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The direct reprogramming of a terminally differentiated cell into another lineage using de-
fined combinations of factors has fundamentally changed traditional concepts of the inal-
terability of differentiated cells. Many studies have achieved direct conversion into various
cell types in recent years, and this strategy is considered to be a promising approach for in-
ducing functional cells. Here, we review work on direct reprogramming, from the early pio-
neering studies to the most recent, including the discovery of novel reprogramming fac-
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tors, molecular mechanisms, and strategies. We also discuss the applications of direct re-

programming and the perspectives and challenges of this novel technology.
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INTRODUCTION

The generation of desired functional cell types is a long-stand-
ing goal of regenerative medicine, and one that holds great prom-
ise for biomedical applications, notably in transplantation proce-
dures. For example, liver transplantation is a successful treatment
but because of a lack of donor livers it is calculated that 18% of
adults in the UK listed for liver transplantation will die before liv-
ers become available, and artificially induced liver cells could be
used for such therapeutic transplantation. Conventional strate-
gies, particularly the directed differentiation of pluripotent stem
cells, have been widely studied for this purpose, and effective pro-
cedures have been developed [1]. Embryonic stem cells are derived
from blastocysts and so are pluripotent. They are non-transformed
cells and can proliferate extensively when cultured on irradiated
or mitomycin-treated fibroblast feeder layers together with leuke-
mia inhibitory factor (LIF) or bFGFE. They can be differentiated
into derivatives of all three germ layers. However, ethical problems
and teratoma formation hamper their widespread clinical applica-
tion. Induced pluripotent stem cells (iPSCs) are another type of

pluripotent stem cell derived from mouse and human somatic cells
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by overexpressing combinations of transcription factors (e.g. Oct-
4, SOX2, K14, and c-Myc) [2]. They can also be differentiated into
any cell type originating in the three embryonic germ layers. Al-
though there are little or no ethical problems associated with their
use, they, like embryonic stem cells they can produce tumors [3].
Compared to such pluripotent stem cells, directly reprogrammed
cells have a low potential for tumor formation and can be repro-
grammed into the desired cell types rapidly and efficiently.

A strategy for reprogramming using transcription factor was
first described in the case of MyoD [4]. The innovated discovery of
iPSCs proved that combinations of cell specific transcription fac-
tors could alter cell fate [2]. This strategy has been applied to lin-
eage reprogramming, and direct reprogramming has been used to
obtain neural cells, cardiomyocytes, hepatocytes, and pancreatic
cells [5-8]. In this review we will outline the history of direct re-
programming and discuss recent progress (Tables 1,2). We will

also consider future challenges and therapeutic applications.

HISTORY OF REPROGRAMMING TECHNOLOGY

In 1962, John Gurdon and his team showed that transfer of the
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Table 1. Examples of Direct Reprogramming in Mice
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Table 2. Examples of Direct Reprogramming in Humans

Target cell type Initial cell population In vitro/vivo Ref. Target cell type Initial cell population Ref.
Adipocytes (Brown fat Fibroblasts Invitro [50] Adipocytes (Brown fat cells) Fibroblasts [50]

cells) Hematopoietic multipotent progenitor Endothelial cells (48]
Astrocytes Fibroblasts Invitro [51] cells
Cardiomyocytes Fibroblasts Invitro [32,34,36] Hematopoietic progenitors Fibroblasts [22]
Cardiomyocytes Fibroblasts Invitro/Invivo ~ [33,35] Cardiac progenitors Fibroblasts [56]
Hematopoietic stem cells - Committed lymphoid, Invivo [47] Cardiomyocytes Fibroblasts [57]

myeloid progenitors, Endothelial Cells Amniotic cells [58]
and myeloid effector cells Hepatocytes Fibroblasts [37.38]

