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Exploring standards for industrializing
human induced pluripotent stem cells

Popular belief assumes that human pluripotent cells can now be obtained in any
lab or company by induced pluripotent stem (iPS) cell reprogramming. However,
the difficulties in robustly producing human iPS-derived cells that are fit for drug
discovery are becoming increasingly apparent. This is because we still have not come
up with a strict definition of pluripotency. Our attempts at prospectively identifying
differentiation-defective human iPS cells using teratoma assays or marker expression
have clearly failed to date. Here, we will revisit how conventional pluripotency tests
have failed in evaluating iPS cells adequately for drug discovery and emphasize two
aspects of developmental transitions (what we call here a cell’s chronological value
and the segregation of factors as it differentiates) to elucidate inherent problems
with our current understanding of human iPS cells. Finally, we challenge the field by

presenting our perspective on distinguishing good human iPS cells from bad ones.

Shinya Yamanaka and colleagues have trans-
formed the clinical and pharmaceutical sci-
ences by providing easier access to human
cells which at the same time hold the genomic
information of their donors. By introducing
just a few genes into somatic cells, they have
reprogrammed the epigenome of donor
cells into one which is equivalent to a much
younger stage of development: that of the
induced pluripotent stem cells (iPSCs) [1].
This in turn allows us to harness a significant
trait of these reprogrammed cells, namely
the potential to derive any kind of somatic
as well as germline cell, a trait called pluri-
potency. It should however be kept in mind
that the pluripotency of iPSCs has been so far
mainly proven for mouse iPSCs (miPSCs) [2]
but not sufficiently for human iPSCs (hiP-
SCs) 3]. The difference between miPSCs and
hiPSCs and its consequences for the field of
drug discovery will be a major focus of this
manuscript.

If one thing could bring hiPSC-based
pharmaceutical processes (or any of their
downstream applications) to a higher level,
it would be a ‘prospective marker’ of hiPSC
bona fide pluripotency, if indeed any such

marker exists [4]. However, we would claim
that we have failed to reproducibly obtain
iPSC-derived cells of drug screening standard
not because of the absence of gold standard
pluripotency markers, but because we do
not entirely understand why reprogramming
occurs, as reflected by our ongoing inability
to unambiguously define pluripotency, the
end point of iPSC reprogramming [5]. In an
effort to define pluripotency, one proposition
has been to equate the presence of the so-
called ‘pluripotency-related’ markers
such as OCT3/4, SOX2, NANOG and
TRA1-60 as an indication of pluripo-
tency [6]. In this Perspective, we revisit the
concept of the ‘pluripotency-related marker’
and argue that such markers, in principle, do
not exist in the strict sense of their meaning.
We support our claim by introducing novel
viewpoints to the classical view of cell dif-
ferentiation with regards to pluripotency:
namely, a cell’s chronological position and
the fluidity of its developmental transitions.
Although iPS cell technology has offered
us unprecedented opportunities to work with
human cells, the technology itself is still in
its infancy and has recently been questioned
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in recent reports, especially regarding the generation
of human pluripotent stem cells (hPSCs). Similar
doubts were already raised for human embryonic stem
cells (hESCs) when Kenji Osafune et a/. found that
most hESC clones they analyzed were skewed in their
differentiation propensities 7] and therefore it should
not be taken as a surprise if hiPSCs behave similarly
or worse [8]. Indeed, recent work has challenged the
integrity of pluripotency in both hPSC types (hESCs
and hiPSCs) derived from the same somatic cell line
and therefore isogenic [9]. The central message of this
work was that iPS cell reprogramming protocols have
inherent errors vis-a-vis the degree to which they reset
the somatic epigenome. We will come back and elab-
orate on this newly revealed aspect of iPS cell repro-
gramming in the paragraph entitled ‘PSC variability,
heterogeneity and developmental potentials.” Also very
recently, the pioneers of hiPSCs have proposed a dras-
tic change in their understanding of how hiPSC are
specified. Instead of iPSC reprogramming involving
the direct reprogramming of a somatic cell to the
pluripotent epiblast-like developmental stage, they
propose instead that cells take a compulsory detour to
the mesendoderm lineage before gradually adapt-
ing toward a more epiblast-like developmental stage,
which may be (or may not be) achieved after pro-
longed culture [10]. The direct impact of this is best
expressed in the rewritten ‘due date’ of hiPSCs which
has been extended from just a month (in a previous
publication [11]) to a limitless ‘over a hundred days’ [10].

