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Epigenetic reprogramming can be achieved in different ways, including nuclear transfer, cell fusion, or the expression
of transcription factors (TFs). Combinatorial overexpression provides an opportunity to define the minimal core
network of TFs that instructs specific cell fates. This approach has been employed to induce mouse and human
pluripotency and differentiated cell types from cells that can be also as distant as cells from different germ layers.
This suggests the possibility that any specific cell type may be directly converted into another if the appropriate
reprogramming TF core is determined. Herein, we review the factors used for reprogramming multiple cell identities
and raise the question of whether there is a common underlying blueprint for reprogramming factors. In addition
to the generation of human cell types of interest for cell-replacement therapies, we propose that the TF-mediated
conversion of differentiated cell types, especially somatic stem cells, will have an impact on our understanding of
their biological development.
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Introduction

Once committed, the differentiated state of a cell
is normally stable and can be inherited through cell
division. Under certain conditions, cell fate can,
however, be modified or reversed.'” Epigenetic
reprogramming can be achieved experimentally in
different ways, including through nuclear transfer,
cell fusion, or the forced expression of transcription
factors (TFs).*

The first evidence of successful nuclear repro-
gramming of somatic cells was provided by the live
birth of animals cloned by injection of differenti-
ated somatic nuclei into eggs.” This demonstrates
that terminally differentiated cells retain cell plastic-
ity and can be reprogrammed to produce an adult
cloned animal.>® It remained a formal possibility,
however, that the donor nuclei that gave rise to the
rarely observed clones were actually derived from
tissue stem cells, which represent a small propor-
tion of adult tissues. Subsequently, the successful
generation of cloned mice from lymphocytes”-® un-
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ambiguously demonstrated that terminal differenti-
ation does not restrict the potential of the nucleus to
support development. Importantly, this established
the principle that mechanisms underlying lineage
restriction and cell identity are ultimately reversible.

The combination of two cell types through cell fu-
sion to form somatic cell hybrids and heterokaryons
yielded evidence that mammalian gene expres-
sion can be altered by diffusible trans-acting fac-
tors.” Cells derived from mesoderm, endoderm,
and ectoderm could be dominantly reprogrammed
into mouse myotubes that express muscle specific
genes.!? Cells that were more closely related to
muscle—mesodermal derivatives—consistently ex-
pressed muscle genes sooner and to a greater extent
than the cells of ectodermal or endodermal origin.'’
These studies established that differentiated cells do
retain flexible lineage potential and that lineage con-
version and gene activation can occur in absence
of DNA replication.!! The dominance of pluripo-
tent cells over differentiated cells has also been
shown in experimental hybrids and heterokaryons

Ann. N.Y. Acad. Sci. 1266 (2012) 7-17 © 2012 New York Academy of Sciences. 7



Reprogramming factors to instruct cell fate

made between somatic cells and embryonic stem
cells (ESCs).!"1* The trans-acting factors mediat-
ing dominant reprogramming may reside in the
nucleus or in the cytoplasm. This question was ini-
tially addressed by separating the nuclear compart-
ment (karyoplast) from the cytoplasmic compart-
ment (cytoplast) of an ESC; these elements were
then individually fused with neuronal cells.'> Only
karyoplasts were able to reprogram upon cell fu-
sion, suggesting that nuclear factors are essential for
reprogramming. This conclusion is consistent with
cloning experiments in amphibians'® and mice,”
which indicate that successful reprogramming de-
pends on direct injection of nuclei into the germinal
vesicle or into a metaphase oocyte, where nuclear
factors are available in the cytoplasm. Interestingly,
the overexpression of a single TF in somatic cells
was unexpectedly found to modify or override lin-
eage outcome, firstin Drosophila melanogaster'® and
subsequently in mammals,' leading to remarkable
changes in cell fate.

