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研究成果の概要（和文）：我々は当初，我々が独自に樹立した肝組織内在性幹細胞を用いて，signal sequence 
trap法により特異的細胞表面マーカーを同定し効率的な肝組織からのcell sortingを企図したが，特異的マーカ
ーの同定に至らなかった．このため当初研究計画に盛り込んでいた，肝由来細胞の膵内分泌細胞への可塑性検討
を進めることとした．
この検討では，膵臓特異的転写因子を異所性発現させ分化転換が惹起された細胞に対し，特定の液性因子（N2サ
プリメント，GLP-1 receptor agonist, notch阻害剤, TGF-β阻害剤）を付与することにより，分化転換細胞の
機能的成熟が促されることを示した．

研究成果の概要（英文）：Initially, we attempted to identify a specific cell surface molecule for 
adult liver-derived progenitor cells to isolate progenitor cells from liver tissue efficiently. 
However, we failed to identify specific surface molecule. Thus, we decided to proceed another study 
about liver-to-pancreas transdifferentioation of progenitor cells, which was originally included in 
the research proposal.
In this study, we demonstrated that soluble factors promote functional maturation of transcription 
factors (TFs)-mediated transdifferentiated cells. Treatment with an N2 supplement in combination 
with three soluble factors (GLP-1 receptor agonist, notch inhibitor, and TGF-β inhibitor) enhanced 
liver-to-pancreas transdifferentiation. This finding suggests that treatment with specific soluble 
factors promotes the functional maturation of transdifferentiated cells.

研究分野： 消化器外科学

キーワード： 組織特異的幹細胞　分化転換　液性因子

  １版

令和

研究成果の学術的意義や社会的意義
今回の知見は分化転換細胞の機能的成熟を促進する特定の物質が存在することを示唆するものであり，糖尿病を
含めた再生医療における新たなアプローチを提示するものであると考えられた．

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。
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a SC with SFDM (SC-SFDM) (Fig 2B). Fig 2C shows representative microscopic images of the
infected PBLHCs treated with SFDM in the two different culture formats. The SC cells had
formed aggregates on the day after re-seeding, but no morphological changes were observed

Fig 1. A triple combination of transcription factors (TFs) induces transdifferentiation into insulin-producing cells in vitro. (A) Schematic
diagram of the experimental strategy used to optimize the transgene. Adenoviruses encoding bicistronic TFs and nuclear localized GFP (nGFP)
linked by an IRES element (I) were used. Each vector containing genes encoding Pdx1, Ngn3, NeuroD1, and MafA is abbreviated as P, N, D, and M,
respectively. The combination of P, N, D, and M means the co-infection of each vector. (B) Appearance of nGFP-positive cells on the day after
transfection. Scale bar, 200 μm. (C, D, E, F and G) Quantitative real-time polymerase chain reaction (qRT-PCR) analyses stratified according to the
combination of TFs that were used were performed using primer sets for Ins1 (C), Ins2 (D), Gcg (E), Sst (F) and Ppy (G). “Pre” represents PBLHCs
without transfection. The data are presented as fold-changes in the gene expressions relative to the values in the cells transfected with PNDM (n = 4).
⇤P< 0.05 (one-way ANOVA followed by Dunnett’s test. The values in the cells transfected with PNDM were used as the control.); error bars, S.D.
(H) Intracellular c-peptide contents in the transfected cells (n = 4). ⇤P< 0.05 (one-way ANOVA followed by Dunnett’s test. The values in the cells
transfected with PNDM were used as control.); error bars, S.D. The results obtained from βTC6, a mouse insulinoma cell line, were excluded from all
the statistical analyses, because of the marked deviations from other values. CMV, cytomegaloviral promoter; Ins1, insulin I; Ins2; insulin II; Gcg,
glucagon; Sst, somatostatin; Ppy, pancreatic polypeptide.

https://doi.org/10.1371/journal.pone.0197175.g001
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until day 8. In contrast, the AC cells first formed monolayers, and the cell number then gradu-
ally decreased. On day 8, although the AC cells had also formed aggregates, the aggregates
were smaller than those of the SC cells. To examine the differences in inducibility among the 4
different culture systems, we first examined the expressions of insulin genes under the culture
conditions (Fig 2D and 2E). The insulin gene expressions were markedly increased in the
SC-SFDM-treated cells. In particular, the Ins2 expression level in the SC-SFDM cells was
increased by 180-fold, compared with that in the AC-SCM cells. Differences in the insulin-
producing ability of the transfected cells depending on the culture systems were also analyzed
based on quantitative evaluation of the c-peptide protein level. As a result, the intracellular
contents of c-peptide in the SC-SFDM cells were found to be significantly elevated among all 4

