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Supplemental Methods  

 

Isolation of SEVs  

Isolation of SEVs was performed as previously described (1). Conditioned medium (CM) from 

cultured cells was subjected to sequential centrifugation steps: 2,000 x g for 20 minutes and 10,000 x 

g for 30 minutes. The resulting supernatant was further centrifuged at 100,000 x g in a SW55Ti 

swinging bucket rotor (Beckman Coulter, Brea, CA, USA) for 70 minutes as described (2). SEVs were 

then washed with PBS and pelleted again by ultracentrifugation at 100,000 x g for one hour. 

 

Sucrose density gradient.  

Sucrose density gradients were performed to purify SEVs. SEVs were resuspended in 2.5 M sucrose. 

The SEV suspension was overlaid with a step sucrose gradient (2.0-0.25 M sucrose) and was 

ultracentrifuged at 100,000 x g for 2.5 hours in a Beckman SW41Ti rotor (3). Gradient fractions of 1 

ml were collected from top to bottom and protein content was enriched by centrifugation at 100,000 x 

g for one hour. 

 

Isolation of SEVs from serum sample 

Using the MagCapture™ Exosome Isolation Kit PS (FUJIFILM Wako Pure Chemical Corporation, 

Osaka, Japan), SEVs were purified from 100 µl of human serum or 500 µl of mouse serum according 

to the manufacturer’s protocol except for the elution step. Since Tim4 binds phosphatidylserine on the 

surface of the exosome in a calcium ion-dependent manner (4), plasma containing chelating agents 

such as EDTA and citric acid were not desirable. 

 

ELISA for measuring mAb affinity 

ELISA were performed as previously described (5, 6). For measuring mAb affinity, 100 μl of 

recombinant glutathione S-transferase (GST)-CKAP4-extracellular domain (ECD) or GST protein (1 



3 
 

nM) in reagent diluent (1% bovine serum albumin in PBS) were incubated in 96-well plates (9018, 

Corning) overnight at 4 °C. The plate was washed with a wash buffer (0.05% Tween 20 in PBS) three 

times and incubated with a reagent diluent for one hour at room temperature (RT). The plate was then 

incubated with CKAP4 mAb, which was biotinylated using a Biotin Labeling Kit-NH2 (DOJINDO, 

Kumamoto, Japan), in reagent diluent for one hour at RT.  

 

Sandwich ELISA for measuring DKK1 concentration 

DKK1 concentrations were measured using a commercially available Human Dkk-1 Quantikine 

ELISA kit (DKK100B, R&D Systems, Inc., Minneapolis, MN), according to the manufacturer’s 

instructions. 

 

Immunohistochemical studies of CKAP4 in PDAC tissues.  

Immunohistochemical studies were performed as previously described (7). The proportion of the 

immunohistochemical staining areas of CKAP4 in the tumor lesion was classified into four 

categories (Negative; < 5%, Low; 5-20%, Medium; 20-50%, and High; 50-95%). At least three 

investigators assessed the sections independently in a blinded fashion. 

 

Determination of the epitopes of anti-CKAP4 mAbs. 

Pepspot analysis was performed as previously described (8). The epitopes recognized by various 

anti-CKAP4 mAbs were predicted using a pepspot analysis according to the manufacturer’s 

instructions (JPT Peptide Technologies, Berlin, Germany). Pepspot membranes contain 49 peptides, 

each 17-amino acids in length with 7-amino acids overlapping adjacent peptides; each membrane 

was probed with 2 µg/ml each antibody. Bound antibodies were detected using horseradish 

peroxidase (HRP)-conjugated secondary antibodies and detection was performed using ECL or ECL 

select (GE healthcare, Buckinghamshire, England). All blots were exposed using an ImageQuant 
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LAS4000 mini system (GE healthcare). 

 

Xenograft tumor formation assay   

Xenograft tumor assays were performed as previously described (7, 9) with modification. Six-week-

old male BALB/cAnNCrj-nu immunodeficient mice (Charles River Laboratory Japan Inc., Osaka, 

Japan) were anesthetized with a combination of medetomidine (0.3 mg/kg body weight) and 

midazolam (4 mg/kg). The mice then received a dorsal subcutaneous injection of S2-CP8 (3 x 106 

cells), HPAF-II (3 x 106 cells), or A549 (5 x 106 cells) cells suspended in 200 µl of PBS.  