The bottom line is that the definition, the speci-
fication or more relevant for the later discussion, the
standard for hiPSCs is constantly shifting. The diffi-
culty in setting this standard for hPSCs is again due to
our lack of a fuller understanding of the mechanisms
underlying pluripotency. Despite its inherent difficul-
ties, we here take on the formidable task of proposing
a novel standard for hiPSCs for improved downstream
applications based on our current knowledge, which
has emerged from experience and insight gained by our
research over the last two decades.

Stem cell-derived bioengineered cell
materials for drug screening

In this critical review, we will be dealing with phar-
maceutical processes which take place before the so-
called ‘upstream processing’ for hiPSC-based drug
discovery [12], in other words the acquisition of hiPSC
lines, the ensuing culturing and banking of these cells
prior to downstream bioprocessing or manufactur-
ing. hiPSC lines are often obtained from dedicated
cell banks and only few institutions would make their
own hiPSC lines in-house. Still, one should know
how to choose decent hiPSC lines and to culture these

while maintaining their due pluripotency. To this line,
it would be worth revisiting the aim for using these

hPSCs in the first place.

Advantages & disadvantages of using stem
cell-derived cells

The self-renewing property of pluripotent stem cells
(PSCs) is their remarkable asset to be harnessed for
drug screening as this offers the chance to provide, in
a timely fashion, an unlimited quantity of cells ame-
nable to cell differentiation. Therefore, self-renewal is a
major prerequisite to sustain lengthy high-throughput
screening (HTS) sessions using live cells [13) and offers
a unique opportunity to obtain somatic cells at a con-
trolled purity and at the desired timing, thereby laying
the foundation to model postmitotic tissues such as
brain, muscle, heart and pancreas for drug screening.

Once a decision has been made to use a certain
PSC line for drug discovery, the next step would be
to differentiate the cells toward a specific cell type
by mimicking the cellular differentiation program
that the desired cell types would normally face dur-
ing development, but in a dish. The ability to faith-
fully follow a differentiation program is also a strong
benefit of PSCs although it is often merely presumed
that the properties of the derived cells faithfully match
those of their in vivo counterparts. Such properties
include, for example, the ability of the derived cells
to faithfully respond to external stimuli (such as a
derived neuron’s response to a neurotransmitter) or
more implicitly, undergo physiological cell aging. This
places PSC-derived cells in opposition to those derived
by direct reprogramming (i.e., induced neuronal cells
and induced cardiomyocyte-like cells [14]) in which cell
age is largely overlooked. The validity of using directly
reprogrammed cells for drug discovery is certainly an
urgent topic requiring much scrutiny but, given the
scope of the perspective, we will leave this discussion
for another occasion [15].

Once the desired cell type has been produced by
following the appropriate differentiation program, it
is ready for HTS or toxicity testing. This procedure
represents a common feature for drug discovery bio-
processes using viable human cells. One may of course
combine two or more timely tailored cell types in order
to more faithfully reproduce the diseased conditions.
Another advantage of using PSCs is that these cells are
amenable to genetic engineering, thereby easing the
readout of the screen (i.e., green fluorescent protein or
luc-assay systems) [16].

