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1. Supplementary Results and Discussion 

Transgenic line S1sp-F7/poly producing cocoons containing human fibroblast growth 

factor-7 fused with the N-terminal H1-helix (polyhedron-encapsulation signal sequence; [1]) 

was generated and the inserted transgene was found flanked by sequences from chromosome 

26 (Figure S1A (ii)) as determined by inverse PCR. However, sequences (shown as Ns in 

Figure S1A (ii)) at the right arm were not identified by the failure of the inverse PCR 

amplification due to unknown reasons.  

The silkworm line S1sp-F7/poly × FH-P1A was generated to express recombinant 

H1/FGF-7 and polyhedrin as secreted proteins that will be incorporated into the sericin 

cocoon shells (Figure S1A (i)) after cocoon spinning. Our previous study showed that 

polyhedrin, expressed as a non-secreted protein in middle silk gland cells, is capable of 

crystallization [2]. Thus, we were prompted to further investigate whether the secreted 

polyhedrin can crystallize in the silk gland lumen and incorporated into cocoon shells 

following silk spinning. However, crystallized polyhedrin (also known as polyhedra) were 
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not observed in the sericin cocoon shells or MSG lumens, although the protein was detected 

in the sericin cocoon shells by western blot analysis (Figure S1B(ii)).  

Altogether, this suggests that the crystallization process is not solely dependent on 

physiological environmental factors in vivo; but also the cellular mechanisms. Nonetheless, 

the sericin cocoon F7/poly-SC obtained from the S1sp-F7/poly × FH-P1A silkworm line 

showed similar biological activity and storage stability compared to the powder of F7-SC 

obtained from S1sp-F7 × FH-P1A (Figure S1 for the results generated using F7/poly-SC; see 

Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, and Figure 7 for F7-SC powder in the main 

text). These results imply that the expression systems in MSG cells can support the 

production of multiple foreign proteins without compromising the productivity or bioactivity 

of the expressed proteins.  

The slight difference in the H1/FGF-7 molecular mass observed between F7-PH 

crystals and F7/poly-SC (Figure S1B(i), Lane 1 and Lane 3) might be caused by the varied 

sample composition resulting from different treatments of polyhedra and sericin samples 

(main text section 4.5). In addition, the probable cleavage site of the sericin-1 promoter 

derived secretion signal peptide (consisting of the first 21 N-terminal amino acid residues) at 

the position 19 and 20 (Figure S2B) [3] also likely affected the H1/FGF-7 protein size 

detected in the F7/poly-SC sample because of the two amino acid residues remained. The in 

vitro crystallization of polyhedrin is challenging, and no successful attempts have been 