To examine effects of the anti-CKAP4 antibody, mice were divided into two groups when the 

average tumor size reached 50 - 100 mm3. Anti-CKAP4 antibody (25, 50, 200, or 1000 µg/body), 

control IgG (50, 200, or 1000 µg/body), or GEM (400 or 1000 µg/body) were injected into the 

intraperitoneal cavity twice per week for 2 weeks (at days 0, 3, 7, 10,15, and 17 for S2-CP8 and HPAF-

II cells) and for 3.5 weeks (at days 0, 4, 9, 12, 16, 18, and 22 for A549 cells). Immunodeficient mice 

were then sacrificed at 21 days for S2-CP8 and HPAF-II cells and at 25 days for A549 cells after 

antibody treatment. The areas containing transplanted cells were measured and weighed. Tumor 

volumes were calculated using the following formula: (major axis) x (minor axis) x (minor axis) x 0.5 

(10). 

 

Generation of CKAP4 or DKK1 KO cells 

Generation of KO cells using the CRISPR/Cas9 system were performed as previously described (1, 

11) with modification. The target sequence for human CKAP4, 5’gggtgggcacccttctccga--3’, and human 

DKK1, 5’-tacccgggtctttgtcgcgatgg-3’, was designed with the help of CRISPR Genome Engineering 

Resources (http://crispr.mit.edu/) (12). Plasmids expressing hCas9 and sgRNA sequences targeting 

CKAP4 or DKK1 were prepared by ligating oligonucleotides into the BbsI site of pX458 (Addgene 

plasmid #48138; Addgene, Cambridge, MA, USA) or the BbsI site of pX459 (Addgene plasmid 

http://crispr.mit.edu/
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#48139; Addgene), respectively. Plasmid pX458 with sgRNA sequences targeting CKAP4 or plasmid 

pX459 with sgRNA sequences targeting DKK1 and a Bsd resistance plasmid were introduced into S2-

CP8 cells using Viafect reagent (Promega) according to the manufacturer’s instructions. Two days after 

transfection, GFP-positive-S2-CP8 cells were sorted by flow cytometry, enabling single-cell cloning 

and single cells were collected into 96-well plate in generating CKAP4 KO cells. S2-CP8 cells were 

dissociated into single cells and replated at a low density; Blastocidin S deaminase (10 µg/ml) was 

added one day after replating to select for DKK1 KO cells. Cells were allowed to grow until single 

cells formed colonies which became visible after 7-14 days. Single colonies were picked, mechanically 

disaggregated, and replated into the individual wells of 24-well plates. Colonies were amplified and 

analyzed by Western blotting and Sanger sequencing to enable the identification of mutant clones. 

 

Plasmid construction and lentivirus production  

FLAG-tagged DKK1 and DKK1ΔCRD1 or HA-tagged CKAP4 were inserted into lentivirus vectors 

as described previously (7). Lentiviral vectors were constructed by inserting cDNAs into CSII-CMV-

MCS-IRES2-Bsd provided by Dr. H. Miyoshi (RIKEN BioResource Center, Ibaraki, Japan). The 

lentiviral vectors were generated by the transfection of the packaging vectors, pCAG-HIV-gp and 

pCMV-VSV-G-RSV-Rev, into X293T cells using FuGENE HD transfection reagent (Roche Applied 

Science, Basel, Switzerland) (13). 

 

Analysis of Western blotting band intensity 

The intensities of Western blotting bands were analyzed by ImageJ software (National Institutes of 

Health, Bethesda, MD). The band intensities of SEVs and PM were normalized to those of cell lysates. 

Anti-HSP90 or anti-clathrin antibodies were used as a loading control of cell lysates. Results are shown 

as means ± s.d. of three independent experiments. 
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Others 

The cell proliferation assay using three-dimensional (3D) Matrigel culture, the cell migration assay 

using a modified Boyden chamber, knockdown of protein expression by siRNA, and quantitative PCR 

were performed as previously described (7, 9, 14, 15). To generate S2-CP8 cells stably-expressing 

CKAP4-HA, parental cells (5 x 104 cells/well in a 12-well plate) were transduced with 

lentivirus/CKAP4 and 10 μg/ml polybrene in conditioned media. The cells were then centrifuged at 

1,200 x g for one hour and incubated for another 24 hours. 
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Supplementary Figure Legends 

 

Figure S1. Secretion of CKAP4 with SEVs.  

(A) SEVs prepared from CM from WT S2-CP8, S2-CP8/CKAP4 KO, or S2-CP8/CKAP4-HA cells 

and lysates of these cells were probed with the indicated antibodies.  