Hepatic stem cells Fibroblasts In vitro [46] Melanocytes Fibroblasts 52]
Hepatocytes Fibroblasts In VI:Z‘I’O (5.6] Nephron progenitors Proximal tubule (HK2) cell line [59]
Macrophages Fibroblasts In vitro [52] Neural stem cells Fibroblasts [43]
Natural killer-like cells T. cells In VI‘VO [53] Neurons Fibroblasts 2326-29]
Neural stem cells Flbrob_lasts In VI.Z‘I’U [43] Neurons Pericyte-derived cells [60]
Neural stem cells Sertoli cells In V/‘tro [44] Pancreatic {3-like cells Pancreatic exocrine cells [61]
Neuroblasts Astrocytes In vivo [54]
Neurons Hepatocytes In vitro [49]
Neurons Fibroblasts Invitro [7.2329] (ESC) morphology. By eliminating factors one by one, the 24 genes
Neurons Astrocytes Invitro (24] were narrowed down to only four transcription factors required to
N Ast , NG2 cell In vi 25 .

éurons i .S focytes e g V’,VO 125} generate iPSCs. These genes were Oct-4, Sox2, KlIf4, and c-Myc,
Oligodendrocyte progeni-  Fibroblasts Invitro [45]

tor cells currently known as “Yamanaka factors.” Ongoing studies have
Pancreatic o, 8-like cells  Pancreatic ductal cells Invivo [55] demonstrated that the Yamanaka factors can induce iPSCs in oth-
Pancreatic B-like cells Pancreatic acinar cells Invivo (8] er mammalian and human cells [15-17]. Likewise, other cell sourc-
Pancreatic B-like cells ~ Pancreatic ductal cells Invivo [55]

nucleus of a fully differentiated cell into an enucleated frog egg
could reprogram the cell and lead to the regeneration of an entire
frog [9]. This research led to the cloning of mammals like Dolly
the Sheep by somatic nuclear transfer [10]. In 1987, Weintraub and
collaborators demonstrated that a single cell-type-specific tran-
scription factor, MyoD, could act as a master switch inducing fi-
broblasts to form skeletal muscle cells [4]. This finding suggested
that MyoD played a key role in myogenesis and muscle develop-
ment [11]. Subsequent studies demonstrated that transcription
factor-driven cell fate conversion could be achieved between relat-
ed lineages such as blood, endoderm, and nervous system cells [12-
14]. In 2006, Takahashi and Yamanaka reported that overexpress-
ing four transcription factors (Oct-4, Sox2, K1f4, and c-Myc) which
are specific to embryonic stem cells converted mice fibroblasts
into pluripotent stem cells [2]. They first compiled a list of 24 can-
didate genes for reprogramming cells by incorporating neomycin
resistance and [-galactosidase reporter genes into Fbx15, a gene
specifically expressed in pluripotent stem cells. The combination
of these 24 factors activated Fbx15 and induced the formation of

drug-resistant colonies with characteristic embryonic stem cell
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es such as neural stem cells, liver and stomach cells, and terminally
differentiated blood cells, can be reprogrammed into iPSCs by the
same factors [18-20] and iPSCs can be induced by other combina-
tions of transcriptional factors such as Nanog, Lin28, ESRRB, NR-
5A2 that play core roles in development [17,21]. The breakthrough
production of iPSCs attracted interest in the further challenge of
converting mature cells directly into other types by overexpress-
ing lineage specific transcriptional factors and bypassing the stem
cell state [5,7,22]. Recently, many studies have described direct re-
programming generating cell types such as neural cells, cardio-

myocytes, hepatocytes and pancreatic (3 cell [5-8].