In 2006, Takahashi and Yamanaka reported the
breakthrough discovery that a combination of de-
fined TFs was sufficient to reprogram several so-
matic cell types to pluripotency (termed “iPS” for
induced pluripotent stem).?’-?? In the initial study,*
the authors sought to identify genes expressed in
ESCs that would be sufficient to induce pluripo-
tency. With a pioneer approach, 24 candidate genes
were simultaneously expressed in fibroblasts using
retroviral transduction. This resulted in the repro-
gramming of a small percentage of fibroblasts to-
ward iPS cells. Genes were then systematically re-
moved from the cocktail to define the minimal
and optimal combinations of factors for inducing
pluripotency. The same rationale has been more
recently applied to induce differentiated cell types
from cells that can be as distant as cells from dif-
ferent germ layers. Reprogrammed cells, by direct
lineage conversion, include macrophages, brown
fat cells, cardiomyocytes, neurons, hepatocytes, and
beta cells.”*>? Cell fate conversion to each of these
cell types was accomplished by expression of a signa-
ture group of two to five TFs in unrelated cell types.
Recently, the expression of miRNAs was also shown
to either reprogram cells to pluripotency®® or to as-
sist in direct conversion toward the neural lineage
in combination with TFs.*® Because miRNAs gen-
erally target hundreds of mRNAs that coordinate
expression of many different proteins, the underly-
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ing mechanism may involve the indirect activation
of TFs. Collectively, these findings opened an av-
enue for combinatorial overexpression screening to
define the minimal TF core required to induce any
cell type of interest. Can this approach be applied
to induce somatic stem cells? Is the induction of
multipotency fundamentally different from direct
lineage conversions? Do TFs share similar biochem-
ical properties that confer the ability to trigger cel-
lular reprogramming? Here, we review these ques-
tions with a focus on the reprogramming factors,
TFs that are sufficient to instruct cell type conver-
sion when overexpressed in unrelated somatic cells.
We compiled data from TF overexpression studies
that lead to induction of cell types and analyzed
the TFs according to several features that may fa-
cilitate the selection of factors to induce additional
cell fates. The establishment of cell type—specific TF
minimal networks will make possible the direct gen-
eration of patient-specific cell types of interest for
cell replacement or disease modeling. In addition,
it also provides a novel approach to interrogate as-
pects of cell fate, stem cell function, and cellular
differentiation.

Reprogramming cell fates by combinatorial
expression of transcription factors

The induction of pluripotent stem cells was suc-
cessfully achieved from mouse embryonic and
adult fibroblasts after viral-mediated transduction
of Oct4, Sox2, c-Myc, and Kif4. Importantly, iPS
cells generated postnatal chimeras, contributed to
the germ line,*'~** and generated late-gestation em-
bryos through tetraploid complementation® (the
most stringent test for developmental potency). In
addition, iPS cells were shown to be transcription-
ally and epigenetically similar to ES cells. iPS cells
showed reactivation of the somatically silenced X-
chromosome, DNA demethylation of pluripotency-
associated genes, and acquisition of chromatin
structure that closely resemble ES cells.>!">* Ex-
pression of the reprogramming factors in fibro-
blasts appears to initiate a cascade of events that
leads to the conversion of a small percentage of
cells. Similar to what is observed in nuclear trans-
fer,** iPS reprogramming appears to be influenced
by donor cell type. The same four TFs have been
shown to drive mouse hepatocytes, stomach cells,?!
pancreatic beta cells,”> and immature B lympho-
cytes to iPS, whereas adult mouse B lymphocytes™
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required silencing of the B cell-specific TF Pax5
or the additional expression of CEBPu. Conversely,
just two factors (Oct4 and Kif4) or one factor (Oct4)
were sufficient to reprogram adult neural stem cells
and dermal papilla cells, which endogenously ex-
press Sox2 and c-Myc.>’~*! In 2007, reprogramming
of human fibroblasts was achieved in parallel ap-
proaches using Oct4, Sox2, and either Nanog plus
Lin28* or Kif4 plus c-Myc.*>*3-4* Lin28 is the only
protein of the combination that is not a TE. Hu-
man cell types converted to iPS include fetal fibro-
blasts, adult dermal fibroblasts, bone marrow—
derived mesenchymal cells, and keratinocytes. In
order to reprogram keratinocytes a combination of
five factors (Oct4, Sox2, KIf4, c-Myc, and Nanog) was
used.*

