REGENERATIVE MEDICINE | ISSN 2613-5914

>

Available online at www.sciencerepository.org

Research Article

Advances in direct reprogramming and its future clinical application
using a protein-based cell engineering system

Tomoki Takashina and Yukihito Ishizaka”

Department of Intractable Diseases, National Center for Global health and Medicine, Toyama, 1-21-1, Shinjuku-ku, Tokyo, 162-8655, Japan

ARTICLEINFO

Article history:

Received 25 June, 2018
Accepted 9 July, 2018
Published 16 July 2018
Keywords:

Direct reprogramming

NTP

artificial transcription factor
expansion

ABSTRACT

Direct reprogramming is a promising technology in regenerative medicine. However, there is no report on
the clinical applications of cells prepared by direct reprogramming. In the current review, we describe direct
reprogramming methods of somatic cells to hepatocytes, pancreatic (3-cells, cardiomyocytes, and
endothelial cells. Next, we discuss current issues that should be clarified for their future clinical applications.
As the most critical issue, it is necessary to establish a vector-free system for cellular engineering, because
most studies on direct reprogramming have been performed using viral vectors or plasmid DNA. We
recently developed a protein-based cell engineering system, in which a newly identified cell penetrating
peptide (NTP) was combined with an artificial transcription factor system (NTP-ATF). By using NTP-ATF,
endogenous gene expression can be induced by exogenous recombinant proteins. Here, we briefly introduce
the NTP-ATF system and discuss its future applications by combining chemical compounds that are
competent for the induction of differentiation. We also propose that the NTP-ATF system can be utilized
for expansion of somatic cells, which is another issue for cell therapy using somatic cells.

© 2018 Yukihito Ishizaka. Hosting by Science Repository. All rights reserved.

Introduction

achieving efficiency and safety with direct reprogramming is
challenging, direct reprogramming from patients’ somatic cells to tissue-

Since Takahashi and Yamanaka first developed induced pluripotent stem
cells (iPSCs) from somatic cells using four transcription factors, iPSC
technology has been used in many fields, including disease modeling,
drug screening, and cell-based therapy [1]. However, further studies are
still required to expand the clinical applications of iPSCs, because the
establishment of iPSCs from patients and safety assessment of the cells
require long periods of time, and immunosuppressive therapy is required
when allogeneic iPSCs are clinically utilized.

In contrast, several lines of evidence indicate that by combined forced
expression of lineage-specific transcription factors, somatic cells can be
manipulated into various tissue cells that include neurons, hepatocytes,
pancreatic B-cells, cardiomyocytes, and endothelial cells [2-4]. Although

specific cells is attractive because additional treatment for overcoming
immunological problems is not required. In this review, we focus on
direct reprogramming from somatic fibroblasts into hepatocytes,
pancreatic B-cells, cardiomyocytes, and endothelial cells (Table 1).
Finally, we address current problems associated with direct
reprogramming and discuss how our recently developed reprogramming
method using a protein-based approach would be suitable for the
manipulation of somatic cells.

Direct reprogramming into hepatocytes

Hepatocyte transplantation is the most effective treatment for a
malfunctioning liver caused by chronic liver disease. Two research
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groups used direct reprogramming to reprogram mouse fibroblasts into
functional induced hepatocyte-like (iHep) cells and screened several
transcription factors related to liver function [5, 6]. Huang et al.
generated iHep cells by forced expression of GATA4, HNFla and
FOXAZ3, whereas Sekiya et al. performed direct reprogramming of iHep
cells by forced expression of HNF4a and FOXAL. Moreover, these iHep
cells express several hepatic genes and acquired hepatocyte functions,
including cytochrome P450 enzyme activity or albumin-producing

Table 1: The direct reprogramming strategies

activity. The iHep cells also rescued mice lacking fumarylacetoacetate
hydrolase (Fah-/-), a common mouse model of liver failure.

