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Non-viral iPSCs: a safe way for therapy?
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Patients-derived induced pluripotent stem cells (iPSCs) pro-
vide an invaluable tool to study mechanisms of human dis-
eases and also a limitless cellular source for clinical trans-
plantation (Takahashi et al., 2007; Yu et al., 2007; Liu et al.,
2011a, 2011b; Zhang et al.,, 2012). Retrovirus- or lenti-
virus-based delivery systems have been serving as main-
stream methods to generate patients-derived iPSCs. How-
ever, genomic integrations of reprogramming factors in virally
generated iPSCs not only cause insertional mutagenesis but
also lead to residual expression of reprogramming factors in
iPSCs and their derivatives. Furthermore, several recent
studies demonstrated that relative to embryonic stem cells
(ESCs), virally induced iPSCs harbor (epi-)genetic and tran-
scriptional abnormalities, including dysregulation of imprinted
genes (such as DIk1-Dio3), gene copy-number variations
(CNVs), accumulation of point mutations and aberrant me-
thylation patterns (Mayshar et al., 2010; Gore et al., 2011;
Hussein et al., 2011; Laurent et al., 2011; Martins-Taylor et al.,
2011; Taapken et al.,, 2011; Wu and Hochedlinger, 2011;
Zhang et al., 2012). Thus, safety is an important issue when
using virally generated human iPSCs or their derivatives in a
clinical setting.

Various new approaches have been employed to generate
genetically unmodified or non-integrative human iPSCs: (1)
non-integrative vectors, including episomal vectors, adeno-
viral vectors, and sendai viral vectors (Yu et al., 2009; Zhou
and Freed, 2009; Jia et al., 2010; Ban et al., 2011; Chou et al.,
2011; Hiratsuka et al., 2011; Okita et al., 2011); (2) excisable
integrating vectors, such as Cre-recombinase excisable vi-
ruses, piggyBac transposon (Kaiji et al., 2009; Soldner et al.,
2009; Woltjen et al., 2009; Yusa et al., 2009; Sommer et al.,
2010); (3) DNA-free materials, such as pluripotency-asso-
ciated recombinant proteins, RNA, and microRNA (Kim et al.,
2009; Warren et al., 2010; Miyoshi et al., 2011); (4) small
molecules that can facilitate reprogramming (Feng et al,,
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2009; Li and Ding, 2010; Efe and Ding, 2011). Here we will
briefly summarize recent literatures on episomal vectors- or
small molecules-based technologies for generation of iPSCs
(Fig. 1).

As an alternative to viral vectors, genomic integration-free
episomal vectors are appealing for easy manipulation and
relatively high efficiency compared to other non-integrative
methods. The Thomson’s group firstly reported the use of
oriP/EBNA1-based episomal vectors for reprogramming,
although the efficiency is low (Yu et al., 2009). Subsequently,
Cheng and colleagues utilized an improved version of epi-
somal vector and successfully generated iPSCs from blood
cells (Chou et al.,, 2011). The Yamanaka’s lab further up-
graded their episomal vectors that were able to simultane-
ously encode more than one reprogramming factor and/or
cassette (OCT3/4, SOX2, KLF4, L-MYC, LIN28 and p53
shRNA) to generate human iPSCs (Okita et al., 2011). Repro-
gramming based on improved episomal vectors was believed
to be efficient, free of genomic integration of transgenes, and
represent a step forward to autologous and allologous stem
cell therapy. To examine if genetic abnormalities in epi-
some-based iPSCs are present, Cheng and his coworkers
recently performed whole-genome sequencing of three dif-
ferent human iPSCs lines based on an improved episomal
vector pEB-C5 (Chou et al., 2011), and claimed that the ge-
nome of iPSCs derived by episomal vectors was largely intact
(Cheng et al., 2012). There was no detectable vector se-
quence in all three iPSCs lines. 1058—-1808 heterozygous
single-nucleotide variants (SNVs) without CNVs were detec-
ted in the entire genome of each iPSC line. 6 to 12 of these
SNVs were found in exonic regions, but about half of them
were synonymous changes and the remaining ones did not
cluster in genes associated with cancers (Cheng et al., 2012).
In addition, this study demonstrated the high similarity be-
tween different iPSC lines derived from different donor cells

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012 241



Protein & Cell

Weiqi Zhang et al.

EPZ004777
@

DOT1 —-?

'L“‘\-_,a;"’ i

bt
Ascorbic acid (VC) *
L2
| sV ATy ¥
*

9 DIk1-Dio3 k@"’

Chemicals-mediated approaches

_—

iPSC
Somatic cell

x

%

H3K79me

% H3K79me2 OriP
H3K4me2
H3K4me3
H3ac
CpG
mCpG

*

EBNA1

Episomal vector

Reprogramming factors

Biomedical
studies

O

\ Clinical

applications

Figure 1. Approaches used to generate “safer” iPSCs.

and with different methods. Another advantage of episomal
vector-based iPSCs is their low immunogenic potential
compared to virally induced iPSCs (Zhao et al., 2011).
Therefore, episomal vector-based reprogramming may hold
great potential for stem cell-based therapies, according to
their various advantages including high efficiency, genomic
integrity, and reduced immunogenicity.