Several combinations of factors have been used
for iPS induction in mice and humans (Table 1, up-
per left panel), affecting mainly the efficiency and
rapidity of reprogramming (reviewed in Ref. 46).
iPS colonies were derived from mouse fibroblasts
using the combination of Oct4, Sox2, and KIf4.*
Similarly, human iPS can be generated with either
Oct4, Sox2, and KIf4 (no c-Myc) or Oct4, Sox2, and
Nanog (no Lin28).*>*7 TFs that belong to the same
family and are closely related can replace the func-
tion of some of the reprogramming factors; Sox2
can be replaced by SoxI and Sox3, Kif4 by KiIf2 and
KIf5, and ¢-Myc by N-Myc and L-Myc.*>47-48 TFs
that belong to other families can also replace repro-
gramming factors, for example, the orphan nuclear
receptor Esrrb can replace the function of both Kif4
and c-Myc.* Interestingly, Oct4 cannot be replaced
by the closest homologues OctI or Oct6.*” Indeed,
the only factor that has been reported to replace Oct4
function in reprogramming is the nuclear receptor
Nr5a2, previously shown to regulate Oct4 levels.>%>!
These observations suggest that Oct4 occupies an
irreplaceable, yet mechanistically unidentified, role
in induced pluripotency. This is supported by the
observation that ESCs conditionally depleted for
Oct4 (before differentiation or loss of other repro-
gramming factors) lose dominant reprogramming
capacity in heterokaryons, in contrast to Sox2."
Chromatin remodeling factors (Brgl, Baf155),> hi-
stone demethylation (JhdmIa/1b),>* nuclear recep-
tors (RAR-gamma, Nr5a2),>* additional TFs ( Thx3,
Glis1, Prdm14),°>~ and co-activators (Utf1),’® have
been shown to increase in the efficiency and rapid-
ity of reprogramming when added in combination
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with Oct4, Sox2, KIf4 (& c-Myc). Similar outcomes
were achieved by ablation of factors that impede
reprogramming: silencing of p53 and other regu-
lators of senescence (acting as a major barrier to
reprogramming by limiting cell cycle and induc-
ing apoptosis®), repression of lineage-specifying
TFs and inhibiting DNA methylation activity.*%-¢!
Together these reprogramming experiments sug-
gest that iPS-inducing factors can be separated into
two groups: core reprogramming factors that play
a central role for induced pluripotency, including
irreplaceable TFs (Oct4) and necessary TFs but
interchangeable for closely related or functionally
equivalent factors (Sox2, KIf4, Nanog, and Esrrb);
and pro-programming factors,>” which facilitate the
reprogramming process resulting in increased effi-
ciency and speed. The latter set can act on multiple
cellular pathways such as cell cycle, chromatin re-
modeling, DNA demethylation, and mesenchymal-
to-epithelial transition.®>-¢*

It is also possible to induce cells directly into
other cell fates using the appropriate factors
(Table 1), a process that has been named trans-
differentiation or direct conversion.®> Conversion of
fibroblasts into myoblasts by expressing MyoD was
first demonstrated in mammals in 1987 by Davis
and Weintraub.!”” However, ectopic expression of
MyoD in ectoderm lineages in vivo®® or in hepato-
cytes in vitro®” does not initiate the complete con-
version of these lineages into differentiated muscle.
This suggests that MyoD, although a central player
in the skeletal muscle program, needs cooperation
from additional, yet unidentified factors to convert
more distant cell types. Similarly, the TFs CEBPx
and CEBPf can induce committed mature B lym-
phocytes to become macrophages,®® but an addi-
tional factor (PU.I) is required to convert fibro-
blasts.?? Forced coexpression of Prdm16 and CEBPS
was sufficient to convert mouse and human dermal
fibroblasts into functional brown fat-like cells.**