Two research groups generated expandable iHep cells from fibroblasts
[7, 8]. Du et al. used HNFla, HNF4a, HNF6, ATF5, PROX1, CEBPA,
c-MYC, and p53 shRNA. Huang et al. forced the expression of HNF1a,
HNF4a, FOXA3, and SV40 large T antigen. These expandable iHep
cells were useful for the large-scale production of hepatocytes.
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Organ Cell types Genes Transduction strategies Reference
Hepatocyte MEFs GATA4, HNFla FOXA3 LV [5]
MEFs HNF4a plus FOXAl, FOXA2 or RV [6]
FOXA3
HEFs HNF1la, HNF4a, HNF6 LV [7]
FOXA3, HNF1a, HNF4a
HEFs LV [8]
MEFs GATA4, HNFla, FOXA3 EV [44]
MEFs HNF4a, FOXA3 Piggy bac [47]
HEFs HNFla plus two of the FOXAL, Transfection of synthetic modified [49]
FOXA3, HNF4a mRNA
HEFs, MEFs HNFla RV plus CC [51]
MEFs FOXA1L, FOXA2 or FOXA3 LV plus CC [52]
Pancreas Mouse hepatocyte PDX1 Injection [11]
B -cell (in vivo)
Human adult liver PDX1 AV [12]
fibroblast cells
Pig liver PDX1, NGN3, MAFA, PAX4, AV [13]
(in vivo) NEUROD
Mouse PDX1, NGN3, MAFA Tail vain injection [14]
(in vivo)
Human fibroblast cells PDX1 Plasmid transfection [15]
Adult mouse intrahepatic PDX1, NGN3 AV [17]
biliary cell
Intestinal crypt cells PDX1, NGN3, MAFA LV [18]
Human pancreatic ductal PDX1, NGN3, MAFA, PAX4 AV [19]
cells
Human pancreatic ductal PDX1, NGN3, MAFA, PAX6
cells AV [20]
Mouse pancreatic acinar PDX1, NGN3, MAFA AV injection [21]
cells
(invivo)
Human adult hepatocyte PDX1, NGN3 Plasmid transfection [22]
cells
hiPSCs miR-375 LV [26]
Human ductal cells CcC [56, 57]
Cardiomyocyte MEFs GATA4, MEF2, TBX5 LV [27]
Mouse tail-tip fibroblast GATA4, MEF2, TBX5 LV [28]
cells
MEFs GATA4, MEF2, TBX5 RV [29]
Adult  mouse tail-tip GATA4, HAND2 MEF2C, TBX5 RV [30]
fibroblast cells
MEFs TBX5, MEF2C, MYOCD LV [31]
GATA4, HAND2 MEF2C, TBX5,
MEFs NKX2.2 LV [32]
MEFs GATA4, HAND2, TBX5 RV [33]
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Mouse cardiac fibroblast miR-1, 133, 208, 499 LV [34]

cells (in vivo)

MEFs miR-133a, GATA4, MEF2C, TBX5 LV [35]

HEFs miR-1, 133, GATA4, HAND2, RV [36]

TBX5

Mouse tail tip fibroblast OCT4 LV plus CC [59]

cells

Mouse cardiac fibroblast GATA4, MEF2C, TBX5 RV plus CC [63]

cells

MEFs cc [64]

MEFs GATA4, MEF2C, TBX5 LV plus CC [66]

MEFs cc [67]
Endothelial Human amniotic cells ETV2, FL1, ERG1 LV [37]

Human adult skin fibroblast FOXO1, ER71, KLF2, TAL1, LV [38]

cells LMO2

Human adult skin fibroblast

cells ETV2 LV [39]

Human foreskin cells ETV2 LV [40]

Human ductal fibroblast ER71, ETV2 LV [41]

cells

MEFs: mouse embryonic fibroblast

HEFs: human embryonic fibroblast

LV: lenti viral vector

RV: retro viral vector

AV: adeno viral vector EV: episomal vector

Direct reprogramming into pancreatic B-cells

Diabetes mellitus is caused by a deficiency in, or dysfunctional,
pancreatic B-cells, and an effective treatment has not yet been
established. Transplanting pancreatic B-cells is an option and can be
achieved by direct reprogramming. As sources of direct reprogramming,
somatic cells including hepatocytes, biliary cells, gastrointestinal cells,
pancreatic ductal cells, pancreatic acinar cells, and pancreatic endocrine
cells have been utilized [9, 10]. In the first report of hepatocyte
reprogramming into pancreatic 3-cells, forced expression of PDX1 was
achieved in mice [11]. In a similar manner, Sapir et al. reprogrammed
human adult liver cells into pancreatic B-cells, which allowed B-cells to
produce insulin in vitro and ameliorated hyperglycemia after
transplantation in vivo [12]. Subsequently, Ham et al. and Tang et al.
enhanced the direct reprogramming efficiency by PDX1 with pancreatic
transcription factors, including NEUROD, NGN3, MAFA, and PAX4
[13, 14]. Horb et al. improved the efficiency of pancreatic B-cells by
fusing PDX1 to the transcription activation domain of VP-16 [15, 16].
Nagaya et al. generated pancreatic B-cells from biliary cells by using
PDX1 and NGN3 [17]. Chen et al. generated f-cells from
gastrointestinal cells by expressing NGN3, PDX1 and MAFA; these
induced pancreatic B-cells produced insulin in response to a high
concentration of glucose [18]. After direct reprogramming of pancreas-
derived cells into pancreatic B-cells, Lima et al. showed that human
pancreatic ductal cells could be converted into pancreatic B-cells by
forced expression of PDX1, NGN3, MAFA, and PAX4; these induced
B-cells expressed high glucagon but little insulin [19]. Interestingly, Lee
et al. generated insulin-secreting cells from fluorescence activated cell-
sorted adult human pancreatic duct cells by forced expression of PDX1,
NGN3, MAFA, and PAX6 in vitro, whereas Zhou et al. reprogrammed
adult pancreatic acinar cells into B-like cells by introducing PDX1,
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CC: chemical compound

NGN3 and MAFA in vivo [20, 21]. The initial cell type affects the
reprogramming efficiency and induced cell functions.

