are means ± s.d. *, P < 0.05 compared 

with FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of 

vehicle control treatment. ***, P < 0.05 compared with TopFlash of vehicle control and 

wild-type Rspo1 treatments. 
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3  R-spondin1 C-mannosylation  

1) S2  

TSR1

C-mannose Dpy19 [50]	

C-mannose 	 Dpy19

DPY19L1~L4 4 	 Rspo1

Trp153 Trp156 2 C-mannosylation DPY19L1~L4

	 Rspo1 C-mannosylation

	 

S2 C-mannosylation

[46]	 S2 C-mannose

C-mannosylation Buettner

Dpy19 C-mannose S2

[50]	 S2 DPY19L1~L4

DPY19L1~L4

	 RT-PCR (Fig. 4-14)	

Rspo1 Rspo1 	

4  1 LC-MS 	

DPY19L1~L4 (mock) Rspo1

LC-MS mannose

(Fig. 4-14)	 S2

C-mannosylation 	 DPY19L1~L4

Rspo1 LC-MS 	

Rspo1 (Fig. 4-14)	

DPY19L3 Rspo1 1 mannose

(Fig. 4-14)	2 mannose

Rspo1 (Fig. 4-14)	  
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Fig. 4-14. Identification of DPY19L3 as a C-mannosyltransferase of Rspo1. 

Human DPY19L1-L4- or empty vector (mock)-expressing Drosophila S2 cells were 

transiently transfected with pMT-Rspo1-MH, and protein expression was induced by 

200 µM CuSO4 for 72 h. Rspo1-MH protein was purified by tandem affinity 

chromatography, heparin sepharose, and Ni-NTA agarose. The samples were digested 

with trypsin and Asp-N, and the resulting peptides were analyzed by LC-MS/MS. 

Mono-mannosylated peptide was observed only when the protein was synthesized in 

DPY19L3-expressing S2 cells. *C indicates propionamide cysteine. 
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1 mannose Trp153 Trp156

MS/MS 	MS/MS DPY19L3

Rspo1 1 mannose

	 Fig. 4-15 y-ions 	

y5 mannose 162 Da

	 y6 1 mannose

y7, y8 mannose 162 Da

cross-ring cleavage -120 Da 42 Da

1 mannose Trp156

(Fig. 4-15)	 Rspo1 Trp156 C-mannose

DPY19L3 	  
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Fig. 4-15. Identification of DPY19L3-mediated C-mannosylation site of Rspo1. 

Unmannosylated (upper) and mono-mannosylated peptides (lower) derived from 

DPY19L3-expressing S2 cells were further analyzed by LC-MS/MS. Indicated y-ions 

were detected, and signals resulting from the characteristic cross-ring cleavages were 

observed at the y7 and y8 ions in mono-mannosylated peptide. #W and *C indicate 

C-mannosyltryptophan and propionamide cysteine, respectively. 
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2) siRNA  

S2 Rspo1 Trp156 C-mannose

DPY19L3 	 DPY19L3 Rspo1 Trp156

C-mannose 	 

Rspo1 HT1080 DPY19L1~L4

mRNA RT-PCR 	 DPY19L2 DPY19

(Fig. 4-16)	

DPY19L2 [98]	S2

DPY19L2 Rspo1 C-mannose

DPY19L2

	 

 

 

Fig. 4-16. Expression of DPY19 members in HT1080-Rspo1-MH cells. 

Total RNA was isolated from HT1080-Rspo1-MH cells, and semi-quantitative (left) 

and quantitative (right) RT-PCR was performed. Absolute copy number of mRNA 

transcript per 10 ng of total RNA was calculated by quantitative RT-PCR. DPY19L2 

expression was lower versus the others.   
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DPY19L1 DPY19L3 DPY19L4

Rspo1 MS Trp156 C-mannosylation

	 siRNA

RT-PCR 	

(Fig. 4-17)	

siRNA Rspo1

MALDI-TOF MS 	 4  1 LC-MS

Trp153 C-mannosylation

(mono) Trp153 Trp156 2 C-mannosylation (di) 2

(Fig. 4-18)	 2

siLuc mono: di 42: 58

siDPY19L1 siDPY19L4 44: 56 55: 45

(Fig. 4-18)	 siDPY19L3 mono: di 92: 8

Trp156 C-mannosylation (Fig. 4-18)	

DPY19L3 Rspo1 Trp156

C-mannose 	  
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Fig. 4-17. Knockdown of DPY19L1, DPY19L3, and DPY19L4. 