DIRECT REPROGRAMMING TO FORM NEURAL CELLS

It seems quite a challenge to induce one cell type directly from
one of another lineage. Direct reprogramming of fibroblasts into
neurons was first achieved using 19 candidate genes [7]. After con-
tinuous elimination of genes, three genes, Ascll, Brn2, and Mytl],
were found to be the minimal neuron-specific factors for lineage
reprogramming of fibroblasts into neural cells. The induced neu-
ronal cells produced spontaneous action potentials, expressed mul-

tiple neuron-specific proteins and were able to form functional
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synapses. Subsequent work demonstrated that mouse fibroblasts
could be reprogrammed into dopaminergic neurons by Ascll,
Lmxla, and Nurrl [23], and that striatal astrocytes could directly
transdifferentiate into neural cells in vivo in the presence of Asxll,
Brn2, and Mytl1l [24]. NeuroD was also shown to induce reactive
glial cells to form functional neural cells in a brain injury model
[25]. Several studies demonstrated that human fibroblasts could
be converted into glutamatergic neurons by combinations of fac-
tors such as Ascll, Brn2, Mytll, and NeuroD1 [26], Brn2, Mytll
and miR-124 [27], and AxI1, Myt1], neuroD2, miR-9/9 and mmiR-
124 [28]. Dopaminergic neurons could be induced to form from
human fibroblasts by the combination of Asxl1, Lmx1a, and Nurrl
[29]. Similarly, human fibroblasts could be converted into motor
neurons by Ascll, Brn2, Mytll, Lhx2, Hb9, Isll, and Ngn2 [23].
These studies were the first to demonstrate that direct lineage re-
programming is not limited to the same germ layer or lineage sys-
tem, since fibroblasts, which are derived from mesoderm, could be

converted into neurons, which are of ectodermal origin.

DIRECT REPROGRAMMING INTO CARDIOMYOCYTES

Although embryonic mesoderm cells could be induced to dif-
ferentiate into cardiomyocytes, the master genes of cardiac differ-
entiation had not been identified, despite much research influenc-
ed by the identification of MyoD [4,30]. Fourteen candidate fac-
tors were initially selected as able to induce cardiomyocyte-like
cells [31]. Then by knockout studies in mice, the requirements were
narrowed down to the minimal set of Gata4, Mef2c, and Tbx5.
However, the transcriptome of the induced cardiomyocyte-like
cells differed from that of neonatal cardiomyocytes and only a
small percentage of the cells were able to contract. Subsequently
two groups reported that retroviral delivery of the combination of
Gata4, Mef2c, and Tbx5 could convert fibroblasts into cardiomyo-
cytes at sites of infarction and decrease injury size [32]. Another
study demonstrated that direct conversion into cardiomyocytes
was more efficient when the transcription factors Hand2 was add-
ed, in both an in vitro and in an in vivo myocardial infarction model
[33]. A different group found that the combination of Tbx5, Mef3c,
and myocardin could induce a wider spectrum of myocardial
genes than previous combinations [34]. A subsequent study showed
that fibroblasts could be converted into cardiomyocytes by micro-
RNAs in the combination miR-1, miR-133, miR-208, miR-499,
and JAK inhibitor both in vitro and in vivo [35]. Another group
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looked for robust calcium oscillations and spontaneous beating
and concluded that the combination of Hand2, Nkx2-5, Gata4,
Mef3x, and Tbx5 was the most effective inducer [36]. These results
demonstrate that a variety of combinations of transcription fac-
tors and microRNAs can induce direct lineage reprogramming
and are of promise in regenerative medicine. It will be important
to understand more about the molecular mechanisms of cardiac
cell induction in vitro and to enhance the efficiency of induction

of cardiac cells in vivo.