To enhance reprogramming efficiency, Lu et al. co-transfected miR-302
with pancreas-specific transcription factors PDX1, NGN3, and MAFA,
and successfully reprogrammed human adult hepatocytes into pancreatic
islet-like cells that were able to release the hormone in response to
glucose in vitro [22, 23]. Moreover, it was reported that miR-375 or miR-
187 is important for pancreatic f-cell function [24, 25], whereas Lahmy
et al. generated pancreatic 3-cells from iPSCs using miR-375 [26].

Direct reprogramming into cardiac cells

The heart is an organ with low regenerative capacity, and transplantation
of cardiac cells or the heart itself is the only method for treating severe
heart failure. leda et al. screened 14 factors and determined that GATA4,
MEF2c and TBX5 (GMT) are sufficient for cardiac direct
reprogramming [27]. Additionally, Chen et al. reported that forced
expression of GMT was insufficient to convert adult mouse tail-tip
fibroblasts into cardiomyocyte-like cells [28]. To improve
reprogramming efficiency, Wang et al. generated induced cardiac
myocytes using a polycistronic vector of GMT, by which
reprogramming efficiency was enhanced up to 10-fold [29]. Of note,
Song et al. and Protze et al. screened 6 and 10 candidate transcription
factors, respectively, for reprogramming into cardiac cells and
demonstrated direct reprogramming by different combinations of
transcription factors (GATA4, HAND2, MEF2c, and TBX5 or MEF2c,
TBX5, and MYOCD) from mouse fibroblasts [30, 31]. Finally, Addis et
al. optimized the combination of transcription factors using a calcium
indicator and found that the combination of HAND2, NKX2.2, GATA4,
MEF2c, and TBX5 was the most efficient, having 50-fold more
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efficiency than GMT [32]. Hirai et al. fused the MyoD transactivation
domain to GATA4, MEF2c, TBX5, and HAND?2, and expressed this
combination in mouse fibroblasts; this system enhanced reprogramming
efficiency 15-fold [33]. Jayawardena et al., Muraoka et al. and Nam et
al. reported that the addition of microRNA-1, 133, 208, 499, and 133a to
GMT improved cardiac direct reprogramming in mouse embryonic
fibroblasts (MEFs), adult mouse cardiac fibroblasts, and human
fibroblasts [34-36].

Direct reprogramming into endothelial cells

Ginsberg et al. showed that human midgestation c-Kit (-) lineage-
committed amniotic cells (ACs) could be reprogrammed into vascular
endothelial cells [37]. They generated mature endothelial cells by forced
expression of ETV2 with FL1 or ERGL1 in ACs, whereas transient ETV2
expression generated immature endothelial cells. Han et al. showed that
adult mouse fibroblasts could be reprogrammed into endothelial cells
using five transcription factors: FOXO1, ER71, KLF2, TAL, and LMO2
[38]. Morita et al., Van et al. and Lee et al. recently reported that human
fibroblasts could be directly reprogrammed into endothelial cells by
forced expressed of ETV2 only; these induced endothelial cells acquired
mature vascular endothelial cell functions [39-41]. In particular, Morita
et al. showed that the induced endothelial cells improved blood flow
recovery in a mouse model of hind limb ischemia.

Current problems associated with direct reprogramming

In recent years, guidelines of clinical trials using iPSCs have been
established, and such trials using iPSCs have been performed. In
contrast, no clinical trials using cells prepared by direct reprogramming
have been reported. However, cell therapy, in which cells are prepared
from patients, reprogrammed and injected into the same patients, has a
great advantage because it is not necessary to add an
immunosuppressive. However, certain problems should be addressed
before clinical application of cells that are engineered by direct
reprogramming.

First, the efficiency of direct reprogramming is generally low. Many
research groups have investigated methods using transcription factors,
small molecules, and microRNAs; however, these methods did not
improve reprogramming efficiency. Second, differentiated somatic cells
cannot proliferate, and large amounts of cells are required at the
beginning of the direct reprogramming procedure. Du et al. and Huang
et al. generated expandable induced hepatocytes. As one possible
approach for expanding somatic cells, forced expression of hTERT and
Bmi-1 has been attempted and its effectiveness has been confirmed by
several groups [42, 43]. These methods would be suitable for the large-
scale production of human cells. Third, most studies of regenerative
medicine that include expansion of somatic cells have used a viral vector
but obtaining a nontoxic-free system for direct reprogramming is the
most critical issue for the clinical application of direct reprogramming.

Direct reprogramming by integration-free vectors: As one approach
to avoid alternations in the genome structure by a vector system,
integration-free vectors have been used. Kim et al. reported that MEFs
could be converted into iHep cells by transfection of oriP/Epstein-Barr
nuclear antigen-1-based episomal vectors containing GATA4, HNF1la
and FOXA3 [44-46]. Katayama et al. generated iHep cells using Piggy
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bac, a type of transposon system, whereas Simeonov et al. demonstrated
direct reprogramming using a synthetic modified mRNA of HNF1a plus
any of the following two factors: FOXA1, FOXA3, or HNF4a [47-49].

