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Trans-differentiation of cells through direct reprogramming offers significant potential for
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Introduction
A human body consists of approximately 200 types of

cells” which are all created from pluripotent embryonic stem
cells through differentiation and proliferation. In mammals,
it has been long believed that differentiation from the
pluripotent cells is a one-way process, making it impossible
for terminally differentiated cells to be reprogrammed
back to the pluripotent state. Somatic cell nuclei can
be reprogrammed to enter pluripotent state by nuclear

transplantation into fertilized eggs® but it had been thought
that the mechanism of reprogramming is too complicated
to be reproduced artificially. In 2006, Yamanaka and
Takahashi succeeded in generating embryonic stem-like
cells, designated as induced pluripotent stem cells (iPSC),
from dermal fibroblasts simply by ectopic expression of
four transcription factors, Oct4, Sox2, Klf4 and cMycS).
This epoch making achievement allowed the possibility
of direct cell reprogramming of fibroblasts into many
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types of cells, such as neurons, pancreatic B-cells, and
cardiomyocytes”, where specific sets of transcription factors
were simultaneously overexpressed in order to elicit cellular
function and achieve trans-differentiation. One of the most
important steps in these trials is the selection of the key
transcription factors critical for direct cell reprogramming, but
due to the lack of any systematic methods, it has involved
exhaustive trial-and-error approaches. Furthermore,
researchers are still exploring the completeness of the
achieved target cell reprogramming in many cases.

In this mini-review, we briefly introduce our compre-
hensive transcriptome analysis through the FANTOM
consortium, and then explain our approach for direct cell
reprogramming based on our knowledge of transcriptional
regulatory networks.

Transcriptional regulation analysis in

FANTOM
The FANTOM (Functional ANnoTation Of Mammalian

genome) is an international scientific consortium that
focuses on mammalian transcriptome analysis. The goal of
the FANTOM consortium has been shifting from element
analysis to system analysis; mouse full-length cDNAs were
sequenced and annotated in the early FANTOMs 1 to 3
resulting in the discovery of a large number of long non-
coding RNAs®”, while transcriptional regulatory networks
and transcriptional regulatory elements were analyzed
to understand gene expression regulation in the recent
FANTOMs 4 and 5% ?. In the transcriptome analysis in
FANTOMs 4 and 5, we have used our unique technology
CAGE (Capped Analysis of Gene Expression)'® . CAGE
is a method to capture capped transcripts followed by the
5'-end sequencing as CAGE tags, providing us with the
exact, genome-wide locations of the transcription start sites
that are tightly linked with the proximal promoters of the
transcripts. In addition, CAGE analysis produces promoter-
based expression profiles (promoter activity profiles) since
the frequency of a given CAGE tag corresponds to the
expression level of the transcript (and the promoter activity)
at the identified transcription start site.

In FANTOM4, we developed a systematic pipeline
to produce the promoter-based dynamic transcriptional
regulatory network during cell differentiation?, in which
the CAGE technology was combined with next generation
sequencers (deepCAGE). We found that cellular status
and functional changes are strictly regulated by concerted
actions of transcription factors, with the transcriptional
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Fig.1 Direct cell reprogramming by reconstitution of target cell-
specific sub-networks

regulatory network being restructured following cell
differentiation. In the latest FANTOMS project, we com-
prehensively analyzed human and mouse transcripts
and their promoters and enhancers®, utilizing the further
improved non-amplified deepCAGE technology, which
removes any bias from sequencing sample construction'.
These large-scale data provide us with deep biological
insights of many different cell types, including enriched and
active key transcription factors.

Concept of transcriptional regulatory

network reconstitution
For a given cell, its cellular status, type and function are

determined by its overall gene expression levels, which are
regulated by the concerted actions of transcription factors
forming a robust transcriptional regulatory network. Various
transcriptional regulatory networks would contain the
shared “common sub-network”, responsible for controlling
the expression levels of genes involved in common cellular
features such as maintenance of structures, small organs,
metabolic pathways, transcription and translation systems
and repair system etc. For functions specific to each
cell type, “cell type specific sub-networks” are involved.
Therefore, direct cell reprograming is considered as the
reconstitution of target cell-specific sub-networks into
the original cell (Fig.1); it is expected that transduction of
selected key transcription factors into target cell would
induce target cell-specific sub-networks in the original cell
while the original cell type-specific sub-networks decline,
resulting in the cell reprogrammed with target cell-specific
functions and without original cell-specific functions.
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Table 1 The hepatocyte core transcriptional regulatory network