More recently, the combinatorial overexpression
approach was used to screen for induction of cell
types emanating from different germ layers. After
testing an initial pool of 19 neuronal lineage-specific
TFs, a combination of three factors (Ascll, Brn2,
and Mytl1) was sufficient to induce neurons from
fibroblasts, with almost 20% efficiency in less than
one week.”® The conversion of human fibroblasts
to fully functional neurons appears to be greatly
aided by the helix-loop-helix TFs NeuroDI and
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Table 1. Reprogramming factors and their features
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Factors to . . Loss of Cell Pioneer
induce: Mouse Human SS-TE  TF family/domains function _ proliferation _ activity
Pluripotency 20 20 45 49 52 57 53 51 54 55 22 22 42 4«2 57 58 56
Oct-4 Yes Pou/Homeodomain + - ND
Sox2 Yes HMG-box/SOXp + - ND
Klf4 Yes Zn-finger * + ND
Helix-loop-helix/
c-Myc Yes Myc-N/Myc-LZ + + ND
Esrrb Yes NR Zn-finger + - ND
Nanog Yes Homeodomain + - ND
Lin28 No RNA -binding - - ND
Tbx3 Yes T-box + + ND
Nr5a2 Yes NR Zn-finger + + ND
RAR -gamma Yes NR Zn-finger - - ND
Utfl [ ] No Co-activator - - ND
Brgl No Chromatin N ND
Baf155 No remodelling - ND
Glisl [ | Yes Zn-finger ND - ND
Jhdmla/1b No Histone demethylase ND - ND
Prdm14 - Yes Zn-finger, SET + - ND
Myocytes N %7
MyoD _ P ves Helix-loop-helix > - ND
Cardiomyocytes >
Tbx5 ND Yes T-box + - ND
Mef2c Yes MADS + - ND
Gata4 Yes Zn-finger, Gata-type + - ND
Neurons 26 70 69 7T 70
Ascll G D Yes Helix-loop-helix + - ND
Brn2 Yes Pou/Homeodomain + - ND
Mytll Yes Zn-finger ND - ND
NeuroD1/2 Yes Helix-loop-helix + - ND
Lmxla Yes Homeodomain + - ND
Nurrl Yes NR Zn-finger + - ND
Foxa2 Yes Forkhead + - +
Hepatocytes 7 7
Gata4 Yes Zn-finger, Gata-type + - +
Hnflo Yes Homeobox + - ND
Hnf4o ND Yes NR Zn-finger + - ND
Foxa3 Yes Forkhead -* - +
Foxa2 Yes Forkhead . - +
Foxal Yes Forkhead - +
Macrophages 28
PU.1 ND Yes Ets + - +
CEBPo/f3 Yes  bZIP + - ND
Brown fat cells B B
Prdm16 Yes Zn-finger, SET + - ND
CEBPP Yes  bzIP + - ND
Beta cells > *
Ngn3 Yes Helix-loop-helix + - ND
NeuroD1 ND Yes Helix-loop-helix + - ND
Pdx1 Yes Homeobox + - ND
Mafa Yes bZIP + - ND

TF - Transcription factor. SS-TF — Sequence-specific transcription factor. NR — nuclear receptor. ND — not determined.G — Glutamatergic neurons. D —

Dopaminergic neurons. *Reported compensatory effects by homologous TFs.

NeuroD2.%° Two recent studies have reported that
the addition of TFs that are involved in dopaminer-
gic neuronal development can generate dopaminer-
gic neurons from human and mouse fibroblasts that
express tyrosine hydroxylase and release dopamine.
Each study used a distinct group of TFs for conver-
sion (Ascll, Brn2, Myt1l+ Lmxla, and Foxa2 versus
Ascll, Nurrl, and Lmx1a).”"”" Interestingly, trans-
duction of AsclI alone was sufficient to induce some
neural traits in fibroblasts, such as the expression of
pan-neuronal proteins. This gene was present in all

10

neural reprogramming cocktails and may be analo-
gous to Oct4 for the induction of pluripotency and
MyoD for the induction of muscle. Leda et al. used an
iterative process of elimination to define a minimal
pool of three cardiac-specific TFs (Gata4, Mef2c,
Tbx5) that directly induced mouse fibroblast trans-
differentiation into cardiomyocytes.” Similar to the
induction of neurons, the conversion of cardiomy-
ocytes was rapid (one week) and efficient (>6%
oaMHC + ¢TnT + cells). Recently, two groups have
demonstrated the conversion of mouse fibroblasts to
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hepatocyte-like cells by forced expression of Gata4,
Hnfla, and Foxa3 and inactivation of P19" or by
expression of Hufda and Foxal, Foxa2, or Foxa3.*”:7
Finally using a strategy of re-expressing key devel-
opmental regulators in vivo, Melton and colleagues
identified a specific combination of three TFs (Ngn3,
Pdx1, and Mafa) that converts differentiated pan-
creatic exocrine cells in adult mice into cells that
closely resemble beta cells.?® Interestingly, attempts
to reprogram skeletal muscle and embryonic fibro-
blasts (mesodermal cell types) using this combina-
tion were unsuccessful.

In addition to these direct reprogramming stud-
ies, some reports suggest that overexpression of
pluripotency-reprogramming factors in permissive
culture conditions can generate cell types other than
iPS. For example, the induction of hematopoietic
progenitors was achieved by overexpression of Oct4
in the presence of hematopoietic cytokines’® and
the induction of cardiomyocytes and neural pro-
genitors by the induction of the Oct4, Sox2, Kif4,
and c-Myc.”*7> These results are unexpected be-
cause the generated cell types do not express the TFs
used for induction. Future experiments may address
the mechanisms underlying these reprogramming
events that may involve transit through a partially
reprogrammed state further instructed with culture
conditions to differentiate into specific cell types.