Direct reprogramming by chemical compounds: For non-integrated
approaches, small molecules have also been used for direct
reprogramming of somatic cells into certain cell types [50]. Lim et al.
and Guo et al. showed that small molecules could reprogram somatic
cells [51, 52]. Lim et al. reported that mouse fibroblasts could be
converted into iHep cells by forced expression of a single transcription
factor, Hnfla, in combination with two small molecules, A-83-01 and
CHRI99021; these small molecules inhibit TGF-f and GSK-3 B
signaling [53, 54]. Guo et al. generated iHep cells from MEFs using one
transcription factor (FOXA1, 2, or 3) plus a chemical cocktail
(CHIR99021, RepSox, Forskolin, VPA, TTNPB, DZnep) [55]. To
generate pancreatic p-cells, Yuan et al. reported that BRD7552 induces
PDX1, whereas Lefebvre et al. showed that the DNA methyltransferase
inhibitor 5-aza-dC increased the activity of NGN3 [56, 57]. In direct
cardiac reprogramming, Wang et al. demonstrated that mouse fibroblasts
were reprogrammed into cardiomyocyte-like cells by the induction of
OCT4 and four small molecules (SB431542, CHIR99021, parnate, and
Forskolin) [58-61]. Moharmed et al. and Fu et al. reported that
reprogramming mouse fibroblasts into cardiomyocytes could be
performed by using the small molecules SB431542, XAV939 or
CRFVPTZ [62-64, 55]. Ifkovits et al. and Zhou et al. improved
reprogramming efficiency by inhibiting TGF-f or Akt signaling [65, 66].

Vector-free system: It is preferable to develop a simple, designable and
safe system by which both direct programming and cell expansion can
be performed. We recently identified a potent cell-penetrating peptide,
NTP (nuclear trafficking peptide), and developed a protein-based
artificial transcription system (ATF) [67]. NTP-tagged ATF is composed
of NTP, TALE (transcription activator-like effector), which was
developed as a second generation of the genome-editing tool, and the
transcription activator domain, VP64. By using TALE targeting the
proximal promoter of the miRNA-302/367 cluster gene, we successfully
established iPSCs (NTP-iPSCs). Of note, we observed no apparent
chromosome aberrations in NTP-iPSCs and chimeric mice were
obtained. Additionally, NTP-ATF has a wide safety range: its effective
dose is approximately 0.25 nM, whereas its toxic dose, which impaired
cellular growth as judged by the MTT assay, is approximately 100 nM.
As a next step to prove its usefulness, we are currently attempting to
convert human fibroblasts into hepatocytes. Because TALE is a
designable DNA binding protein and is applicable to any gene of interest,
it is plausible that NTP-ATF, which targets hTERT and Bmi-1, will
make it possible to expand somatic cells.

Conclusion and Future Perspectives

Recent progress in regenerative medicine has proven that cells of interest
can be manipulated from fibroblasts or somatic stem cells by forced
expression of lineage-specific genes. However, it is critically important
to develop a vector-free system of cell manipulation, and to expand
somatic cells into a sufficient number of cells for cell therapy. Although
using chemical compounds is an attractive approach, some transcription
factors are not sufficiently expressed. Moreover, sustained treatment of
small compounds could cause chromosomal aberrations, and more
studies are required to identify suitable combinations of chemical

Volume 1(2): 4-6



Advances in direct reprogramming and its future clinical application using a protein-based cell engineering system 5

cocktails for direct reprogramming. It is possible that the NTP-ATF
system could be combined with chemical compounds because the NTP-
ATF system is applicable to any gene of interest. It would be worthwhile
to carry out direct reprogramming based on chemical compounds, with
support of the NTP-ATF system, for inducing miRNA expression of a
gene responsible for the terminal differentiation of the cells of interest
but not being fully activated by chemical compounds. Additionally, the
NTP-ATF system could be used to expand somatic stem cells for which
no chemical compounds are currently available.

Acknowledgments

This work was supported in parts by Grants-in-Aid for Research from
the National Center for Global Health and Medicine (22A-301) and the
Program for Basic and Clinical Research on Hepatitis, “Differentiation
of mesenchymal stem cells to hepatic cells by artificial transcriptional
factors” from the Agency for Medical Research and Development
(AMED) (JPfk02100 03), Japan.