(B) Lysates and CM from S2-CP8 cells and 10,000 x g or 100,000 x g precipitates (SEVs) from CM 

of S2-CP8 cells were probed with the indicated antibodies. 

(C) SEVs prepared from CM of S2-CP8 cells cultured in DMEM with exosome-depleted FBS, 

control FBS, or an equal volume of 10% FBS in DMEM were probed with the indicated antibodies. 

(D) SEVs were prepared from CM of the S2-CP8 cells used in (A) using a MagCapture™ Exosome 

Isolation Kit PS, then probed with the indicated antibodies. 

(E) Top panels, SEVs prepared from CM of WT MDCK, MDCK/DKK1-FLAG, or 

MDCK/DKK1ΔCRD1-FLAG cells and lysates from these cells were probed with the indicated 

antibodies. Bottom panel, the CKAP4 band intensities of SEVs and lysates were quantified. AU, 

arbitrary unit. 

(F) SEVs were prepared from CM of S2-CP8 cells pre-treated with 10 µM monodansylcadaverine 

(MDC) for 2 days at 37°C; next, the cells were biotinylated and the plasma membrane (PM) proteins 

were precipitated with NeutrAvidin Agarose beads. SEVs, cell lysates, and precipitates were probed 

with the indicated antibodies.  

(G) After S2-CP8 cells were transfected with siRNAs for control (scramble), ALIX, CD9, CD63, 

CD81, HGS, TSG101, RAB27A, RAB27B, VPS26A, or VPS35, the mRNA levels of ALIX, CD9, 

CD63, CD81, HGS, TSG101, RAB27A, RAB27B, VPS26A, and VPS35 were measured by 

quantitative RT-PCR. Relative mRNA levels were normalized by GAPDH and are shown as fold-

changes compared with mRNA levels in control siRNA-transfected cells. 

 

Figure S2. Generation of CKAP4 KO mice.   
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(A) The targeting site for the single guide RNA (sgRNA) at exon 1 of mouse CKAP4 gene is shown.  

The protospacer adjacent motif (PAM) sequence is labeled in red. 

(B) PCR analyses of tail DNA from CKAP4 knock out (KO) and wild-type (WT) mice are shown. 

WT and KO alleles are indicated by the presence of a 237 bp band and a 170 bp band, respectively.  

(C) The nucleotide sequences of both alleles from WT and CKAP4 KO mice are shown. Black 

dashes represent deleted nucleotides while red and blue bases represent the PAM sequence and 

inserted nucleotides, respectively.  

(D) CKAP4 mRNA levels in mouse tissues were examined by semi-quantitative RT-PCR. The results 

are shown as fold-changes as compared with the CKAP4 mRNA levels in the cortex.  

(E) Tissue lysates from WT and CKAP4 KO mice were probed with anti-CKAP4 polyclonal 

antibody. 

(F) The indicated tissues (brain, heart, lung, liver, pancreas, and kidney) from WT and CKAP4 KO 

mice were stained with hematoxylin and eosin. Scale bars, 100 μm. 

 

Figure S3. Determination of epitopes of anti-CKAP4 mAbs.   

(A) Various deletion mutants of CKAP4 were transiently expressed in X293T cells and cell lysates 

were probed with anti-CKAP4 mAbs. WT, wild type. Black triangles indicate the position of 

endogenous CKAP4. 

(B) Schematic illustration of human CKAP4 deletion mutants are shown. WT, wild type; ICD, 

intracellular domain; ECD, extracellular domain; E, ER anchoring domain; MB, microtubule binding 

domain; M, transmembrane domain; T, tyrosine sulfation region; LZ, leucine zipper domain; α, α 

helix domain. 

(C) Lysates of S2-CP8, Eph4, and MDCK cells were probed with anti-CKAP4 polyclonal antibody 

and anti-CKAP4 mAbs. 
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(D) Non-permeabilized S2-CP8 cells were stained with anti-CKAP4 mAb (red) and anti-phalloidin 

(green, an actin cytoskeleton marker) antibodies and DRAQ5 DNA Dye (nucleus, blue). Scale bar, 

10 μm. 

 

Figure S4. Development of ELISA for the detection of human serum CKAP4. 

(A) Schematic diagram illustrating the experimental procedure for the exosome ELISA (top panel) 

and sandwich ELISA (bottom panel) are shown. 