reported to date [2,4,5]. 
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Figure S1. Generation of transgenic silkworm line S1sp-F7/poly × FH-P1A and the related 
experimental results. (A) Generation of the transgenic silkworms. (i) Transgenic silkworm 
lines and their corresponding cocoons. The transgenic line S1sp-F7/poly producing cocoons 
containing H1/FGF-7 and polyhedrin at the sericin layers was mated with the FH-P1A line 
that produces cocoons containing almost exclusively sericin (SC) to generate the S1sp-
F7/poly × FH-P1A line. The resultant line S1sp-F7/poly × FH-P1A produces sericin cocoons 
incorporating H1/FGF-7 and polyhedrin (F7/poly-SC). (ii) Sequences from chromosome 26 
of silkworms were found at the left arm of the inserted transgene in the line S1sp-F7/poly. 
The nucleotide sequences at the right arm could not be identified. (B) (i) Western blot 
analysis of H1/FGF-7. (Lane M) Protein molecular weight marker; 5 ×  104 cubes  of  
polyhedra obtained from Sf21 cell culture infected with (Lane 1, CPH) recombinant 
baculovirus carrying polyhedrin cDNA, and (Lane 2, F7-PH crystals) recombinant 
baculovirus carrying cDNA of H1/FGF-7 and polyhedrin [1]; 10 µg sericin cocoons derived 
from (Lane 3, SC) FH-P1A line, (Lane 4, F7-SC) S1sp-F7 × FH-P1A line, and  (Lane  5,  
F7/poly-SC) S1sp-F7/poly × FH-P1A. Arrow heads indicate the position of H1/FGF-7. (ii) 
Western blot analysis of polyhedrin. (Lane M) Protein molecular weight marker; (Lane 1, 
CPH) 5 × 104 cubes of polyhedra obtained from Sf21 cell culture infected with recombinant 
baculovirus carrying polyhedrin cDNA; 10 µg sericin cocoons derived from (Lane 2, F7-SC) 
S1sp-F7 × FH-P1A line; and (Lane 3, F7/poly-SC) from S1sp-F7/poly × FH-P1A line. Arrow 
heads indicate the position of polyhedrin. (C) Release profile of H1/FGF-7 from F7/poly-SC 
powder suspended in aqueous media. The protein release profile examined using 
keratinocyte-conditioned medium (KCM, ) and DK-SFM ( ).  (D) Proliferation of NHEK 
cells induced by F7/poly-SC powder. ap < 0.001 vs. non-treated control. (E) Migration of 
NHEK cells induced by F7/poly-SC powder. ap < 0.001 vs. non-treated control. (F) 
Short-term (7 days) storage stability of H1/FGF-7 incorporated into sericin cocoon 
powder containing polyhedrin. n.s.p > 0.05 vs. -20°C counterpart and ap < 0.001 vs. -20°C 
counterpart. (G) Three-dimensional (3D) cultivation NHEK cells on a collagen gel 
containing 800 µg F7/poly-SC powder. (i) Hematoxylin and eosin staining. (ii) 
Immunofluorescent staining. The parameters, experimental design, and data analysis 
were exactly the same as those described for F7-SC samples in the main text unless stated 
otherwise. Upper layer above the dashed line showed the speculated stratum corneum.

2. Supplementary Materials and Methods

2.1. Generation of pBacMCS [hr3-Ser1sp-H1/FGF-7, 3×P3-EGFP-SV40] Vector 

The vector was constructed using primers listed in Table S1. The enhancer, hr3 

sequence of the BmNPV-T strain [6] was PCR-amplified using primers 1 and 2 and inserted 

into the HindIII-BamHI site of the plasmid pIZ/V5-His (Invitrogen) to generate pIZ/V5-His 
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[hr3]. Sericin-1 promoter containing a secretion signal peptide sequence at the C-terminus 

(Ser1sp) [7], was amplified from w1-pnd strain using primers 3 and 4. pIZ/V5-His [hr3] was 

then digested with BamHI and XhoI to allow insertion of the Ser1sp to create pIZ/V5-His 

[hr3-Ser1sp]. The H1/FGF-7 cDNA was amplified with primers 5 and 6 and inserted into the 

XhoI-SacII sites downstream of the Ser1sp to obtain pIZ/V5-His [hr3-Ser1sp-H1/FGF-7].  

The inserted sequence [hr3-Ser1sp-H1/FGF-7] together with the 3’-untranslated 

region of OpIE2 (downstream of pIZ/V5-His cloning sites), was amplified using primers 7 

and 8. The obtained sequence was ligated into the BlnI-BlnI site of pBacMCS [3×P3-EGFP, 

UAS-SV40][8] using Ligation high Ver.2 (Toyobo Co., Ltd., Osaka, Japan). The final 

product pBacMCS [hr3-Ser1-H1/FGF-7, 3×P3-EGFP-SV40] is shown in Figure S2A (i). 

 
Figure S2. (A) Schematic diagram of the vectors used for germline transformation of w1-
pnd silkworms. (i) The plasmid pBacMCS [hr3-Ser1sp-H1/FGF-7, 3×P3-EGFP-SV40] 
encoding H1-fused FGF-7 and marker EGFP was used to generate transgenic line S1sp-F7. 
(ii) The plasmid pBacMCS [hr3-Ser1sp-H1/FGF-7-SV40, 3×P3DsRed, hr3-Ser1sp-
polyhedrin] encoding H1-fused FGF-7, polyhedrin, and DsRed was used to generate 
transgenic S1sp-F7/poly line. (B) Probable cleavage site of sericin-1 promoter-derived 
secretion signal peptide [3]. The box with the dark-grey slashes represents the secretion 
signal peptide (sp) and amino acid sequence is shown below. Arrow head indicates the 
cleavage site. 
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2.2. Generation of pBacMCS [hr3-Ser1sp-H1/FGF-7-SV40, 3×P3DsRed, hr3-Ser1sp-

polyhedrin] Vector 

The vector was constructed using primers listed in Table S1. The polyhedrin sequence 