REFERENCES

1. Takahashi K, and Yamanaka S (2006) Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by defined factors.
Cell 126: 663-76. [Crossref]

2. Sadahiro T, Yamanaka S, leda M (2015) Direct reprogramming Progress
and Challenges in Basic Biology and Clinical Applications. Circ res 116:
1378-1391. [Crossref]

3. Lu J, Xia Q, Zhou Q (2017) How to make insulin-producing pancreatic f3
cells for diabetes treatment. Sci China Life Sci 60: 239-248. [Crossref]

4. Kawamata M, Suzuki A (2017) Cell fate modification toward the hepatic
lineage by extrinsic factors. J Biochem 162: 11-16. [Crossref]

5. Huang P, He Z, Ji S, Sun H, Xiang D, et al. (2011) Induction of functional
hepatocyte-like cells from mouse fibroblasts by defined factors. Nature
475: 386-389. [Crossref]

6. Sekiya S, Suzuki A (2011) Direct conversion of mouse fibroblasts to
hepatocyte-like cells by defined factors. Nature 475: 390-393. [Crossref]

7.Du Y, Wang J, Jia J, Song N, Xiang C, et al. (2014) Human hepatocytes
with drug metabolic function induced from fibroblasts by lineage
reprogramming. Cell Stem Cell 14: 394-403. [Crossref]

8. Huang P, Zhang L, Gao Y, He Z, Yao D, et al. (2014) Direct
reprogramming of human fibroblasts to functional and expandable
hepatocytes. Cell Stem Cell 14: 370-384. [Crossref]

9. Cavelti-Weder C, Li W, Zumsteg A, Stemann M, Yamada T, et al. (2015)
Direct Reprogramming for Pancreatic Beta-Cells Using Key
Developmental Genes. Curr Pathobiol Rep 3: 57-65. [Crossref]

10. Rui W, Tianpei H (2016) Lineage Reprogramming: A Promising Road
for Pancreatic B Cell Regeneration. Trends Endocrinol Metab 27: 163-
176. [Crossref]

11. Ferber S, Halkin A, Cohen H, Ber I, Einav Y, et al. (2000) Pancreatic and
duodenal homeobox gene 1 induces expression of insulin genes in liver
and ameliorates streptozotocin-induced hyperglycemia. Nat Med 6: 568-
572. [Crossref]

12. Sapir T, Shternhall K, Meivar-Levy I, Blumenfeld T, Cohen H, et al.
(2005) Cell-replacement therapy for diabetes: Generating functional
insulin-producing tissue from adult human liver cells. Proc Natl Acad Sci
U S A 102: 7964-7969. [Crossref]

13. Ham DS, Shin J, Kim JW, Park HS, Cho JH, et al. (2013) Generation of
functional insulin-producing cells from neonatal porcine liver-derived
cells by PDX1/VP16, BETA2/NeuroD and MafA. PLoS One 8: e79076.
[Crossref]

Regenerative Medicine doi: 10.31487/j.RGM.2018.02.005

14. Tang DQ, Cao LZ, Chou W, Shun L, Farag C, et al. (2006) Role of Pax4
in Pdx1-VP16-mediated liver-to-endocrine pancreas transdifferentiation.
Lab Invest 8: 829-841. [Crossref]

15. Horb ME, Shen CN, Tosh D, Slack JM (2003) Experimental conversion
of liver to pancreas. Curr Biol 13: 105-115. [Crossref]

16. Sadowski I, Ma J, Triezenberg S, Ptashne M (1998) GAL4-VP16 is an
unusually potent transcriptional activator. Nature 335: 563-564.
[Crossref]

17. Nagaya M, Katsuta H, Kaneto H, Bonner-Weir S, Weir GC (2009) Adult
mouse intrahepatic biliary epithelial cells induced in vitro to become
insulin-producing cells. J Endocrinol 201: 37-47. [Crossref]

18. Chen YJ, Finkbeiner SR, Weinblatt D, Emmett MJ, Tameire F, et al.
(2014) De novo formation of insulin-producing "neo-p cell islets" from
intestinal crypts. Cell Rep 6: 1046-1058. [Crossref]

19. Lima MJ, Muir KR, Docherty HM, McGowan NW, Forbes S, et al. (2016)
Generation of Functional Beta-Like Cells from Human Exocrine
Pancreas. PL0oS One 11: e0156204. [Crossref]

20. Lee J, Sugiyama T, Liu Y, Wang J, Gu X, et al. (2013) Expansion and
conversion of human pancreatic ductal cells into insulin-secreting
endocrine cells. Elife 19: e00940. [Crossref]

21. Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA (2008) In vivo
reprogramming of adult pancreatic exocrine cells to beta-cells. Nature
455: 627-632. [Crossref]

22. Lu J, Dong H, Lin L, Wang Q, Huang L, Tan J (2014) miRNA-302
facilitates reprogramming of human adult hepatocytes into pancreatic
islets-like cells in combination with a chemical defined media. Biochem
Biophys Res Commun 453: 405-410. [Crossref]

23. Barroso-del Jesus A, Lucena-Aguilar G, Menendez P (2009) The miR-
302-367 cluster as a potential stemness regulator in ESCs. Cell Cycle 8:
394-398. [Crossref]

24. Eliasson L (2017) The small RNA miR-375 - a pancreatic islet abundant
miRNA with multiple roles in endocrine beta cell function. Mol Cell
Endocrinol 456: 95-101. [Crossref]

25. Locke JM, da Silva Xavier G, Dawe HR, Rutter GA, Harries LW (2014)
Increased expression of miR-187 in human islets from individuals with
type 2 diabetes is associated with reduced glucose-stimulated insulin
secretion. Diabetologia 57: 122-128. [Crossref]