elements

Symbol IS Rank (Rfc) | Rank (Rco)
FOXA2 1.200 1 5
MSC 1.011 87 1
FOXA1 0.548 2 21
EGR3 0.502 663 2
EGR3 0.501 1388 2
CEBPA 0.349 3 65
HNF4A 0.338 223 3
HNF4A 0.337 263 3
HNF4A 0.336 451 3
NR2E3 0.334 1282 3
NR2E3 0.334 1313 3
NR2E3 0.334 1523 3
CITED4 0.265 4 65
FOXA3 0.215 5 65
FOXA2 0.202 434 5
FOXD3 0.202 511 5
FOXA2 0.201 939 5
NR1H4 0.182 6 65
NOTCH2 0.146 293 7
ESR1 0.145 407 7

Top 20 transcription factor elements were selected according to our
method (reference 12). IS, Rfc and Rfo stand for importance score,
differential expression fold change rank and co-occurrence rank,
respectively. FOXA2, EGR3, HNF4A and NR2E3 appear multiple times
because we treat isoforms as different transcription factors.

Development of the systematic target
cell-specific sub-network reconstitution

method
The basic concept of target cell-specific sub-network

reconstitution is intuitive. Generation of iPS cells using the
four Yamanaka factors may be the most representative,
successful example of the concept. However, in actual
practice, it is not easy to select the minimum essential
key transcription factors for the given target cell-specific
sub-network reconstitution because the transcriptional
regulatory role of a single transcription factor versus
the combinatorial role of multiple transcription factors
remain largely unexplored. Thus, key factor selection for
direct reprogramming has been mainly through trial-and-
error approaches. The four Yamanaka factors were also
selected from iPS cell creation assays involving more than
20 transcription factors. To address this difficulty, we have
developed a systematic method to reconstitute target cell-
specific sub-networks in terminally differentiated cells, using
fibroblast to monocyte cell reprograming as a model™.

The method consists of three steps: 1) selection of key
factor candidates, 2) identification of the minimum set of
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essential transcription factors for the reconstitution of target
cell-specific sub-networks, and 3) combinatorial transfection
of the selected key factors and validation of the converted
cells. In step 1, we calculate the Importance Score (IS)
for transcription factors, which are then ranked and the
top twenty are selected. The IS is obtained by combining
two pieces of information: 1) differences in expression
levels of transcription factor genes between the original
cells (fibroblasts) and the target cells (monocytes), and
2) literature search of the MEDLINE database for the co-
occurrence of the terms “monocyte” and the key biological-
processes such as “differentiation”, “reprogramming”
and “transformation”. In step 2, the selected transcription
factors are individually over-expressed in the original cell to
examine whether other selected transcription factor genes
are endogenously induced/up-regulated. We used the
lentivirus over-expression system followed by quantitative
RT-PCR since this system is applicable to most of cell
types. Using the results, the transcriptional regulatory
network consisting of the selected 20 transcription factors
is constructed to identify the most important (upstream)
transcription factors. In our model, we determined that the
four transcription factors SPI1, CEBPA, MNDA and IRF8
are essential for inducing/up-regulating all of the selected
transcription factors from the first step. Finally, in step 3, the
most important transcription factors are transduced into the
original cell in a combinatorial manner.

Fibroblast cells, transducing the four most important
key factors, are isolated by drug selection and FACS
sorting followed by evaluation of monocyte-specific
phenotypes. The four factor-transduced fibroblast cells
show morphologies similar to monocyte cells. We
successfully evaluated that the reprogrammed cells exhibit
phagocytosis, a specific type of endocytosis by monocytes
and macrophage cells to remove pathogens and cell debris,
and induction of cytokine genes upon LPS treatment. These
evidences suggest that the series of genes involved in
the monocyte-specific phenotypes are expressed, and we
conclude that we have successfully created monocyte-like
cells.

Next, in order to evaluate the generality of our method,
we used in-house gene expression data with our method to
select the important transcription factors for reprogramming
of fibroblasts into hepatocytes (Table 1). Several groups
have reported direct reprogramming into mouse and
human hepatocytes/hepatoblasts, although distinct sets of

transcription factors are used for the reprogramming™"”.
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Fig.2 Transcriptional regulatory network among fibroblast-enrich transcription

factors

Arrowhead and bar head in the edges indicate direction of regulation. Blue and red lines
indicate positive and negative regulations. Thicker line indicates greater differential expression
as compared to siRNA control. Seven transcription factors, shown by blue nodes, are most
frequently connected by activating edges. Re-produced from reference 18).