However, there may also be some drawbacks from
using PSCs in drug screening. Although we have seen
cases where coculturing cells which co-develop during
the development of an organ might be beneficial for
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highly efficient cell differentiation (17], most cell differ-
entiation protocols rely on timely applications of bioac-
tive compounds in a hope to mimic the relevant devel-
opmental events. This would automatically lead to the
differentiation of a limited number of cell types of the
same lineage in one go. If this is done successfully, one
may end up with a single cell type in a dish. Although
this may meet some screening purposes, needless to
say, this is however an unnatural situation as we know
all too well that a single cell type cannot form an entire
organ and therefore cannot logically recreate a diseased
condition in a dish. Drug screens performed using
these pure-cell-systems cannot for example spot candi-
date compounds which would exhibit indirect effects
such as a drug which primarily targets endothelial cells
to allow these cells to better accommodate newborn
neural cells which may mitigate damages related to
cerebral infarction. Therefore, before any HTS using
a PSC-derived pure-cell system can be run, one may
need to pilot test the system by comparing it with more
complex cell systems such as primary cultures or slice
cultures derived from animal models and only choose
a PSC-based system if it can outperform the alternative
systems. One could also explore the possibility of ‘mix-
ing’ pure single cell types generated separately from
iPS cells and combining them (or not) with specialized
biomaterials. This strategy will result in more a com-
parable system to primary cultures or slice cultures and
may enhance the validity of the ex vivo system when
compared with the 77 vivo physiological niche. Mim-
icking a tissue environment ex vivo would, in turn,
require a deeper understanding of the underlying cell
physiology, another aspect which requires further basic
research.

A situation encountered more frequently is where
the differentiation efficiency of the desired cell type
does not reach 100% especially when cell sorting is not
an option. One may argue that, in some cases, a lower
degree of differentiation efficiency can be acceptable,
say 30%, when we focus on these cells only. However,
this does not take into account that 30% differen-
tiation is more difficult to faithfully reproduce than
100%. Instead of specifying a single cell lineage, a
30% differentiation would require that not only the
target cell lineage is induced at exactly 30% every time
a differentiation is performed, but that the remaining
70% of the cell population(s) must also be specified
at 100% precision! This is the difficulty inherent to
drug screening in which you must provide your chemi-
cals with an equal playing field in every single well of
cultured cells. Also with a mixed cell population, even
with full knowledge of the contaminants, you would
have less chance of knowing if the drug effect was
direct or not. For drug screening, much more effort

should be placed in obtaining high-purity somatic cells
than in publishing ‘champion’ data in journals.

iPS cell innovation

In this section, we will briefly revisit the develop-
ment of iPS cell technology, with emphasis on what
is currently known about the mechanisms underlying
hiPSC reprogramming in order to later facilitate defin-
ing a standard for hiPSCs of drug testing quality. We
will also comment on some recent applications using

hiPSCs.

iPS cell reprogramming in short

At the core of iPS cell reprogramming lies the discov-
ery that the transient introduction of several transcrip-
tion factors into a somatic cell can stably reprogram the
cell into a pluripotent state. Kazutoshi Takahashi and
Shinya Yamanaka selected these so-called Yamanaka
factors based on their expression in the mouse ES cells
(mESCs) as model pluripotent cells [18]. What they
could not have predicted though is the fact that at least
during the reprogramming process, these Yamanaka
factors target genes more widely than those targeted
in mESCs [2]. This means that Yamanaka factors are
engaged in different tasks when expressed in mESCs
and during reprogramming. This counterintuitive
aspect of reprogramming has been further illustrated
by the fact that Yamanaka factors can be replaced to
reprogram mouse (Oct3/4 to Gata3/6 or Sox7 and
Sox2 to Sox1/3 or Gmnn) [19] and human (OCT3/4
to GATA3 and SOX2 to SOX1/3) [20] somatic cells.
Related to this, it is noteworthy that any residual
reprogramming factor expression in established
iPSC lines hinders them from maintaining a stable
undifferentiated cell state which is still amenable to

Epigenome: Genome with encrypted epigenetic cell
memories such DNA methylation of histone modifications.

Pluripotency: Potential of a cell to differentiate into all are
somatic/germ cell lineages. A more detailed picture of its
meaning is a topic herein.

Pluripotency-related marker: Transcription factors
mainly expressed in pluripotent cells. Its ‘existence’ is
challenged in the text.