26. Lahmy R, Soleimani M, Sanati MH, Behmanesh M, Kouhkan F, et al.
(2014) MiRNA-375 promotes beta pancreatic differentiation in human
induced pluripotent stem (hiPS) cells. Mol Biol Rep 41: 2055-2066.
[Crossref]

27. leda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, et al. (2010)
Direct reprogramming of fibroblasts into functional cardiomyocytes by
defined factors. Cell 142: 375-386. [Crossref]

28. Chen JX, Krane M, Deutsch MA, Wang L, Rav-Acha M, et al. (2012)
Inefficient reprogramming of fibroblasts into cardiomyocytes using
Gatad, Mef2c, and Tbx5. Circ Res 11: 50-55. [Crossref]

29. Wang L, Liu Z, Yin C, Asfour H, Chen O, et al. (2015) Stoichiometry of
Gata4, Mef2c, and Thx5 influences the efficiency and quality of induced
cardiac myocyte reprogramming. Circ Res 16: 237-244. [Crossref]

30. Song K, Nam YJ, Luo X, Qi X, Tan W, et al. (2012) Heart repair by
reprogramming non-myocytes with cardiac transcription factors. Nature
485: 599-604. [Crossref]

31. Protze S, Khattak S, Poulet C, Lindemann D, Tanaka EM, et al. (2012) A
new approach to transcription factor screening for reprogramming of
fibroblasts to cardiomyocyte-like cells. J Mol Cell Cardiol 53: 323-332.
[Crossref]

32. Addis RC, Ifkovits JL, Pinto F, Kellam LD, Esteso P, et al. (2013)
Optimization of direct fibroblast reprogramming to cardiomyocytes using
calcium activity as a functional measure of success. J Mol Cell Cardiol
60: 97-106. [Crossref]

33. Hirai H, Tani T, Kikyo N (2012) Structure and functions of powerful
transactivators: VP16, MyoD and FoxA. J Dev Biol 54: 1589-1596.
[Crossref]

34, Jayawardena TM, Finch EA, Zhang L, Zhang H, Hodgkinson CP, et al.
(2015) MicroRNA induced cardiac reprogramming in vivo: evidence for

Volume 1(2): 5-6


https://www.ncbi.nlm.nih.gov/pubmed/16904174
https://www.ncbi.nlm.nih.gov/pubmed/25858064
https://www.ncbi.nlm.nih.gov/pubmed/27796637
https://www.ncbi.nlm.nih.gov/pubmed/28407125
https://www.ncbi.nlm.nih.gov/pubmed/21562492
https://www.ncbi.nlm.nih.gov/pubmed/21716291
https://www.ncbi.nlm.nih.gov/pubmed/24582926
https://www.ncbi.nlm.nih.gov/pubmed/24582927
https://www.ncbi.nlm.nih.gov/pubmed/26998407
https://www.ncbi.nlm.nih.gov/pubmed/26811208
https://www.ncbi.nlm.nih.gov/pubmed/10802714
https://www.ncbi.nlm.nih.gov/pubmed/15899968
https://www.ncbi.nlm.nih.gov/pubmed/24260156
https://www.ncbi.nlm.nih.gov/pubmed/16732298
https://www.ncbi.nlm.nih.gov/pubmed/12546783
https://www.ncbi.nlm.nih.gov/pubmed/3047590
https://www.ncbi.nlm.nih.gov/pubmed/19168505
https://www.ncbi.nlm.nih.gov/pubmed/24613355
https://www.ncbi.nlm.nih.gov/pubmed/27243814
https://www.ncbi.nlm.nih.gov/pubmed/24252877
https://www.ncbi.nlm.nih.gov/pubmed/18754011
https://www.ncbi.nlm.nih.gov/pubmed/25268319
https://www.ncbi.nlm.nih.gov/pubmed/19176999
https://www.ncbi.nlm.nih.gov/pubmed/28254488
https://www.ncbi.nlm.nih.gov/pubmed/24149837
https://www.ncbi.nlm.nih.gov/pubmed/24469711
https://www.ncbi.nlm.nih.gov/pubmed/20691899
https://www.ncbi.nlm.nih.gov/pubmed/22581928
https://www.ncbi.nlm.nih.gov/pubmed/25416133
https://www.ncbi.nlm.nih.gov/pubmed/22660318
https://www.ncbi.nlm.nih.gov/pubmed/22575762
https://www.ncbi.nlm.nih.gov/pubmed/23591016
https://www.ncbi.nlm.nih.gov/pubmed/21404180

Advances in direct reprogramming and its future clinical application using a protein-based cell engineering system 6

35.

36.