Fig 2. The assessment of the synergistic effects between a 3D culture system and serum-free differentiation medium for cellular
transdifferentiation. (A) Adenoviral constructs for the polycistronic expression of three transcription factors (TFs). Dark gray bar, 2A peptide. (B)
Schematic diagram of the procedures used to analyze the differences among culture systems for TFs-mediated transdifferentiation. (C) Representative
microscopic images of infected cells treated with serum-free differentiation medium (SFDM) in two different culture formats. Arrow, cellular
aggregate. Scale bars, 200 μm. (D and E) The analyses of insulin gene expressivity based on the difference in culture system. The expression of insulin I
(Ins1: D) and insulin II (Ins2: E) was analyzed by quantitative real-time polymerase chain reaction (qRT-PCR) (n = 4). ⇤P< 0.05 (one-way ANOVA
followed by Dunnett’s test. The values in the cells treated with AC-SCM were used as control); error bars, S.D. (F) Intracellular c-peptide contents in
infected cells (n = 4). ⇤P< 0.05 (one-way ANOVA followed by Dunnett’s test. The value of cells treated with AC-SCM was used as a control.); error
bars, S.D. The results obtained from the βTC6 cells were excluded from all the statistical analyses, because of the marked deviations from other values.
CMV, cytomegalovirus promoter; mCherry, monomeric cherry fluorescent protein; AC-SCM, adherent culture with serum-contained medium;
AC-SFDM, adherent culture with serum-free differentiation medium; SC-SCM, suspension culture with serum-contained medium; SC-SFDM,
suspension culture with serum-free differentiation medium.

https://doi.org/10.1371/journal.pone.0197175.g002
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Fig 3. Comprehensive analyzes about extracellular environment of transdifferentiated cells. (A) Schematic diagram of the formulation of
SFDM. (B and C) The expression of Ins1 (B) and Ins2 (C) of infected cells treated with indicated supplements. The data are presented as fold-
changes in the gene expression levels relative to the values in the cells treated with N2 and B27 supplement (n = 4). IH medium indicates the basal
medium composed of IMDM and Hamm’s F12. The precise composition is shown in Table 1. ⇤P< 0.05 (one-way ANOVA followed by Dunnett’s
test. The value of cells treated with N2 and B27 supplements was used as a control.); error bars, S.D. (D) Differences in the intracellular c-peptide
contents depending on the supplements added (n = 4). The values in the cells treated with N2 and B27 supplement were used as control. ⇤P< 0.05
(one-way ANOVA followed by Dunnett’s test); error bars, S.D. (E, F, G and H) Influence on expression of insulin gene by individually removing
seven molecules contained in SFDM. The Ins1 (E and G) and Ins2 (F and H) gene expressivity was analyzed when each factor was individually
removed. M7 contained epidermal growth factor (EGF), exendin-4, forskolin, L685,458, nicotinamide, noggin, and SB431542. M4 contained
exendin-4, forskolin, L685,458, and noggin. The data are presented as fold-changes in the gene expression levels relative to the values in the cells
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Fig 4. The effect of simultaneous administration of N2 and M3 for cellular transdifferentiation. (A, B, C and D) The expression of Ins1 (A), Ins2
(B), Pcsk1 (C), and Pcsk2 (D) of infected cells treated with indicated supplements. The data are presented as fold-changes in the gene expression levels
relative to the values in the untreated cells (n = 4). M3 contained exendin-4, L685,458, and noggin. IH medium indicates the basal medium composed
of IMDM and Hamm’s F12. The detailed composition is listed in Table 1. ⇤P< 0.05 (one-way ANOVA followed by Dunnett’s test. The values in the
untreated cells were used as control.); error bars, S.D. (E) Intracellular c-peptide contents in infected cells treated with indicated supplements
(n = 4). ⇤P< 0.05 (one-way ANOVA followed by Dunnett’s test. The value of untreated cells was used as a control.); error bars, S.D. (F and G)
Immunostaining with c-peptide and Ngn3 antibody for transdifferentiated cells treated with N2 and M3 (F) or without (G). Scale bars, 200 μm. (H
and I) Immunostaining with c-peptide antibody in dispersed single-cells from cellular aggregates treated (H) or not treated (I) with N2 and M3. Scale
bars, 200 μm. (J) Measurement of the percentage of c-peptide-positive cells in the presence or absence of N2+M3 treatment (n = 5 independent