Total RNA was isolated from each cell line, and quantitative RT-PCR was performed. 

Significant knockdown efficiency was observed for each siRNA against its target gene. 
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Fig. 4-18. Identification of C-mannosyltransferase of Rspo1 in human cells. 

HT1080-Rspo1-MH cells were treated with the indicated siRNAs, and conditioned 

media were collected. Recombinant Rspo1 was purified with Ni-NTA agarose, and the 

samples were digested with trypsin and Asp-N. The resulting peptides were analyzed by 

MALDI-TOF MS. siDPY19L3 changed the ratio of 2 peptides compared with siCtrl: 

the signal intensity from the di-mannosylated peptide at W153 and W156 (m/z 1919.0) 

declined, although that of the mono-mannosylated peptide at W153 (m/z 1756.9) 

increased. #W and *C indicate C-mannosyltryptophan and propionamide cysteine, 

respectively. The ratio of mono-mannosylated: di-mannosylated Rspo1 was calculated 

from each peak area.  
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4  DPY19L3 R-spondin1 C-mannosylation  

4  2  1) 4) Rspo1 C-mannosylation

	 4  3 Rspo1 Trp156 C-mannose

DPY19L3 	 DPY19L3 Rspo1 Trp156

C-mannosylation Rspo1 	 

Fig. 4-17 siRNAs Rspo1

	 siLuc siDPY19L1

siDPY19L4 siDPY19L3 Rspo1

(Fig. 4-19)	

siDPY19L3 DPY19L3 siRNA(siDPY19L3#2)

	 siRNA DPY19L3

RT-PCR siRNA

DPY19L3 (Fig. 4-20)	 siRNA

Rspo1 	

siDPY19L3 Rspo1 (Fig. 4-21)	

DPY19L3 Rspo1 Trp156 C-mannosylation Rspo1
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Fig. 4-19. Effect of knockdown of DPY19L1, DPY19L3, or DPY19L4 on Rspo1 

secretion. 

HT1080-Rspo1-MH cells were treated with the indicated siRNAs, and cell lysates and 

conditioned media were electrophoresed and immunoblotted with the indicated 

antibodies. 

  

28.0 

36.5 
43.0 

(kDa) 

36.5 
43.0 

α-tubulin 

Rspo1 

Rspo1 

si
DP

Y1
9L

1 
si

DP
Y1

9L
3 

si
DP

Y1
9L

4 

si
Ct

rl 

Intracellular 

Extracellular 



 91 

 

 

 

Fig. 4-20. Knockdown of DPY19L3. 

HT1080-Rspo1-MH cells were treated with the indicated siRNAs. Total RNA was 

isolated from each cell line, and quantitative RT-PCR was performed. Significant 

knockdown efficiency was observed for each siRNA against its target gene. 
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Fig. 4-21. Effect of knockdown of DPY19L3 on Rspo1 secretion. 

HT1080-Rspo1-MH cells were treated with the indicated siRNAs. Each cell line was 

cultured, and cell lysates and conditioned media were electrophoresed and 

immunoblotted with the indicated antibodies. 
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5  DPY19L3 R-spondin1 C-mannosylation Wnt/β-catenin 

        

4  2  5) C-mannosylation

Rspo1/2WA Rspo1 C-mannosylation Wnt/β-catenin

	 2 Trp Ala

	

2 	 

 

1) S2  

4  3  1) S2

C-mannosylation Rspo1 S2

DPY19L3 Trp156 C-mannosylation Rspo1

(Fig. 4-14, 4-15)	 Rspo1

DPY19L3 Rspo1 Trp156 C-mannosylation Wnt/β-catenin

	 4  2  5)

DPY19L3 S2 Rspo1 mock

(Fig. 4-22)	 DPY19L3 Rspo1

Trp156 C-mannosylation Wnt/β-catenin
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Fig. 4-22. Effect of C-mannosylation of Rspo1 at W156 on Wnt signaling enhancing 

activity. 

Recombinant Rspo1 proteins produced by mock- or DPY19L3-transfected S2 cells were 

purified, and the amounts of proteins were equalized by western blot (inset). 293T cells 

were transfected with TopFlash or FopFlash in the presence of 10% Wnt3a-conditioned 

medium and treated with equal amounts of purified Rspo1 proteins. After 24 h, 

luciferase activities were measured and normalized to Renilla luciferase. 