37

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

mature cardiac myocytes and improved cardiac function. Circ Res 116:
418-424. [Crossref]
Muraoka N, Yamakawa H, Miyamoto K, Sadahiro T, Umei T, et al (2014)
MiR-133 promotes cardiac reprogramming by directly repressing Snail
and silencing fibroblast signatures EMBO J 33: 1565-1581. [Crossref]
Nam YJ, Song K, Luo X, Daniel E, Lambeth K, et al. (2013)
Reprogramming of human fibroblasts toward a cardiac fate. Proc Natl
Acad Sci U S A 110: 5588-5593. [Crossref]

. Ginsberg M, James D, Ding BS, Nolan D, Geng F, et al. (2012) Efficient

direct reprogramming of mature amniotic cells into endothelial cells by
ETS factors and TGFp suppression. Cell 151: 559-575. [Crossref]

Han JK, Chang SH, Cho HJ, Choi SB, Ahn HS, et al. (2014) Direct
conversion of adult skin fibroblasts to endothelial cells by defined factors.
Circulation 130: 1168-1178. [Crossref]

Morita R, Suzuki M, Kasahara H, Shimizu N, Shichita T, et al. (2015)
ETS transcription factor ETV2 directly converts human fibroblasts into
functional endothelial cells. Proc Natl Acad Sci U S A 112: 160-165.
[Crossref]

Van Pham P, Vu NB, Nguyen HT, Huynh OT, Truong MT (2016)
Significant improvement of direct reprogramming efficacy of fibroblasts
into progenitor endothelial cells by ETV2 and hypoxia. Stem Cell Res
Ther 7: 104-113. [Crossref]

Lee S, Park C, Han JW, Kim JY, Cho K, et al. (2017) Direct
Reprogramming of Human Dermal Fibroblasts into Endothelial Cells
Using ER71/ETV2. Circ Res 120: 848-861. [Crossref]

Dimri GP, Martinez JL, Jacobs JJ, Keblusek P, Itahana K, et al. (2002)
The Bmi-1 oncogene induces telomerase activity and immortalizes
human mammary epithelial cells. Cancer Res 62: 4736-4745. [Crossref]
Saito M, Handa K, Kiyono T, Hattori S, Yokoi T, et al. (2005)
Immortalization of cementoblast progenitor cells with Bmi-1 and TERT.
J Bone Miner Res 20: 50-57. [Crossref]

Kim J, Kim KP, Lim KT, Lee SC, Yoon J, et al. (2015) Generation of
integration-free induced hepatocyte-like cells from mouse fibroblasts. Sci
Rep 5: 15706.

Yates J, Warren N, Reisman D, Sugden B (1984) A cis-acting element
from the Epstein-Barr viral genome that permits stable replication of

recombinant plasmids in latently infected cells. Proc Natl Acad Sci U S
A 81: 3806-3810. [Crossref]

Yates JL, Warren N, Sugden B (1985) Stable replication of plasmids
derived from Epstein-Barr virus in various mammalian cells. Nature 313:
812-815. [Crossref]

Katayama H, Yasuchika K, Miyauchi Y, Kojima H, Yamaoka R, et al.
(2017) Generation of non-viral, transgene-free hepatocyte like cells with
piggyBac transposon. Sci Rep 7: 44498. [Crossref]

Mitra R, Fain-Thornton J, and Craig NL (2008) PiggyBac can bypass
DNA synthesis during cut and paste transposition. EMBO J 27: 1097-
1109. [Crossref]

Simeonov KP, Uppal H (2014) Direct reprogramming of human
fibroblasts to hepatocyte-like cells by synthetic modified mMRNAs. PLoS
One 9: €100134. [Crossref]

Xiaojie M, Linghao K, Saiyong Z (2017) Reprogramming cell fate by
small molecules. Protein & Cell 8: 328-348. [Crossref]

Lim KT, Lee SC, Gao Y, Kim KP, Song G, et al. (2016) Small Molecules

Facilitate Single Factor-Mediated Hepatic Reprogramming. Cell Rep 15:
814-829. [Crossref]

Regenerative Medicine doi: 10.31487/j.RGM.2018.02.005

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

Guo R, Tang W, Yuan Q, Hui L, Wang X, Xie X (2017) Chemical
Cocktails Enable Hepatic Reprogramming of Mouse Fibroblasts with a
Single Transcription Factor. Stem Cell Reports 9: 499-512.

Tojo M, Hamashima Y, Hanyu A, Kajimoto T, Saitoh M, et al. (2005)
The ALK-5 inhibitor A-83-01 inhibits Smad signaling and epithelial-to-
mesenchymal transition by transforming growth factor-beta. Cancer Sci
96: 791-800. [Crossref]

Bock AS, Leigh ND, Bryda EC (2014) Effect of Gsk3 inhibitor
CHIR99021 on aneuploidy levels in rat embryonic stem cells. In Vitro
Cell Dev Biol Anim 50: 572-579. [Crossref]

Hou P, Li Y, Zhang X, Liu C, Guan J, et al. (2013) Pluripotent stem cells
induced from mouse somatic cells by small-molecule compounds.
Science 341: 651-654. [Crossref]

Yuan Y, Hartland K, Boskovic Z, Wang Y, Walpita D, et al. (2013) A
small-molecule inducer of PDX1 expression identified by high-
throughput screening. Chem Biol 20: 1513-1522. [Crossref]