Direct reprogramming: Action of reprogramming
somatic cells directly toward another cell lineage without
passing through a pluripotent state.

Epiblast: Mammalian developmental stage which follows
implantation but still contains pluripotent cells as primitive
ectoderm cells.

Mesendoderm: Collective nomenclature for mesoderm
and endoderm which develop in a cell mass called the
primitive streak.
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cell differentiation [21]. We will come back to this
aspect when considering what ‘pluripotency-related’
factors mean and also when setting the standards for
the stem cells.

For a more accurate discussion about reprogram-
ming, we should now deal separately with mouse and
human iPSCs. Full developmental potentials of miP-
SCs have been demonstrated by their ability to produce,
within a single life cycle, live pups consisting entirely
of the miPSCs transplanted into tetraploid blasto-
cysts which otherwise would cease development soon
after [22]. Although the underlying molecular features
of this full pluripotency remain largely a mystery, they
appear closely linked to miPSCs’ ability to exist in the
so-called ‘naive ground state’ [23], one which faithfully
mimics a cellular state most akin to the inner cells of
a mouse blastocyst [24] and corresponds to the first
instance of pluripotency in the course of development.
For a relatively long time, a lab’s routine maintenance
of mESCs and hence initially of miPSCs as well has
been performed in a culture media containing bovine
fetal serum and leukemia inhibitory factor. However,
it has been recently revealed that mPSCs maintained
in this milieu acquire an unusually higher genome-
wide DNA methylation status thereby deviating
from their natural developmental context [25]. By add-
ing two kinase inhibitors (namely MEK inhibitor and
GSK3p inhibitor; collectively coined 2i) to the culture
medium, it is now known that the cultured mPSCs
exhibit an epigenetic configuration more similar to the
inner cells of the blastocyst. We may speculate that this
epigenetic ‘synchronization” of mPSCs to the relevant
developmental stage (that of the inner cells of the blas-
tocyst) allows them to faithfully follow developmental
directions and give rise to a live pup. It follows that
this epigenetically adjusted pluripotency is better
equipped for retrieving the full iz vitro differentiation
potential out of mPSCs. A key message is therefore that
the epigenetic status of the PSCs may influence their
developmental potential and therefore by definition
their pluripotency. Unfortunately, for human PSCs,
the naive ground state cultures so far reported are still
being scrutinized and warrant further characteriza-
tion before we can firmly define them as such [26-23].
In particular, the in vitro developmental potentials of
these naive hPSCs should be demonstrated in direct
comparison to the current epiblast-like hPSCs.

The lack of a naive ground state for human PSCs
has contributed to hESC science lagging behind its
mouse counterpart by 17 years [29]. Instead of being
stabilized in the naive stage human PSCs seem to
have found another ‘safe refuge’ for their self-renewal,
namely the epiblast primitive ectoderm-like stage, and
require different growth factor(s) for cell proliferation.

However, this new paradise has come with some costs:
hPSCs seem to be vulnerable to single-cell trituration
which would otherwise be a routine procedure of cell
passaging and they also resist gene introduction. This
said, novel technologies to remedy these drawbacks of
hPSCs have recently appeared and are summarized
elsewhere [30,31].

To sum up, iPS cell reprogramming is achieved by
transitioning somatic cells into a pluripotent state fol-
lowed by stabilizing the resulting PSCs into a (meta)
stable state using culture conditions which differ
significantly between mouse and human.

Current state-of-the-art

The first iPSC clinical trial has just been launched here
in Japan. Masayo Takahashi’s trial tackles an intrac-
table retinal disease known as age-related macular
degeneration by transplanting a patient-iPSC-derived
pigmented retinal cell sheet. The trial is a brave move
which should attract further applications of iPSC tech-
nology in regenerative medicine and many follow-ups
from this study are anticipated.