(B) CM from S2-CP8/CKAP4-HA cells was concentrated 50-fold; CKAP4 in the concentrated CM 

was measured using the exosome ELISA. Anti-CKAP4 mAbs were used as the detecting antibodies 

and the absorbance was compared. 

(C) The sensitivity of the sandwich ELISA using various antibody combinations was examined for 

the ability to detect 25 ng/ml recombinant CKAP4. 

(D) A standard curve was generated for the sandwich ELISA using 1-100 ng/ml of recombinant 

CKAP4. 

 

Figure S5. Detection of human serum CKAP4 by the ELISA. 

(A) Left panel, specimens from 20 PDAC cases were stained with anti-CKAP4 Ab and hematoxylin. 

The staining patterns were classified into four categories. Right panels, examples of CKAP4-positive 

and -negative samples were shown. Scale bar, 100 μm. 

(B) CD63 in the sera from healthy control (HC) individuals, colon polyp patients, 

immunohistochemically CKAP4-positive (IHC(+)) or negative (IHC(-)) PDAC patients was 

measured by exosome ELISA. CKAP4-positive vs HC, p=0.002; CKAP4-negative vs HC, p=0.007; 

CKAP4-positive vs colon polyp, p=0.0006; CKAP4-negative vs colon polyp; p=0.022.  

(C) The correlation of serum CKAP4 values measured by two ELISAs in immunohistochemically 

CKAP4-positive PDAC patients was analyzed by Pearson correlation coefficient. 
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(D) CKAP4 in the sera from the control group (HC individuals and colon polyp patients) or 

immunohistochemically CKAP4-positive (IHC(+)) PDAC patients was measured by the exosome 

ELISA (left panel) or sandwich ELISA (right panel). 

(E) The ROC curves for the exosome ELISA (left panel) and sandwich ELISA (right panel) were 

drawn with the data of the control group (HC individuals and colon polyp cases) and 

immunohistochemically CKAP4-positive (IHC(+)) PDAC patients. Each point on the ROC curve 

represents the sensitivity vs false positive rate (1-specifity). AUC, area under the curve. 

(F) Exosomes were purified from PDAC patient serum using a MagCapture™ Exosome Isolation Kit 

PS then probed with anti-CKAP4 and anti-clathrin antibodies (left panels). Serologic concentrations 

of CKAP4 in PDAC patients were determined using the exosome ELISA (middle panel) and 

sandwich ELISA (right panel). 

(G) Four PDAC specimens were stained with anti-CKAP4 antibody and hematoxylin. Scale bars, 

100 μm (A and G). 

 

Figure S6. Characterization of anti-CKAP4 mAbs. 

(A) S2-CP8/DKK1 KO cells were stimulated with 3 µg/ml anti-CKAP4 mAbs or control IgG and 

DKK1-FLAG CM for 60 min. Plasma membrane (PM) proteins were biotinylated at 0 and 60 min 

and precipitated with NeutrAvidin Agarose beads. The precipitates and cell lysates were probed with 

anti-CKAP4 antibody. 

(B) Lysates from BxPC-3 cells treated with 20 µg/ml mAb 3F or control IgG for 4 hours were 

probed with the indicated antibodies. 

(C) Left panels, BxPC-3 cells treated with 20 µg/ml mAb 3F or control IgG were cultured for 5 days 

in 3D Matrigel. Right panel, the total area of spheres per field (n = 5 fields) expressed as a ratio to 

those of non-treated spheres. Scale bar, 200 μm. 

 

Figure S7. Inhibition of xenograft tumor formation by anti-CKAP4 mAbs. 
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(A and B) S2-CP8 cells (A) or A549 cells (B) were subcutaneously implanted into immunodeficient 

mice. mAb 83 (n = 3) or control IgG (n = 6) (1 mg/body) was injected into the intraperitoneal cavity 

twice per week (A). mAb 73 (n = 6) (200 µg/body), mAb 3F (n = 6) (50 µg/body), or control IgG (n 

= 6) (200 µg/body) was injected into the intraperitoneal cavity twice per week (B). Extirpated 

xenograft tumors (left top panels) and tumor weights (left bottom panel) and tumor volume (right 

panel) are shown.  

(C) The weight (left panel) and volume (right panel) of xenograft tumors from S2-CP8 cells were 

examined after injection of control IgG (200 µg/body) or mAb 3F (25, 50, or 200 µg/body). *, P < 

0.05; **, P < 0.01 (Student’s t test); scale bars, 10 mm (A and B). 