DIRECT REPROGRAMMING TO HEPATOCYTE CELLTYPE

It is now accepted that terminally differentiated cell types can
undergo direct transdifferentiated into cells of other lineages in
response to overexpressing lineage-specific factors but it is not al-
ways clear whether the transdifferentiated cells can function in
damaged organs when transplanted. Two groups have shown that
hepatocytes induced from fibroblasts can improve the function of
injured hepatic tissues after transplantation [5,6]. Hepatocytes in-
duced by a combination of Gata4, Hnfla, and Foxa3 and inactiva-
tion of p19Arf expressed hepatic genes and restored the function
of damaged livers in mice [5]. The hepatocytes in another study
were generated by Hnf4a plus Foxal, Foxa2, or Foxa3 and also had
several hepatocyte-specific features, and their transplantation res-
cued damaged hepatic tissues [6]. Two further studies demonstrat-
ed direct reprogramming of fibroblasts into human hepatocytes.
The combination of HNF4 (instead of GATA4), HNF1A, and FO-
XA3 converted human fibroblasts into induced hepatocytes [37]
and the same study showed that hepatocytes induced by overex-
pressing SV40 large T antigen could be grown in vitro. Another
group used a combination of HNF1A, HNF4A, HNF6, CEBPA,
ATF5, and PROXI1 together with overexpression of c-Myc and
knockdown of p53 for reprogramming [38]. This combination had
the advantage of avoiding forced proliferation of mature cells, which
could cause some damage. In both cases, the human induced he-
patocytes displayed metabolic activities comparable to those of
control hepatocytes. These studies demonstrate novel applications
of induced hepatocytes to improve liver engineering and for use in
regenerative medicine. Nevertheless, transplantation of the induc-
ed hepatocyte-like cells was only partially effective, suggesting
that these cells are not identical to normal hepatocytes. However,
in vivo induced hepatocytes are proving to be able to substitute for

normal hepatocytes in studies involving disease modelling, cell
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transplantation and tissue engineering. Further basic studies are
required to clarify the mechanisms underlying the induction of
hepatocytes and to address whether human fibroblasts can also be

converted into functional hepatocytes.

DIRECT REPROGRAMMING TO FORM PANCREATIC
B CELLS

Progress in cell reprogramming suggests the possibility of treat-
ing hyperglycemia in type 1 DM with induced insulin-producing
B cells. Pairs of cell types such as hepatocytes and non-endocrine
pancreatic cells that share a common lineage have a better chance
of being reprogrammed into  cells. Although these cells cannot
secrete insulin for lack of some key factors, they express some typi-
cal proteins. For instance, hepatocytes cannot transform proinsu-
lin into insulin but, like B cells, express factors associated with stim-
ulus-secretion coupling such as GLUT2 and glucokinase. Hence,
fewer factors are necessary to induce insulin-producing {3 cells from
these cells. Accordingly, transfer of Pdx1 into mice by adenovirus-
mediated gene transfer were able to reprogram hepatocytes to form
cells that can control blood sugar levels by producing insulin [39]
and the ability to produce insulin was considerably enhanced when
Pdx1 was fused with the VP16 transcriptional activation domain
(Pdx1/VP16)[40]. As a result, adenoviral transfection of PDXI1 re-
programmed hepatocytes into cells decreased blood glucose levels
in DM animal models [41]. Likewise, delivery of Ngn3, MafA, and
Pdx1 was able to reprogram pancreatic acinar cells into insulin-

positive cells in an immunodeficient mice model [8]. Although the

<Benefits>

ﬁ\/

- Superior efficiency and dynamics in reprogramming
- Low risk of tumor generation

- Possibility of in situ reprogramming
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induced {3 cells were not very efficient because they could not form
islet structures, this study underlines the potential of direct repro-
gramming by defined transcription factors in vivo. In another
study, ectopic expression of Pax4 reprogrammed pancreatic pro-
genitor cells expressing Pdx1 into glucagon-expressing a cells,
which could then be reprogrammed into insulin-positive cells
[42]. However, normoglycemia could not be restored in older ani-
mals, for reasons that are unclear. Nevertheless, this study suggests
that alpha cells from DM patients could serve as a source of glu-

cose-responsive, insulin-secreting {3 cells.