In the pharmaceutical domain, many drug screen-
ing projects have already been performed using hiP-
SCs-derived cell types and have lead to the discovery
of some novel lead compounds [32]. Along this line,
another very recent publication in which statins have
been repositioned for potential use in skeletal dysplasia
with FGFR3 mutations merits attention. The group
led by Noriyuki Tsumaki at the CiRA has found
that statins can rescue cartilage development from
patient-derived iPSCs with hyperactive FGFR3 muta-
tions [33]. Statins appear to destabilize the FGFR3 pro-
tein thereby attenuating the downstream cell signaling
which jams the normal nascent mesoderm cells’ differ-
entiation trajectory toward cartilage and guides them
to fibroblast-like cells instead. The currently known
major function of statins is their ability to inhibit the
rate-limiting enzyme for cholesterol biosynthesis and
therefore the drug is mainly prescribed to the elderly
with hypercholesterolemia. This work demonstrates
how the iPSC drug-testing platform can potentially
spot ready-to-go drugs that may be repurposed toward
otherwise ‘unexpected’ disease treatments. It should be
kept in mind that drugs can be repositioned not only
for their alternative therapeutic uses but also for their
applications in assisting biomaterials in various fields
such as regenerative medicine and similarly, for the
derivation of cells fit for drug screening.

Requirements for stem cells in drug
discovery applications

Having considered the current scope for hiPSC appli-
cations in drug discovery, it would now be appropriate

202

Pharm. Bioprocess. (2015) 3(3)

fsg

future science group



Exploring standards for industrializing human induced pluripotent stem cells Perspective

to turn to the requirements and specifications of the
hiPSCs for their effective use in this process. This nat-
urally necessitates an unambiguous definition of the
basic property of these stem cells — their pluripotency.
In fact, this is not an easy task. To ease defining plu-
ripotency in the context of deriving cells from iPSCs
for drug discovery, in this section, we would like to
emphasize two neglected viewpoints of cell differentia-
tion. We will start by summarizing the inherent dif-
ficulties of PSCs for their application in drug screens.

PSC variability, heterogeneity & developmental
potentials

Although PSCs hold great promise as platforms for dis-
ease modeling and drug discovery, not all PSC lines
are equal in their potential to differentiate into the
desired cell types in vitro. This unfavorable picture is
especially true for hPSCs and therefore would merit
some discussion here.

Osafune et al. were the first to systematically com-
pare the in vitro differentiation capacity of various
hESC lines 7. Despite their equivalence in pluripo-
tency by teratoma formation, the 17 hESC lines
that were tested exhibit varying propensities to differ-
entiate into specific lineages. Of specific note, none of
the lines were able to score top marks in their ability to
differentiate into all the somatic lineages tested. Casual
critics of this work suggest that the hESC lines used in
this study might have been maintained in suboptimal
conditions. However, this kind of criticism is not pro-
ductive when considering the work’s important mes-
sage pertaining to hESCs as a tool for drug discovery.
For example, it clouds the benefit of having all hRESC
lines maintained in a single laboratory, a factor which
dismisses interlab differences as the sole explanation
for the divergent differentiation tendencies. The com-
ment also depreciates the important message of the
paper in that these hESCs all passed the teratoma for-
mation ‘litmus’ test for pluripotency. If you, in a drug
company, were to use hESCs for drug screening, you
could only be frustrated to find that most, if not all,
cell lines labeled as ‘pluripotent,” judged of course by
teratoma formation or marker expression which are the
current golden standard for this cell entity, have inher-
ent differentiation propensities which would strongly
discourage their use as stem cell sources for deriving
cells suitable for drug testing. Osafune ¢t a/. finding
was strengthened when another lab subjected six out
of the same 17 hESC lines to motorneuron differen-
tiation and again observed significant differences [34].
This had led to a widespread belief that hPSC lines
should be selected according to the required cell type.

In another study, 5 hESC lines and 12 hiPSC

lines were compared for their propensity for neural

Blastocyst: Developmental stage of a mammalian embryo
just before implantation.

DNA methylation: Covalent modification of mainly
cytosines which affects the cell’s epigenome.