[1] was amplified using primers 9 and 10 and cloned into the XhoI-SacII site of pIZ/V5-His 

[hr3-Ser1sp] to obtain pIZ/V5-His [hr3-Ser1sp-polyhedrin]. The [hr3-Ser1sp-polyhedrin], 

along with the 3’-untranslated region of OpIE2, was PCR-amplified using primers 11 and 12. 

The synthesized fragments [3×P3-DsRed-SV40][9] were amplified by PCR with primers 13 

and 14. The [hr3-Ser1sp-H1/FGF-7] fragments were amplified using primers 15 and 16 from 

the aforementioned plasmid, pIZ/V5-His [hr3-Ser1sp-polyhedrin]. The three fragments 

obtained were cloned into BgIII- and EcoRI-digested pBacMCS [3×P3-EGFP, UAS-SV40]. 

The final plasmid obtained, pBacMCS [hr3-Ser1sp-H1/FGF-7-SV40, 3×P3DsRed, hr3-

Ser1sp-polyhedrin], is shown in Figure S2A (ii). 

2.3. Generation of Transgenic Silkworm Line S1sp-F7/poly and S1sp-F7/poly × FH-P1A 

The generation of transgenic silkworm line S1sp-F7/poly (Figure S1A) carrying 

genes for the expression of H1/FGF-7 and polyhedrin in MSGs was carried out by 

microinjection of pBacMCS [hr3-Ser1sp-H1/FGF-7-SV40, 3×P3-DsRed, hr3-Ser1sp-

polyhedrin] and helper plasmid into the pre-blastodermic w1-pnd embryos. Screening for 

transgenesis was facilitated by the expression of the vector-derived DsRed. S1sp-F7/poly 

was mated with FH-P1A and the progenies were sib-mated to obtain homogeneous line S1sp-

F7/poly × FH-P1A producing sericin cocoons that incorporated with H1/FGF-7 and 

polyhedrin.  
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2.4. Inverse PCR Analysis of Transgenic Silkworms, S1sp-F7 and S1sp-F7/poly   

The genomic DNA obtained from the G2 generation of the transgenic lines was used 

for inverse PCR analysis. Silk glands were first collected from fifth instar larvae and 

incubated overnight with proteinase K prior to genomic DNA purification using the standard 

phenol treatment method. Purified genomic DNA was digested with Sau3AI and ligated 

overnight at 16°C for circularization using Ligation high Ver. 2 (Toyobo Co., Ltd., Osaka, 

Japan).  The circularized sample was used as the template for inverse PCR amplification. The 

fragments in the vicinity of the piggyBac derived-inverted terminal repeats were amplified 

using primers 17–20 (Table S1). The PCR amplified products were then analyzed by DNA 

sequencing.  

2.5. Experimental Design and Parameters Related to the Analysis of F7/poly-SC.  

2.5.1. Preparation of Sericin Cocoon Powders 

The sericin cocoons collected from transgenic line S1sp-F7/poly × FH-P1A were 

pulverized for 10 s using a blender (Wonder Blender Osaka Chemical Co., Ltd., Osaka, 

Japan), lyophilized, and kept at -20°C until further use. 

2.5.2. Western Blot Analysis of Polyhedrin and H1/FGF-7 

 The presence of H1/FGF-7 and polyhedrin in the sericin cocoons obtained from S1-

F7/poly × FH-P1A (F7/poly-SC) was examined by western blotting. Dissolved F7/poly-SC 

(10 µg), 5 × 104 cubes of cypovirus polyhedra encapsulating H1/FGF-7 (F7-PH crystals, [1]) 

and 5 × 104 cubes of cypovirus polyhedra encapsulating no foreign protein (CPH) were used 
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for for the analysis. Polyhedrin was probed with the rabbit antiserum and followed by 

incubation with goat-anti rabbit IgG conjugated with horseradish peroxidase [4].  