C-mannosylated Rspo1 at W156 (produced by DPY19L3-expressing S2 cells) had 

increased activity compared with non-C-mannosylated Rspo1 (produced by 

mock-transfected S2 cells). Data shown are means ± s.d. *, P < 0.05 compared with 

FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of vehicle 

control treatment. ***, P < 0.05 compared with TopFlash of vehicle control and 

mock-produced Rspo1 treatments. 
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2) siRNA  

4  3  2) DPY19L3 siRNA

Rspo1 Trp153 C-mannosylation

(Fig. 4-18)	 siRNA Rspo1

Rspo1 DPY19L3 Rspo1 Trp156 C-mannosylation

Wnt/β-catenin 	 4  2  5)

DPY19L3

Rspo1 (Fig. 4-23)	 Trp153

C-mannosylation Rspo1 2 C-mannosylation Rspo1

	 Rspo1

Trp153 Trp156 2 C-mannosylation C-mannosylation

Wnt/β-catenin
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Fig. 4-23. Effect of C-mannosylation of Rspo1 at W153 on Wnt signaling enhancing 

activity. 

HT1080-Rspo1-MH cells were treated with siGFP or siDPY19L3, and conditioned 

media from each cell was collected. Rspo1 proteins were purified from the conditioned 

media of siGFP- or siDPY19L3-treated cells, and the amounts of proteins were 

equalized by western blot (inset). 293T cells were transfected with TopFlash or 

FopFlash in the presence of 10% Wnt3a-conditioned medium and treated with equal 

amounts of purified Rspo1 proteins. After 24 h, luciferase activities were measured and 

normalized to Renilla luciferase. W153-C-mannosylated Rspo1 (produced by 

siDPY19L3-treated cells) had almost same activity compared with wild-type Rspo1 

(produced by siGFP-treated cells). Data shown are means ± s.d. *, P < 0.05 compared 

with FopFlash of vehicle control treatment. **, P < 0.05 compared with TopFlash of 

vehicle control treatment. ns, not significant. 
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6   

4 Rspo1 Rspo1 C-mannosylation

	Rspo1

LC-MS Rspo1 Trp153

Trp153 Trp156 2 C-mannosylation

	 C-mannosylation Rspo1 	

C-mannosylation Trp153 Trp156 2 Trp Ala

2WA Lec15.2 Rspo1

C-mannosylation Rspo1 Wnt

	 C-mannose

Dpy19

DPY19L1~L4 Rspo1 Trp153 Trp156 C-mannose

C-mannosylation S2 	

Rspo1 Trp156 C-mannose DPY19L3

	 DPY19L3

Rspo1 Trp156 C-mannosylation MALDI-TOF MS 	

DPY19L3 Rspo1

Rspo1 2WA 	 Rspo1 Trp156

C-mannosylation DPY19L3 C-mannosylation Rspo1
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4  

1)  

HT1080 293T

DMEM 10% (v/v) FBS 100 units/mL penicillin G 100 mg/L kanamycin 600 mg/L 

L-glutamine 2.25 g/L NaHCO3 37°C 5% CO2

	 

CHO-K1 Lec15.2

Ham’s F-12K 5% (v/v) FBS 100 units/mL penicillin G 100 mg/L kanamycin 2.5 

g/L NaHCO3 37°C 5% CO2 	 

S2 Schneider’s Drosophila medium (Life 

Technologies) 10% (v/v) FBS 100 units/mL penicillin G 100 mg/L 

kanamycin 25°C 	 

 

2)  

Rspo1 PC3 cDNA

	myc his6 C PCR

	myc his6 	 

myc: GAACAAAAACTCATCTCAGAAGAGGATCTG 

his6: CATCATCACCATCACCAT 

Rspo1-myc-his6 (Rspo1-MH) pCI-neo (Promega)

	 Rspo1-MH (W153A/W156A (2WA))

PCR 	 

W153A: 5’-GTGAAATGAGCGAGGCGTCTCCGTGGGGGC-3’ (forward) 

5’-GCCCCCACGGAGACGCCTCGCTCATTTCAC-3’ (reverse) 

W156A: 5’-GTCTCCGGCGGGGCCCTGC-3’ (forward) 

5’-GCAGGGCCCCGCCGGAGAC-3’ (reverse) 

 

S2 Rspo1-myc PCR pMT-PURO (RIKEN 
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BioResource Center) [99]	 