STRATEGIES FOR PRODUCING LARGE NUMBERS OF
INDUCED CELLS FOR TRANSLATIONAL PURPOSES

Like iPSC technology, lineage reprogramming can be used in
biomedical applications, including disease modeling, cell therapy
and drug testing [3]. However the direct reprogramming strategy
has the theoretical advantages of shortening the time needed for
reprogramming and minimizing the risk of teratoma formation.
An important limitation of direct reprogramming is that scaling-
up is difficult because the reprogrammed cells proliferate poorly.
Recently, new approaches have been developed for obtaining large
numbers of cells by direct conversion. In one approach somatic
cells are induced to form stem cells or progenitor/precursors and
then further differentiated into terminally differentiated cells. The
stem cells or progenitors/ precursors can then be directly repro-
grammed into neural stem cells or their progenitors [43,44], oligo-
dendrocyte precursor cells [45], hepatic stem cells [46], HSCs [47],

\/

Gatad/Mef2c/
Tbx5/GFP

<Pitfalls>

Infarcted heart

- Need further studies about a safer, more efficient
delivery method of transcription factors

- Possible off-target effects

- May develop side effects such as arrhythmia

N
7

Repaired heart

Fig. 1. In vivo reprogramming of cardiac muscle by injecting various transcription factors. Direct reprogramming of cardiomyocytes in vivo is
presently the most interesting application in regenerative therapy. A transfemoral catheter can be used to deliver Gata4/Mef2¢/Tbx5 transcrip-
tion factors to repair the injured myocardial wall after myocardial infarction. Lineage reprogramming can reduce the size of the cardiac infarct
and enhance cardiac function. This strategy has advantages over induced iPSCs but several obstacles remain to be overcome.
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and hematopoietic multipotent progenitors [48]. Another approach
is to induce transient expandable intermediates during lineage dif-
ferentiation. This strategy has been used for producing human he-

patocytes [38].

TRANSLATION OF LINEAGE REPROGRAMMING FOR
CELLTHERAPY

Undoubtedly the most exciting application of direct reprogram-
ming is for cell replacement therapy. Compared with iPSC tech-
nology, lineage reprogramming has the obvious advantage that it
can be conducted in vivo and could theoretically avoid the risks of
teratoma formation and genetic alterations caused by long-term in
vitro culture. Moreover, in vivo lineage reprogramming could also
circumvent the transplantation process, which could be problem-
atic when cells are induced in vitro. There have now been many re-
ports demonstrating lineage reprogramming in vivo. The induc-
tion of cardiomyocytes from fibroblasts in vivo is currently the
most interesting application of lineage reprogramming in regen-
erative therapy. In a coronary ligation model, functional cardio-
myocytes induced from cardiac fibroblasts by local delivery of car-
diac reprogramming factors in vivo decreased cardiac infarct size
and reduced dysfunction (Fig. 1)[32]. In another study in a heart
injury model, lineage reprogramming enhanced cardiac function
by inducing cardiomyocyte-like cells from endogenous cardiac fi-
broblasts [33].

Despite the promising advances, there are significant obstacles
to the clinical application of in vivo lineage reprogramming. In
many cases, some transcripts characteristic of the original cell type
persist after reprogramming, indicating that reprogramming is
not complete [6,49]. Also more safe and efficient methods of in vivo
delivery of transcription factors need to be developed, and the side

effects of reprogramming in vivo must be investigated.

CONCLUSIONS

The technology of induced reprogramming may prove useful in
therapeutic cell transplantation. The iPSCs strategy has the merit
of scalability but carries a risk of tumorigenicity. On the other hand,
the strategy of directly inducing changes of somatic cell type with-
out passing through the pluripotent stage is less likely to generate
teratomas and does not require the delivery of integrated genes.

Another interesting clinical application of direct lineage repro-

Hanyang Med Rev 2015;35:215-221
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gramming is in vivo reprogramming. However many obstacles
remain, and further studies are needed to produce functional cells
of higher purity and develop safer and more efficient delivery meth-

od. Studies of potential side effects are also called for.
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