2.5.3. Release Profile of H1/FGF-7 from F7/poly-SC Powder 

Examination on H1/FGF-7 released from F7/poly-SC powder (0.04%, w/v) into 

keratinocyte-conditioned medium (KCM) and basal medium DK-SFM was performed 

exactly the same as that described for F7-SC powder in the main text (section 4.6) 

2.5.4. Proliferation and Migration of Normal Human Epidermal Keratinocyte (NHEK) Cells 

in the Presence of F7/poly-SC Powder 

Proliferation of NHEK cells with different doses (50, 100 and 200 µg) of F7/poly-SC 

powder and migration of serum-starved NHEK cells with 200 µg F7/poly-SC powder was 

performed exactly the same as that described for F7-SC powder in the main text (section 4.7 

for proliferation of NHEK cells and section 4.8 for migration of NHEK cells). 

2.5.5. Storage Stability of H1/FGF-7 Incorporated into Sericin Cocoon Powder of S1sp-

F7/poly × FH-P1A Line 

Sericin cocoons F7/poly-SC suspension (2 mg/mL) in phosphate buffered-saline was 

used to analyze bioactivity of the incorporated H1/FGF-7 on proliferation of NHEK cells 

after being stored at 25°C or -20°C for 1 week.  The analysis was performed exactly the same 

as that described for F7-SC powder in the main text (section 4.9).  

2.5.6. Three-dimensional (3D) Cultivation of NHEK Cells using Collagen Gels Containing 

F7/poly-SC Powder 
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Powder of F7/poly-SC powder (800 µg) was added to the collagen for 3D cultivation 

of NHEK cells. The cultivation of NHEK cells, and analysis of the 3D-cultured model 

including hematoxylin and eosin staining, and immunohistochemical staining were 

performed as that described in section 4.10 of the main text.  

 

Table S1. The oligonucleotide primers used for vector construction (1–16) and inverse 
PCR analysis of the silkworm transgenesis (17–20). The restriction sites are indicated in 
bold.  

No. Name Sequence 
1 hr3_5’ TTTAAGCTTAAAAAGAAGCCGTGCCCA 
2 
3 
4 

hr3_3’ 
Ser1_5’ 
Ser1_3’ 

TTTGGATCCCAGCGTCGTGAAAAGAGG 
TTTGGATCCAGCGGTCAGAAACCTTG 
TTTCTCGAGACCGAAAGCTTTTACGCTGGAGCGCAGCCAA 

5 H1/FGF-
7_5’ 

TTTCTCGAGATGGCAGACGTAGCAG 

6 H1/FGF-
7_3’ 

TTTCCGCGGTTAAGTTATTGCCATAGG 

7 hr3(pIZ to 
pBAc) 

TTTCCTAGGAAAAAGAAGCCGTGCCCA 

8 OpIE2(pIZ 
to pBAc) 

TTTCCTAGGCCACGCGCTTGAAAGGAGTGTG 

9 IZ-poly F TTTCTCGAGATGGCAGACGTAGCAGGAAC 
10 pIZ-poly R TTTCCGCGGCTACTGACGGTTACTCAGAG 
11 
12 

Poly F 
Poly R 

AACATTGTCAGATCTAAAAGAAGCCGTGCCCAGCCAC 
GGCGAGCTCGAATTATCCCCTGATTCTGTGGATACCG 

13 
14 
15 
16 

DsRed F  
DsRed R 
FGF-7 F 
FGF-7 R 

TAATTCGAGCTCGCCCGGGG 
AGATCGTTGCGGGCTGAGTTTGGACAAACCACAACTAG 
AGCCCGCAACGATCTGGTAAAC 
CGCGCCATCGAATTCCACGCGCTTGAAAGGAGTGTG 

17 piggyBac 
right ITR 1: 
5’ 

CGCATGATTATCTTTAACGTACGTCAC 

18 piggyBac 
right ITR 2: 
3’ 

GGGGTCCGTCAAAACAAAACATC 
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19 piggyBac 
left ITR 1: 
5’ 

GAGTCTCTGCACTGAACATTGTCA 

20 piggyBac 
right ITR 2: 
3’ 

ATCAGTGACACTTACCGCATTGACA 
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