DPY19L1, DPY19L3, DPY19L4 HT1080 cDNA

	 DPY19L2 PC3 cDNA

	 C myc PCR pIZ

(LifeTechnologies) 	 

 

3)  

HT1080 Lipofectamine LTX (LifeTechnologies)

400 µg/mL G418(Roche Applied Sciences) 	

2

(HT1080-Rspo1-MH, HT1080-Rspo1/2WA-MH) 	 

 

4) Western blot 

lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton 

X-100, 1% sodium deoxycholate, and 1 mM phenylmethylsulfonyl fluoride)

	 Coomassie Brilliant Blue 

(CBB) G-250 (Bio-Rad Laboratories)

	 5 1 loading buffer (350 mM Tris-HCl, pH 

6.8, 30% glycerol, 0.012% bromophenol blue, 6% SDS, and 30% 2-mercaptoethanol)

98°C 3 SDS-PAGE 	

PVDF 5% 	1

c-myc (#C3956; sigma) α-tubulin (#T5168; Sigma)

	 2 HRP mouse IgG (Amersham Biosciences)

HRP rabbit IgG (Amersham Biosciences)

Immobilon Western (Millipore Corporation) 	 LAS4000 mini 

(GE healthcare) 	 
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5) Rspo1  

50 µg/mL 24

Rspo1 	

24 4) western blot

Rspo1 	 

 

6) Rspo1  

HT1080-Rspo1-MH 50 µg/mL

24 	24

PBS 	 8M Ni-NTA 

agarose Rspo1-MH Ni-NTA agarose 	 Ni-NTA 

agarose buffer A (900 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 

and 20 mM imidazole) 500 mM imidazole

buffer A 	 SDS-PAGE CBB 

R-250 	 

 

7) LC-MS  

SDS-PAGE CBB 	CBB

0.1 M Tris-HCl, pH 8.0 37°C 

12 0.05 µg Asp-N (sequencing grade, Roche) trypsin (TPCK-treated, 

Worthington Biochem. Co.)

	 nano ESI spray column 

(NTCC analytical column, C18, φ75 µm x 100 mm, 3 µm, Nikkyo Technos Co., Ltd.)

nanoflow LC (Easy nLC, Thermo Fisher Scientific)

nanospray Q-Exactive mass spectrometer (Thermo Fisher Scientific)
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8) CHO-K1 Lec15.2  

CHO-K1 Lec15.2 pCI-neo-Rspo1/N137Q-MH [97]

Lipofectamine LTX 	6 PBS

50 µg/mL 18

Rspo1/N137Q 	 24

4) western blot Rspo1/N137Q 	 

 

9) RT-PCR 

RNA Trizol (LifeTechnologies) 	2 µg RNA

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems)

	PCR Quick Taq HS DyeMix(Toyobo) 	

Semi-quantitative RT-PCR

Table 4-1 	 

 

Table 4-1. The sequences of the primers, annealing temperature, and the number 

of cycles for semi-quantitative RT-PCR. 

 
 

quantitative RT-PCR KOD SYBR qPCR Mix (TOYOBO) ABI 

7500 Real-time PCR System (Applied Biosystems) 	Quantitative 

RT-PCR Table 4-2 	 

Target gene Primer sequence Annealing
temperature

Number of
cycles

5’-CTCTGCTCTGAAGTCAACGG-3’ (forward)
5’-GTGATGGTGATGATGCAGATCCTCTTCTGAGATGAG-3’ (reverse)
5’-GGCATCACTGATCTGCTCAA-3’ (forward)
5’-AAGGGAGTTTTCCCAGCATT-3’ (reverse)
5’-ATGAGAAAACAAGGAGTAAGCTCAAAGCGG-3’ (forward)
5’-CAATGTAAAATTGCCACAAAGACAG-3’ (reverse)
5’-AGTTCTGGCCAGGAATGATG-3’ (forward)
5’-ACGTAGGGAGGCAGGTTTCT-3’ (reverse)
5’-GCCAAATTGCTGCACTTACA-3’ (forward)
5’-GCAGGGATTCTTGACAGAGG-3’ (reverse)
5’-CTTCTACAATGAGCTGCGTG-3’ (forward)
5’-TCATGAGGTAGTCAGTCAGG-3’ (reverse)
5’-GTCCTATGATGAAATTAAGGCCAAG-3’ (forward)
5’-GTCGTACCAAGAGATCAGCTTCAC-3’ (reverse)

GAPDH2 60°C 25

DPY19L4 60°C 25

β-actin 58°C 20

DPY19L2 60°C 25

DPY19L3 60°C 25

Rspo1 63°C 25

DPY19L1 60°C 25
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Table 4-2. The sequences of the primers and annealing temperature for 

quantitative RT-PCR. 