In summary, seven cell types representative of the
three germ layers were induced by overexpression
of TF cocktails. With this approach, master regu-
lators of cell fate induction have been allocated to
these cell types. Reassuringly, the majority of these
genes are essential for the generation of the target
cell types during development. It remains an open
question whether there are common features be-
tween reprogramming-competent TFs. Therefore,
it is important to pay careful attention to those pro-
teins and their molecular function.

Transcription factors with reprogramming
abilities—are there common features?

Diverse arrays of proteins are crucial for success-
ful transcription by RNA polymerase in eukary-
otic cells. These proteins include general TFs, cofac-
tors (coactivators and corepressors) and chromatin
modifying proteins. In addition, sequence-specific
DNA-binding TFs direct transcription initiation to
specific promoters. The vast majority (>80%) of
the reported reprogramming factors (Table 1) are

Reprogramming factors to instruct cell fate

annotated as sequence-specific TFs.”® The excep-
tions include the RNA-binding protein Lin28, the
chromatin remodelers Brgl and Bafl55, the his-
tone demethylases Jhmdla/1b and the coactivator
Utfl. Interestingly, the exclusion of those factors
from the reprogramming combinations only re-
duces the efficiency but does not abolish conver-
sion, placing those genes in the pro-programming
group and not in the minimal core of TFs to in-
struct cellular identity. DNA methyltransferases,
chromatin remodelers, and chromatin modifiers
were included in the initial pool of several combi-
natorial screens,?”*>**” but none of those molecules
were incorporated in the minimal combination to
induce cell fates. Chromatin remodeling and DNA
demethylation was shown to be required for con-
verting the epigenome of one cell type to an-
other.®*-¢1-77 However, with combinatorial overex-
pression approaches these molecules would lack the
capacity to instruct. We suggest that factors with
reprogramming abilities have proven or predicted
sequence-specific DNA-binding TF activity.

There are currently 1,866 human proteins pre-
dicted to have sequence-specific TF activity in the
gene ontology database.”® A bioinformatic analysis
of the TFs of the human genome’® showed that in
each tissue 150-300 TFs are expressed, and only a
proportion (<35%) show a high degree of tissue-
specificity (high expression restricted to up to three
tissues). We used the publicly available BIOGPS
database (www.biogps.org; GeneAtlas MOE430) to
assess the expression profile of the known repro-
gramming factors across many tissues and cell lines
(Fig. 1). The available gene expression data for the
reprogramming factors to induce pluripotency, my-
oblasts, cardiomyocytes, neurons, hepatocytes, and
macrophages were extracted from the database and
hierarchical clustering was performed. The pattern
of gene expression of these genes was sufficient to
clearly cluster ESCs, muscle, heart, brain, liver, and
macrophages. Interestingly, reprogramming factors
show very restricted expression patterns in the cell
type/tissue that they induce, especially Oct4, MyoD,
Tbx5, and Ascll. This implies that in addition to the
comparison of the TF-transcriptome in the initial
and target cell types, including expression in other
cell types from other tissues may greatly increase
the specificity of the analysis. Online databases
such as BIOGPS or Unigene Differential Digital
Display (www.ncbi.nlm.nih.gov/UniGene/ddd.cgi)
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Figure 1. Heatmap representation of reprogramming factor expression across multiple tissues. Heatmap showing the gene expres-
sion of transcription factors (rows) in multiple tissues and cell lines (columns). Intersecting cells are shaded according to expression
level (dark red for high expression and blue for low expression relative to the mean). Tissues are grouped according to hierarchical

clustering based on the gene expression of 35 transcription factors. The boxes highlight high expression of reprogramming factors
in induced tissue/cell types and the lack of broad expression on other tissues. Green, induced pluripotency; blue, induced myoblasts;
gray, induced cardiomyocytes; brown, induced neurons; purple, induced hepatocytes; pink, induced macrophages. These data were
extracted from the public online database BIOGPS (www.biogps.org; GeneAtlas MOE430).

provide good tools for broad gene expression com-
parisons.”’ This kind of analysis may aid the
identification of lineage-restricted reprogramming
factors.