Our method successfully selects the most commonly used
transcription factor, FOXAS, and other transcription factors
used for the reprogramming (FOXA1, FOXA2, HNF4A
and CEBPA) as the top 20 important transcription factors.
HNF1A is not included in the top 20 (ranked 34), which
may be due to their low expression in cultured hepatocytes
compared with that of hepatocytes in liver tissue, suggesting
the importance of reference sample selection. On the other
hand, we successfully select HNF4A because of its high
rank in the literature score.

Finally, we compared our method with other well-used
methods for direct reprogramming. Both methods consist of
three steps, “selection”, “screen” and “evaluation”, the most
distinct step being the “screen” step. Our screen method
is based on the construction of transcriptional regulatory
networks, whereas other methods depend on phenotype
and/or bio-marker expression assays. Furthermore, our

method does not rely on any particular prior knowledge
in the “selection” step because key transcription factor
candidates are automatically calculated using gene
expression and literature information. However, this may
indicate a limitation of our method when applied to target
cell types without much annotation.

Knockdown-mediated direct reprogram-
ming

While the reconstitution of monocyte-specific sub-networks
in fibroblast cells resulted in monocyte-like phenotypic
features, gene expression profiles of the created cells did
not perfectly match those of monocytes. We found that
40% of the fibroblast-enriched genes do not change their
expression levels in the created cells. Fibroblast-enriched
transcription factors, such as TWIST2 and PRRX1, are
still highly expressed, suggesting that reconstitution of
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target cell-specific sub-networks does not always actively
diminish original cell-specific sub-networks entirely and
some of them may remain. While fibroblast cells are the
most frequently used cell type for direct reprograming, little
is known about its specific transcriptional regulatory sub-
networks, prompting us to explore the fibroblast-specific
sub-network in more detail'®.

We first selected eighteen fibroblast-enriched transcription
factors by comparing the expression profiles of 49 fibroblast
cells originating from various tissues with those of other
cell types in the FANTOM5 dataset. We then examined
their regulation with the MatrixRNAi approach using human
dermal fibroblast cells. The MatrixRNAi is a method for
exploring transcription factor regulation by knocking down
one transcription factor at a time followed by gRT-PCR to
measure the expression changes of other transcription
factor genes. We successfully created a fibroblast-specific
sub-network consisting of 53 activating and 19 inhibiting
edges, denoted by lines with arrowheads and bar heads,
respectively (Fig.2). Each edge represents the regulatory
relationship between the source transcription factor and
its target gene. Seven out of 18 transcription factors (blue
nodes) are most frequently connected by activating edges,
suggesting that these transcription factors compose core of
the fibroblast-specific transcriptional regulatory sub-network.
Interestingly, TWIST2 and PRRX1, the transcription factors
that are still expressed in the monocyte-like cells, are
included in those seven transcription factors.

Because the original cell-specific sub-networks may act
as barriers to direct cell reprograming, we hypothesized
that we may be able to achieve direct cell reprograming
if we weaken the robustness of original cell-specific sub-
networks by knocking down the key transcription factors.
We targeted adipocyte cells because of their close lineage
to fibroblast cells, as they both derive from mesenchymal
stem cells. In addition, the chemical differentiation method
for converting mesenchymal stem cells to adipocyte cells
using the adipocyte differentiation medium has been
well-established'® *. When we knocked down each of
the above-mentioned 7 key transcription factors in the
fibroblast culturing medium, we could not observe any
phenotypic changes. Use of the adipocyte differentiation
medium did not show any phenotypic changes in fibroblast
cells either. Surprisingly, when we knocked down each of
the key transcription factors together with the adipocyte
differentiation medium, accumulation of Orange-Red-
stained lipid droplet, a typical feature in adipocyte cells,
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was observed for four out of the 7 key transcription factors,
OSR1, PRRX1, TWIST2 and LHX9. The lipid droplet
accumulation was enhanced when we combinatorially
knocked down those 4 key transcription factors. When we
analyzed the 4 key transcription factor knocked-down cells
using qRT-PCR and microarrays, we found that the well-
known adipocyte-specific genes such as PPARG2, CEBPA
and MXLIPL were drastically induced. Principal component
analysis revealed the similarity of expression profiles
between knocked-down cells and mature adipocyte cells.