Teratoma formation: Classical test for pluripotency
where stem cells are injected into immune-privileged
mice and allowed to differentiate randomly. A trilineage
differentiation within the resulting teratoma is used to
qualitatively demonstrate pluripotency.

differentiation [8]. Generally speaking, the iPSCs
showed significantly lower neural differentiation than
ESCs, in keeping with the implicit view that hiPSCs
have generally lower differentiation potentials than
hESCs. An intriguing finding of this work is that
SMAD inhibition, and therefore the inhibition of sig-
naling downstream of TGE, of several iPSC lines sig-
nificantly improved their neural differentiation. Ever
since, most laboratories have added SMAD inhibition
to their hPSC neural induction protocols. It should be
noted here, and we will come back to this point soon,
that hPSCs more recalcitrant to differentiation often
exhibit mesendoderm propensity, the in vivo output of
SMAD activation during mammalian development.

We are now also starting to understand the molecu-
lar underpinnings of differentiation defective PSCs. To
our knowledge, the first study to describe a molecular
signature of differentiation defectiveness came from
Lorenz Studer’s group, which identified higher levels
of miR-371-3 expression in hPSCs that resist neural
differentiation [35]. Regardless of the derivation meth-
ods, the cell sources and lab source, hPSCs expressing
higher levels of this microRNA poorly differentiated
into neural cells even upon SMAD inhibition. The
authors found that the culprit for this miRNA over-
expression is KLF4, a Yamanaka factor. By attenuat-
ing KLF4 levels in otherwise differentiation-defective
cell lines, these cell lines downregulate miR-371-3
and simultaneously recover their propensity for neural
differentiation. Conversely, the introduction of addi-
tional KLF4 or miR-371-3-mimics into ‘good’” hPSCs
attenuated their differentiation potential. Given this
landmark for defining good hPSCs, it may not come
as a surprise that Studer’s group has been prosperous
in the field of neural differentiation out of hPSCs ever
since [36-38].

More recently, Yamanaka’s group has conducted
similar experiments to elucidate gene expression sig-
natures which may prospectively mark differentiation-
defective hPSCs [39]. This was probably the result of a
big push not only from academic demands for a way
to a priori validate differentiation-competent hiPSC
lines but also from industrial stakeholders who rarely
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obtained ‘good” hPSCs. Expression microarray compar-
isons of good versus bad hiPSCs revealed unexpected
failures of retrotransposon silencing in bad hPSCs.
Through bioinformatic approaches, the group has now
narrowed the reason down to a surprising ‘overexpres-
sion’ of KLF4 [40]. Despite the fact that KLF4 is a
Yamanaka factor, hiPSCs seem to exhibit abnormalities
when this factor is overexpressed. Indeed, KLF4 is only
marginally expressed in most hESC lines [40]. In the
same study, the authors noticed that this class of ret-
rotransposons is transiently upregulated upon mesen-
doderm development. And this, reading between the
lines, appears to have triggered Yamanaka’s group to
hypothesize that iPSC reprogramming requires cells to
take a compulsory detour to the mesendoderm before
the cells can attain an epiblast-like characteristic more
akin to hESCs [10]. The group also now recognizes
that ‘the human reprogramming process takes more
time (=more than a hundred days) than we thought
it would and the maturation step is important.” By the
maturation step the authors denote a step in which
mesendodermal cells approach an epiblast-like cell
state, for unknown reasons, well after the extinction of
the Yamanaka factors. From a practical point of view,
the derivation of hiPSCs using the current protocol has
turned out to be inconvenient especially for those who
plan to use the updated hiPSCs for drug discovery as
it becomes extremely painful to schedule a drug screen
without knowing at what point after the 100 days of
reprogramming the cells will be ready for use. This
news struck all of us as recently as in April 2014 [10].
An interesting follow-up in this line came indepen-
dently from Ali Brivanlou’s lab. This group has now
found that during development, m:R-371-3 is induced
by SMAD signaling and seems to have an inductive
effect toward mesendoderm [41. Thus by pushing
hPSCs toward mesendoderm, miR-371-3 might be
preventing neural induction. Likewise, it is intrigu-
ing that different labs have independently concluded
that an uncontrolled expression of a so-called ‘pluri-
potency-related’ factor such as KLF4 in ‘pluripotent’
cells may deteriorate their ‘pluripotency.” Although
the reason why KLF4 expression can become rampant

(Genomic) imprinting: Gene expressivity found in plants
and mammals where parental allele origin governs the
exclusive allelic expression of a gene.