 
 

10)  

	 0.1% Triton X-100

3% BSA 	Rspo1-MH

1 c-myc (#sc-40; Santa Cruz Biotechnology #C3956; 

sigma) 	 1 GRASP65

(#sc-30093; Santa Cruz Biotechnology) 	ER 1

KDEL (#ADI-SPA-827; Enzo Life Sciences) 	 1

2 Alexa Fluor488-conjugated anti-mouse IgG (Molecular Probes)

Alexa Fluor568-conjugated anti-rabbit IgG (Molecular Probes) 	

2 µg/mL Hoechst 33258 (Polysciences, Inc.) 	 

 

11) Luciferase assay 

Luciferase assay Rspo1

	 1% (v/v) heparin 

sepharose 6 fast flow (GE Healthcare) 24 	24

Target gene Primer sequence Annealing
temperature

5’-CTCTGCTCTGAAGTCAACGG-3’ (forward)
5’-CACTCGCTCATTTCACATTG-3’ (reverse)
5’-GGCATCACTGATCTGCTCAA-3’ (forward)
5’-AAGGGAGTTTTCCCAGCATT-3’ (reverse)
5’-GAAAAGGCTTGGAGCTAGAGGTG-3’ (forward)
5’-GATGAGAGGTGAGAGAAATGACGA-3’ (reverse)
5’-CCCTGAAATATGGGAGTTACTTCTG-3’ (forward)
5’-CACAGCCTTTCTTGGAGTGTTAG-3’ (reverse)
5’-GCCAAATTGCTGCACTTACA-3’ (forward)
5’-GCAGGGATTCTTGACAGAGG-3’ (reverse)
5’-CTTCTACAATGAGCTGCGTG-3’ (forward)
5’-TCATGAGGTAGTCAGTCAGG-3’ (reverse)

DPY19L4 60°C

β-actin 58°C

DPY19L2 60°C

DPY19L3 60°C

Rspo1 63°C

DPY19L1 60°C
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heparin sepharose PBS buffer A (900 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 1.8 mM KH2PO4, and 20 mM imidazole) Rspo1

	 Ni-NTA agarose (Qiagen) Rspo1-MH Ni-NTA agarose

	Ni-NTA agarose Rspo1-MH buffer A 3

500 mM imidazole buffer A 	 VIVASPIN 

500 (Sartrius) PBS

	 western blot 	 

293T Super 8×TopFlash (Addgene plasmid 12456) Super 

8×FopFlash (Addgene plasmid 12457)[100] phRL-TK (Promega)

10% (v/v) Wnt3a conditioned medium[101]

Rspo1 	24 	 

 

12) S2 Rspo1  

S2 pIZ (mock) pIZ-DPY19L1 (DPY19L1) pIZ-DPY19L2 (DPY19L2)

pIZ-DPY19L3 (DPY19L3) pIZ-DPY19L4 (DPY19L4) FuGENE HD Transfection 

Reagent (Promega) 	 150 µg/mL Zeocin 

(LifeTechnologies) 	 2

DPY19 	 

pMT-Rspo1-MH 6

200 µM CuSO4 Rspo1-MH

	72 11)

Rspo1-MH 	 LC-MS 7)

	Luciferase assay Rspo1 western blot

11) 	 

 

13) DPY19  

HT1080-Rspo1-MH 20 nM siRNA Lipofectamine RNAiMAX 

(LifeTechnologies) 	siRNA 9) RT-PCR
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	 siRNA 	 

siLuc, CGUACGCGGAUACUUCGAdTdT 

siDPY19L1, GCACUUCGGCCCAUUGUGAdTdT 

siDPY19L3, GGAUAUGUAUAAUGCGAUAdTdT 

siDPY19L3#2, GAAACUGCCUACAACUUAAdTdT 

siDPY19L4, GGUGUGUACUCUGACAAUAdTdT 

siGFP (#AM4626) Applied Biosystems 	 

 

14) DPY19 Rspo1  

13) DPY19

6) Rspo1 	

MALDI-TOF MS 	 

 