The desire to eventually achieve reprogramming using
only chemicals was encouraged by Melton group’s work.
They demonstrated that chemical compounds such as his-
tone deacetylase (HDAC) and DNA demethylation inhibitors
could increase reprogramming efficiency or replace one or
more defined reprogramming factors in iPSC system
(Huangfu et al.,, 2008). Later many small-molecule com-
pounds were known to facilitate reprogramming when com-
bined with conventional reprogramming factors (Li and Ding,
2010; Efe and Ding, 2011). Of note, the Ding’s team reported
a chemical cocktail, including Butyrate (an HDAC inhibitor),
CHIR99021 (a GSK-3p inhibitor), Parnate (a histone lysine
demethylase inhibitor), PD0325901 (a MEK inhibitor), A8301
(a TGFB inhibitor) and PS48 (a phosphoinositide-dependent
protein kinase-1 activator), reprogrammed human somatic
cells into iPSCs with a single factor OCT4 (Zhu et al., 2010),

raising the possibility to completely remove protein factors
during reprogramming. Among the molecules modulating
specific signaling pathway or epigenetic state, ascorbic acid
(Vitamin C, VC) is a star chemical, which enhanced repro-
gramming of mouse somatic cells (the human iPSCs culture
medium contains VC) (Esteban et al., 2010). The mechanism
of VC’s function may link to its downstream factor Jhdm1a/1b,
a histone demethylase responsible for H3K36me2 or
H3K36me3 demethylation which in turn accelerates cell pro-
liferation by repressing the Ink4/Arf locus (Wang et al., 2011).
New mouse study from the Hochedlinger group showed that
VC attenuated hypermethylation of DIk1-Dio3 by disenabling
intergenic differentially methylated region (IG-DMR) to recruit
Dnmt3a (a DNA methyltransferase) in the progress of repro-
gramming. Interestingly, mature B cell-derived iPSCs were
enabled to generate entire adult mice (all-iPSCs mice) when
VC was added to the culture medium (Stadtfeld et al., 2012).
The results are in agreement with a previous report that
iPSCs with aberrant silenced DIk1-Dio3 cluster failed to yield
viable all-iPSCs mice (Stadtfeld et al., 2010). These findings
strongly indicate that compounds added in reprogramming
and/or culture media have profound effects on the epigenetic
and biological properties of the derived iPSCs. Another ex-
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ample to prove epigenetic modulators could regulate repro-
gramming was presented by Onder and his colleagues. They
demonstrated that inactivation of DOT1L (an H3K79 methyl-
transferase) by shRNA or small molecule (EPZ004777) en-
hanced reprogramming efficiency and led to the removal of
KLF4 and c-MYC in reprogramming cocktail, which was ac-
companied with an upregulation of NANOG and LIN28 ex-
pression during reprogramming (Onder et al.,, 2012). The
same group also showed that inhibition of PRC1 (polycomb
repressive complex1, including BMI1 and RING1) and PRC2
(polycomb repressive complex 2, including EZH2, EED and
SUZ12) reduced reprogramming efficiency, while suppres-
sion of SUV39H1 and YY1 enhanced reprogramming (Onder
et al., 2012). Among them, PRC2 facilitated the generation of
H3K27me3, a modification associated with stable epigenetic
silencing (Swigut and Wysocka, 2007). A previous report has
revealed that expression of PRC2 could enhance repro-
gramming of mouse embryonic fibroblast (MEF) into iPSCs
(Zhang et al.,, 2011). It is noteworthy that either loss of
H3K79me2 or gain of H3K27me3 could down-regulate the
expression of lineage-associated genes and promote erasure
of fibroblast “memories,” which is the initiative step of repro-
gramming process (Zhang et al., 2011; Onder et al., 2012).
Additionally, other chromatin-remodeling components like
BAF and WDRS5 were also shown to facilitate reprogramming
(Singhal et al., 2010; Ang et al., 2011). Altogether, these
findings provide strong evidence on how specific chemicals
can be exploited to facilitate iPSCs generation with fewer
exogenous transcription factors by regulating chromatin-mo-
difying enzymes..

Significant progress has been made towards “safe” iPSCs
with non-integrative vector or based on small molecules.
Episomal vector-based technology is still based on protein
factors to induce pluripotent state from somatic cells, but has
clear advantages over viral delivering system. Whole ge-
nomic deep sequencing of established iPSC lines from dif-
ferent patients reveals a negligible effect of episomal deliv-
ering system in random genomic modifications (Cheng et al.,
2012). Although episomal vector-based delivery is not as
efficient as viral vectors, it is a relative safe method to gener-
ate patient-specific iPSCs for potential autologous cell re-
placement therapy. Unexpectedly, episomal delivering
method generates SNVs containing sense mutations in ge-
nomes and leaves an important safety concern. An alterna-
tive and relatively safe method to generate iPSCs is based on
using small-molecule compounds. Various chemicals, in-
cluding those involved in epigenetic modification, mesen-
chymal-to-epithelial transition (MET), cell senescence, and
metabolism, have been known as critical regulators of so-
matic reprogramming. Recent advance in the Ding laboratory
paves the way to induce pluripotency in a protein-free system
(Li and Ding, 2010; Efe and Ding, 2011). Using a chemically
defined system makes it possible to avoid any unexpected
modification on the genome of iPSCs or their derivatives and

represents a promising strategy for safe and controlled iPSCs
generation. Another advantage to use small molecules with
defined activities to cellular signaling pathways or proteins is
to dissect the extremely complicated process associated with
reprogramming. It is very important to study the molecular
mechanisms involved in induced pluripotency from somatic
cells, as well as the pathogenic mechanisms of certain inher-
itable diseases (e.g. Parkinson’s disease). Thus chemi-
cals-based iPSCs hold great importance of both scientific
research and clinical applications. Similar approaches men-
tioned above could be also applicable to other important ar-
eas including direct conversion of somatic cells into line-
age-committed cells to evade pluripotent state.
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