The implication that a small set of lineage-
restricted sequence-specific TFs will instruct cell
fates predicts that: loss of function of those genes
would affect the generation of the cell type during
development, and gene expression may be tightly
controlled in other cell types. We used the MGI
database (www.informatics.jax.org) and PubMed
(http://www.ncbi.nlm.nih.gov/pubmed/) to inter-
rogate the loss of function phenotype (knockout
or knockdown approaches) of the reprogramming
factor deletion during tissue development/target cell
type (Table 1). Interestingly the majority of the fac-
tors used for reprogramming have an impact either
on the generation or maintenance of the target cell
type (Table 1). The exceptions include factors whose
function is compensated by homologous TFs on the
KIf, MyoD, and the Foxa gene-families.” For exam-
ple, Kif4 depletion does not affect ESC self-renewal;

however, simultaneous depletion of KIf2, Kif4, and
KIf5 leads to ESC differentiation.®® Similarly MyoD-
null mice are viable,®! but when Myf5, another helix-
loop-helix TF is deleted in combination with MyoD,
there is a total absence of muscle fibers and pre-
cursor myoblasts.®? In summary, reprogramming
factors may lie at the intersection of sequence-
specific TFs, factors that influence the generation
of a target cell type during development, and tis-
sue/cell type-restricted gene expression. These cri-
teria can be used to rank candidates for combina-
torial overexpression screens to determine TF core
networks to induce cell fates. Further experimen-
tation will be required to address the mechanisms
of silencing of those genes in unrelated cell types
and how they may differ from other TFs. In this re-
gard, Ascll is controlled not only by repressive his-
tone modifications in ESCs but also replicates late
during S-phase and associates with the nuclear pe-
riphery (temporal and spatial constraints associated
with gene repression). Upon neural differentiation
the Ascll gene shifts to replicate early in S-phase

12 Ann. N.Y. Acad. Sci. 1266 (2012) 7-17 © 2012 New York Academy of Sciences.



Pereira et al.

and translocates to the nuclear interior where it is
expressed.®’

It is intriguing that some TFs are included in
several different lineage-specific cocktails (Table 1).
These factors include NeuroDI (neurons and beta-
cells), CEBPB (Brown fat cells and macrophages),
Gata4 (cardiomyocytes and hepatocytes), and Foxa2
(hepatocytes and neurons). GlisI also enhanced the
expression of Foxa2, indicating that this TF may also
have a role in the promotion of iPS cell generation
possibly by antagonizing the epithelial to mesenchy-
mal transition.”” This suggests that a small number
of factors among the horde of sequence-specific TFs
may have unique reprogramming features. For ex-
ample, reprogramming factors may act as “pioneer
factors,” TFs found to be able to access their DNA
target sites in silent chromatin when other factors
cannot and continue to access the DNA prior to
the time of transcriptional activation (reviewed by
Refs. 84 and 85). Among the list of reprogramming
factors (Table 1), five factors (Gata4, Foxal, Foxa2,
Foxa3, PU.I) have been implicated as having pi-
oneer activity. In undifferentiated endoderm cells,
the Foxa and Gata TFs are among the first to en-
gage silent genes, such as the AlbI gene, helping to
endow competence for cell type specification. Foxa
proteins can bind their target sites in highly com-
pacted chromatin and open up the local region for
other factors to bind. In addition, Foxal protein re-
mains bound to chromatin during mitosis.®® PU.1

Reprogramming factors to instruct cell fate

itself can expand the linker region between nucle-
osomes and promote local histone modifications,
likely contributing to its ability to enhance binding
of other factors.?”:3¢ It would be interesting to test
the pioneer TF model and attempt to reprogram fi-
broblasts to beta cells by incorporating Gata4/Foxa2
in the reported TF-core of Pdx1, Mafa, and Ngn3/
NeuroD1.

Future experiments will be required to address
whether there is a common underlying blueprint
for reprogramming factors. Genome-wide location
studies, in vivo footprinting, and determining their
interaction partners may begin to shed light on the
molecular function of these genes throughout vari-
ous stages of development. This will also allow us to
start addressing the mechanistic logic of TF-induced
reprogramming by building the network of regula-
tory interactions. An additional important question
is whether inducing pluripotent stem cells is fun-
damentally a different process from direct lineage
conversion. Expanding combinatorial approaches
to reprogram other cell identities, including somatic
stem cells, will be crucial to define the nature of
reprogramming.