Lefebvre B, Belaich S, Longue J, Vandewalle B, Oberholzer J, et al.
(2010) 5-AZA induces Ngn3 expression and endocrine differentiation in
the PANC-1 human ductal cell line. Biochem. Biophys. Res Commun
391: 305-309. [Crossref]

Alexander Y. Maslov, Moonsook Lee, Michael Gundry, Silvia Gravina,
etal. (2012) 5-Aza-2'-deoxycytidine-induced genome rearrangements are
mediated by DNMT1. Oncogene 31: 5172-5179. [Crossref]

Wang H, Cao N, Spencer CI, Nie B, Ma T, et al. (2014) Small molecules
enable cardiac reprogramming of mouse fibroblasts with a single factor,
Oct4. Cell Rep 6: 951-960. [Crossref]

Inman GJ, Nicolas FJ, Callahan JF, Harling JD, Gaster LM, et al. (2002)
SB-431542 is a potent and specific inhibitor of transforming growth
factor-beta superfamily type | activin receptor-like kinase (ALK)
receptors ALK4, ALKS5, and ALK7. Mol Pharmacol 62: 65-74.
[Crossref]

. Li W, Zhou H, Abujarour R, Zhu S, Young Joo J, et al. (2009) Generation

of human-induced pluripotent stem cells in the absence of exogenous
Sox2. Stem Cells 27: 2992-3000. [Crossref]

Hanna J, Cheng AW, Saha K, Kim J, Lengner CJ, et al. (2010) Human
embryonic stem cells with biological and epigenetic characteristics
similar to those of mouse ESCs. Proc Natl Acad Sci U S A 107: 9222-7.
[Crossref]

Mohamed TM, Stone NR, Berry EC, Radzinsky E, Huang Y, et al. (2017)
Chemical Enhancement of In Vitro and In Vivo Direct Cardiac
Reprogramming. Circulation 135: 978-995. [Crossref]

Fu Y, Huang C, Xu X, Gu H, Ye 'Y, et al. (2015) Direct reprogramming
of mouse fibroblasts into cardiomyocytes with chemical cocktails. Cell
Res 25: 1013-1024.

Huang SM, Mishina YM, Liu S, Cheung A, Stegmeier F, et al. (2009)
Tankyrase inhibition stabilizes axin and antagonizes Wnt signalling.
Nature 461: 614-620. [Crossref]

Zhou H, Dickson ME, Kim MS, Bassel-Duby R, Olson EN (2015)
Aktl/protein kinase B enhances transcriptional reprogramming of
fibroblasts to functional cardiomyocytes. Proc Natl Acad Sci U S A 112:
11864-11869. [Crossref]

67. Takashina T, Koyama T, Nohara S, Hasegawa M, Ishiguro A, et al. (2018)

Identification of a cell-penetrating peptide applicable to a protein-based
transcription activator-like effector expression system for cell
engineering. Biomaterials 173: 11-21. [Crossref]

Volume 1(2): 6-6


https://www.ncbi.nlm.nih.gov/pubmed/25351576
https://www.ncbi.nlm.nih.gov/pubmed/24920580
https://www.ncbi.nlm.nih.gov/pubmed/23487791
https://www.ncbi.nlm.nih.gov/pubmed/23084400
https://www.ncbi.nlm.nih.gov/pubmed/25186941
https://www.ncbi.nlm.nih.gov/pubmed/25540418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4973107/
https://www.ncbi.nlm.nih.gov/pubmed/28003219
https://www.ncbi.nlm.nih.gov/pubmed/12183433
https://www.ncbi.nlm.nih.gov/pubmed/15619669
https://www.ncbi.nlm.nih.gov/pubmed/6328526
https://www.ncbi.nlm.nih.gov/pubmed/2983224
https://www.ncbi.nlm.nih.gov/pubmed/28295042
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2323262/
https://www.ncbi.nlm.nih.gov/pubmed/24963715
https://www.ncbi.nlm.nih.gov/pubmed/28213718
https://www.ncbi.nlm.nih.gov/pubmed/27149847
https://www.ncbi.nlm.nih.gov/pubmed/16271073
https://www.ncbi.nlm.nih.gov/pubmed/24519175
https://www.ncbi.nlm.nih.gov/pubmed/23868920
https://www.ncbi.nlm.nih.gov/pubmed/24290880
https://www.ncbi.nlm.nih.gov/pubmed/19913512
https://www.ncbi.nlm.nih.gov/pubmed/22349820
https://www.ncbi.nlm.nih.gov/pubmed/24561253
https://www.ncbi.nlm.nih.gov/pubmed/12065756
https://www.ncbi.nlm.nih.gov/pubmed/19839055
https://www.ncbi.nlm.nih.gov/pubmed/20442331
https://www.ncbi.nlm.nih.gov/pubmed/27834668
https://www.ncbi.nlm.nih.gov/pubmed/19759537
https://www.ncbi.nlm.nih.gov/pubmed/26354121
https://www.ncbi.nlm.nih.gov/pubmed/29734017