15) MALDI-TOF MS 

SDS-PAGE CBB 	CBB

0.1 M Tris-HCl, pH 8.0 37°C 

12 0.05 µg sequencing-grade modified trypsin (Promega) Asp-N (Roche 

Diagnostics)

	 Zip TipC18µ (Millipore Corporation)

α-cyano-4-hydroxycinnamic acid ultrafleXtreme 

TOF/TOF MS (Bruker Daltonics) 	 
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5   

	

	

	

	

	 N O C GPI

4

	 N O C 3

	 3

	 3 3

	 

 

1) HT1080 CTSV

N-glycosylation TM

CTSV N-glycosylation 	 CTSV

MALDI-TOF MS, MS/MS CTSV Asn221 Asn292 2

N-glycosylation 	 

2) CTSV Asn221 Asn292 Gln N221Q N292Q 2NQ 

(N221Q/N292Q) N-glycosylation

TM N221Q N292Q
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N-glycosylation 	

N-glycosylation 	

2NQ TM SDS-PAGE

CTSV CTSV Asn221

Asn292 N-glycosylation 	 

3) CTSV CTSV N-glycosylation

CTSV N-glycosylation

	 CTSV CTSV

Asn221 Asn292 N-glycosylation Asn292 N-glycosylation

Asn292 N-glycosylation CTSV

	 

4) HT1080 CCN1

CCN1 O-fucosylation

MALDI-TOF MS, MS/MS O-fucosylation

fucose fucose-glucose

CCN1 Thr242

O-fucosylation 	 

5) CCN1 Thr242 Ala T242A

CCN1 O-fucosylation

CCN1 O-fucosylation CCN1

	 CCN1 O-fucosylation

Pofut2 Pofut2

CCN1 T242A

Pofut2 CCN1 Thr242 O-fucosylation

	 

6) HT1080 Rspo1
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Rspo1 C-mannosylation

LC-MS, MS/MS C-mannosylation

Trp153 Trp153 Trp156 2

Rspo1

C-mannosylation 	 

7) Rspo1 Trp153 Trp156 Ala 2WA(W153A/W156A)

Rspo1

C-mannosylation Rspo1

C-mannosylation Rspo1 Wnt

	 

8) S2 Rspo1 C-mannosylation

DPY19L3 Trp156

C-mannose 	 Rspo1 HT1080

DPY19L3 siRNA

Rspo1 MALDI-TOF MS

DPY19L3 Rspo1 Trp156 C-mannose

	 

9) Rspo1 HT1080 siRNA DPY19L3

Rspo1 	 

10) Rspo1 Trp156 C-mannosylation DPY19L3

DPY19L3 Rspo1

2WA DPY19L3 Rspo1 Trp156

C-mannosylation 	 

 

3

	 

CTSV N-glycosylation N-glycosylation

	 CTSB CTSL
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[65,66]	 CTSV CTSL 78%

CTSV [53]	 CTSV

CTSV

CTSV

N-glycosylation

	 

CCN1 O-fucosylation O-fucosylation

	CCN1 4

	 CCN1

[72,73]	CCN1

CCN1 CCN1

O-fucosylation 	CCN1 O-fucosylation

Pofut2

[102] O-fucosylation CCN1

CCN1

O-fucosylation Pofut2

CCN1 	 

Rspo1 Trp156 C-mannose DPY19L3

	 C-mannose Buettner

Dpy19 [50]

	 Rspo1 Trp156 DPY19L3

C-mannose DPY19

DPY19L1 DPY19L2 DPY19L4 	 DPY19L3

Rspo1 Trp156 C-mannose

DPY19 	

Dpy19 DPY19L1 DPY19L3 DPY19L4
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3

DPY19L1 DPY19L1 DPY19L2 2 4

[103]	 4

	 DPY19

O-fucosylation

	 DPY19L2

[98]	 DPY19

	

C-mannosylation C-mannosylation

RNase2 [48] Julenius

C-mannosylation 69

[52]	 C-mannosylation

C-mannose DPY19

	 

Rspo1 Trp153 C-mannose 	

Rspo1 Trp153 DPY19

DPY19

C-mannose 	Buettner

Dpy19 C-mannosylation mannose

Dol-P-Man N-glycosylation N

Dol-PP-GlcNAc2Man9Glc3

[50]	 C-mannosylation N-glycosylation

Dpy19 	 Rspo1 Trp153

C-mannosylation

	 

3
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C-mannosylation

C-mannose C-mannose

C-mannosylation 	
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