Cellular transdifferentiation and soluble factors
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Fig 5. Expressions of pancreas-related genes in the transdifferentiated cells. The data are presented as the fold-change in gene expression
relative to the value in the transfected cells not treated with N2+M3 (n = 4). M3 contained exendin-4, L685,458, and noggin. IH medium
indicates the basal medium composed of IMDM and Hamm’s F12. The detailed composition is listed in Table 1. ⇤P< 0.05 (t-test or Mann-
Whitney U test, as appropriate); error bars, S.D. The results obtained from the βTC6 cells were excluded from all the statistical analyses, because
of the marked deviations from other values. N2, N2 supplement; VI, viral infection; Ins1, insulin I; Ins2, insulin II; Pcsk1, proprotein convertase
subtilisin/kexin type 1; Pcsk2, proprotein convertase subtilisin/kexin type 2; Abcc8, the ATP-binding cassette sub-family C member 8; Slc2a2,
solute carrier family 2 member 2; NeuroD1, neurogenic differentiation 1; Pax4, paired box gene 4; Pax6, paired box gene 6; Isl1, islet 1; Sst,
somatostatin; Ppy, pancreatic polypeptide; Pdx1, pancreas duodenal homeobox 1; Ngn3, neurogenin 3; MafA, v-maf avian musculoaponeurotic
fibrosarcoma oncogene homolog A; Arx, aristaless related homeobox.

https://doi.org/10.1371/journal.pone.0197175.g005
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peaked at 14 days after re-seeding, decreasing gradually thereafter. The expression level of Ins1
and Ins2 on day 56 after re-seeding was about 1/15th and 1/25th of those at 7 days, respectively
(Fig 8A and 8B). On the other hand, the intracellular c-peptide content was maintained at the
similar level from day 14 to day 56 days after re-seeding (Fig 8C). Fig 8D to 8K show the time-
dependent changes in the transdifferentiated cells with continual N2+M3 treatment. Although
the expressions of mCherry fluorescence and c-peptide were maintained until day 56 after re-
seeding, the expression of exogenous Ngn3 began to decrease gradually from day 7 after re-

Fig 6. The gene expressions of liver-related genes in the transdifferentiated cells. The data are presented as fold-
changes in the gene expression levels relative to the values of the transfected cells not treated with N2+M3 (n = 4). M3
contained exendin-4, L685,458, and noggin. IH medium indicates the basal medium composed of IMDM and Hamm’s
F12. The detailed composition is listed in Table 1. ⇤P< 0.05 (t-test or Mann-Whitney U test, as appropriate); error
bars, S.D. The results obtained from the βTC6 cells were excluded from all the statistical analyses, because of the
marked deviations from other values. N2, N2 supplement; VI, viral infection; Alb, albumin; Cyp1a2, cytochrome P450
1A2; Cebpb, CCAAT/enhancer-binding protein β; Trf, transferrin; Krt19, keratin 19; Afp, alpha-fetoprotein.

https://doi.org/10.1371/journal.pone.0197175.g006
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Fig 7. Transdifferentiated cells ameliorate hyperglycemia in diabetic mouse. (A and B) The non-fasting blood
glucose levels (A) and body weight (B) in diabetic mice. The red line with squares indicates the values obtained from
the mice transplanted with N2 and M3-treated transdifferentiated cells (n = 5), and the blue line with circles indicates
those obtained from the untreated control mice (n = 5). M3 contained exendin-4, L685,458, and noggin. ⇤P< 0.05 (t-
test); error bars, S.D. (C and D) Immunostaining with insulin antibody for transplanted transdifferentiated cells
treated with N2 and M3. Arrow, insulin-positive cells. Scale bar, 50 μm. STZ, streptozotocin; Tx, transplantation; N2,
N2 supplement; INS, insulin.

https://doi.org/10.1371/journal.pone.0197175.g007
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