Taken together, our results indicate that original cell-
specific sub-networks can act as barriers for direct cell
reprogramming, and disrupting them together with adequate
cell culture medium (or certain drugs) makes it possible
to convert original cells to other types of cells. Thus, our
results point to a novel, alternative method for direct
cell reprogramming that is different from the established
method of transducing key transcription factors of target
cells into original cells. It has been reported in literature
that it is possible to reprogram fibroblasts to hematopoietic
progenitor cells by overexpression of Oct4*”, to neural stem
cells by overexpression of Oct4 and use of certain drugs®
and to iPS cells by overexpression of ES-specific miRNAs®.
Oct4 expression is not essential for hematopoietic stem cells
or neuronal cells. Overexpression of ES-specific miRNAs
also does not directly induce important transcription factors
for target cells. Their effects are thought original cells being
“plastic”, although how original cells become plastic has
not been clearly elucidated. We speculate that Oct4 and
miRNAs may convert the original cells into plastic states by
disrupting these sub-networks, as well as we showed in this
section.

Epigenome as another barrier for direct
reprogramming

Epigenomic modification such as histone modification and
DNA methylation is strictly controlled in a spatio-temporal
manner to regulate gene expression. DNA methylation of
cytosine in CpG di-nucleotides at gene promoter regions is
considered to be one of the most robust epigenetic marks
for gene silencing in terminally differentiated cells®”. In our
primary direct cell reprograming experiment from fibroblasts
to monocyte cells, we found that one of the most important
key transcription factors, SPI1, was expressed from ex-
ogenously transduced construct, but not endogenously
expressed in the created monocyte-like cells. Because it
has been known that proximal and distal regulatory regions
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for SP/1 gene is de-methylated during differentiation to
hematopoietic stem cells®, we explored DNA methyla-
tion status of those regions in our monocyte-like cell by
chromatin-immunoprecipitation using DNA methylation
binding protein (MBP) followed by DNA sequencing (MBP-
seq). We found that those regions are heavily methyl-
ated in fibroblast cells, but significantly de-methylated in
monocyte cells. On the other hand, the created monocyte-
like cells using four key transcription factors showed DNA
methylation status quite similar to that of fibroblasts and did
not show any DNA demethylation.

Our results show that, in addition to core key transcription
factors for proper reconstitution of target cell-specific sub-
networks, there need to be other factors for the epigenome
regulation toward complete direct cell reprogramming.
Actually, DNA demethylation of hematopoietic stem cells at
SPI1 regulatory regions occurs between hemangioblasts
and hematopoietic stem cells®®, suggesting that the
molecule(s), responsible for the demethylation may be
temporally activated/up-regulated at this differentiation
stage. Because the status changes of DNA methylation
occur in a genomic loci-specific manner, the most plausible
candidate molecules are transcription factors that can
recognize specific DNA sequence patterns. In fact, loci-
specific DNA demethylation by transcription factors
NANOG, EBF1, PPARy and SPI1 has been recently

d26-29

reporte ), although the detailed mechanism is still not

well understood.

Future perspective
In this mini-review, we described the concept of direct

cell reprogramming based on transcriptional regulatory
network and our systematic direct reprograming method
that should be applicable for any pairs of cell types in any
organisms. Although our approach is still not perfect, we
hope that further developments will eventually allow us to
achieve complete direct cell reprogramming at will. Through
the direct cell reprogramming study, we have obtained
many biological insights on how genes are positively and
negatively regulated by transcriptional regulatory networks
and epigenomes. We also found that there are robust
mechanisms in terminally differentiated cells that make
them not easily reprogrammable by extra stimuli. We
believe that the full understanding of these mechanisms
will contribute not only to reprogramming, but also to better
definition of cell types. Insights into loci-specific DNA
methylation modification will also prove to be valuable for
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medical research, since aberrant DNA methylation of certain
genes is one of the major triggers of cancer®.

Regenerative medicine using iPS-derived retinal
pigment epithelium cells has entered in the clinical study
phase, which is the first such case®. In the near future, we
expect the application of iPS-derived cells for regenerative
medicine and drug screens will become more prevalent.
Nonetheless, there are still enough niches for direct cell
reprogramming research. For instance, many types of cells
have not been able to be differentiated efficiently from iPS/
ES cells yet, and for these cases, direct reprogramming
may provide a novel, efficient differentiation method. In
order to obtain the reprogrammed cells with high quality in
future, it is essential that we continue to improve the direct
cell reprograming technologies.
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