Features of reprogramming toward
pluripotency and somatic cells—
perspectives to induce somatic stem cells

A comparison of the iPS cell reprogramming and
direct lineage conversions reveal several distinct

Table 2. Reprogramming to pluripotency, somatic cells, and potentially somatic stem cells

iPS cell Direct conversion of  Somatic stem cell
reprogramming somatic cells reprogramming
Target cell-type features
Pluripotency + - -
Multipotency - - +
Self-renewal + - +
Reprogramming features
Reprogramming factors that regulate cell cycle + - ?
Reprogramming efficiency Low High ?
Reprogramming dynamics Slow Fast ¢
Potential tumor risk Low High ?
Target cell generation Difficult” Easy ?
Cell scaling Feasible Limited ?
Gene correction Feasible Limited ?

“Protocols are lacking to efficiently generate some cell types, for example, hematopoietic stem cells.
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features, although both involve TFs to trigger repro-
gramming (Table 2). Somatic lineage conversions
are very rapid, with the first lineage reporters of
the target cell type expressed just days after gene
induction.”®2¢ Inducing iPS cells typically takes 10—
20 days and occurs with much lower efficiency.?%-*
Despite the early initiation of conversion, the acti-
vation of markers of mature cells, and the acquisi-
tion of functional properties appears to be delayed
and to continue for several weeks; a process anal-
ogous to differentiation. Nonetheless, lineage con-
version seems to take place without the generation
of a progenitor cell type.”>?*%° TF-mediated lineage
reprogramming seems to be a direct phenotypic in-
duction and not dedifferentiation followed by dif-
ferentiation to an alternative fate.

Some direct cell fate conversion examples do
not require cell division.?%® Conversely, cell pro-
liferation increases the efficiency of generation of
iPS,”! and the reprogramming process is signifi-
cantly delayed and less efficient in the absence of
the c-Myc oncogene. We interrogated whether those
differences are translated in the properties of TFs
used for reprogramming, using gene ontology’® to
address their molecular function (Table 1). Inter-
estingly, the factors that have been implicated in
the control of the cell cycle or inducing prolifera-
tion are restricted to the induction of pluripotency
(Tables 1 and 2). This can be either a feature of
induced pluripotency or a broader determinant of
self-renewal. The latter may have implications on
future attempts to induce somatic stem cells, which
also self-renew (Table 2). If this prediction is true,
we would expect that to induce somatic stem cells,
such as hematopoietic stem cells (HSCs), additional
factors to induce self-renewal would be required in
addition to the lineage-restricted reprogram-
ming factors. On the other hand, triggering
senescence/cell-cycle arrest has been shown to be
amajor barrier for iPS-reprogramming and also for
the direct conversion to hepatocytes.?”->

One of the most pressing medical objectives is to
obtain patient-specific cell types for cell replacement
therapy. Although iPS cells have the clear advantage
of unlimited growth and scalability, the potential
risk for tumor formation is high. Directly converted
somatic cells would be presumably less tumorigenic,
but obtaining large numbers of cells and gene cor-
rection strategies will be challenging (Table 2). In
addition, the differentiation of human ESCs and iPS

Pereira et al.

cells is highly variable, cell-line dependent, and gen-
erates immature cells that differ from those found
in mature organs in vivo.”> Using the current proto-
cols for hematopoietic differentiation, ESCs/iPS will
readily give rise to differentiated hematopoietic cells
as well as colony-forming cells.”>** However, HSCs
capable of repopulating the hematopoietic system of
lethally irradiated adult recipients are not generated.
In this regard, differentiation recapitulates the de-
velopment of the earliest embryonic hematopoietic
tissue, the yolk sac.”>?® Direct reprogramming pro-
vides the opportunity to induce human adult cells
directly, possibly rendering homogenous popula-
tions. Inducing HSCs and other adult stem cells will
potentially have the advantage to generate cells that
self-renew, but since they are multipotent, their dif-
ferentiation will be more straightforward. It remains
an important question whether adult stem cells that
retain self-renewal and multipotency properties are
programmable.

To fully realize the potential of in vitro repro-
grammed cells, we need to understand the molec-
ular and epigenetic determinants that convert one
cell type into another. Systematically defining the
constellation of reprogramming factors provides the
opportunity to allocate a master regulatory network
for each cell type. The more the reprogramming
factor combination resembles the target cell type
regulatory network, the more efficient and accurate
reprogramming would be. Taken together, these ap-
proaches will not only provide insights into devel-
opment and disease but also a source of material to
study and apply to both.
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