Chronological value: Chronological position during a
cell’s developmental trajectory which adheres to a strict
developmental schedule.

Differentiation by segregation of factors: Mode of
cell differentiation where a cell trait must be subtracted in
order to inherit the alternative.

in certain hPSCs remains unknown, it is noteworthy
that an imprinted antisense noncoding transcript in
the gene locus encoding miR-371-3 has been recently
described [42]. Noncoding RNAs have been widely
described as affecting not only pluripotency but also
functional aspects of the derived somatic cells [43,44].

It is amazing how fast this field is developing and we
experience hardly any week without news on the sub-
ject. But the paper which appeared last July in Nature
would hardly come second in challenging the integrity of
iPSC reprogramming. Research teams led by Shoukhrat
Mitalipov, the developer of hESCs through somatic cell
nuclear transfer (NT-hESCs), compared isogenic NT-
hESCs and hiPSCs, two hPSC types which differ only in
their reprogramming mechanisms [9]. The report declares
NT-hESCs the winner of the ‘hardball’ match. Although
both isogenic NT-hESCs and hiPSCs contained com-
parable numbers of de novo genomic aberrations, DNA
methylation and transcriprome profiles of NT-hESCs
corresponded closely to those of IVF ES cells, whereas
hiPSCs retained substantially more residual DNA meth-
ylation patterns typical of parental fibroblasts. So unlike
in the mouse, human PSCs can be clearly demarcated by
the reprogramming methodologies used. Although not
formally discussed in the paper, this work has depicted a
similar signature for bona fide pluripotency in the mouse
and human. An imprinted transcript Meg3 (also called
Gtl2) has been previously reported to be differentially
expressed between bona fide tetraploid-complementing
miPSCs and more compromised miPSCs [22]. Now in
this paper, the authors also found that the human MEG3
gene is generally upregulated in NT-hESCs compared
with hiPSCs. This is another example where noncod-
ing transcript could be used as a bona fide pluripotency
marker. We have independently found that Meg3/Gt/2 is
one of the few imprinted genes abundantly expressed in
mESCs (our unpublished result). We also know that a
significant portion of noncoding transcripts is poly(A)-
less, including Meg3/Gt/2. Therefore, we reckon that
transcriptome analyses to depict the degrees of pluripo-
tency of PSCs should be performed at the total RNA
level as well as with allelic discrimination (which would
distinguish between maternal vs paternal allele, a pre-
requisite for showing imprinted expressivity) to take into
account the additional layers of the whole transcriptome
in gene regulation [9.42].

Next, in an effort to clear this current ‘foggy’ pic-
ture about pluripotency, we would like to introduce
some novel guidance in understanding how cell dif-
ferentiation occurs and how to interpret this.

The chronological value of cell differentiation
One of the two new ideas introduced here is the
chronological value of a cell’s differentiation
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pathway. An implicit notion in the process of develop-
ment, illustrated by Waddington in the metaphor of
the ‘epigenetic landscape’ [45], is that as a cell differenti-
ates or goes down a developmental trajectory, its chron-
ological value along the trajectory advances as well
(Figure 1A). Although cells of different cell lineages
follow different pathways during development, we can
imagine that all cells differentiate while keeping pace
by sharing the same chronological value throughout
as far as they develop within the same organism. The
importance of introducing this perspective on cell dif-
ferentiation can be exemplified by the necessity of syn-
chronizing chronological values between cells of dif-
ferent lineages (Figure 1B). The innervation of a muscle
cell by a neuron requires that both cells reciprocally
prepare for this developmental event. If a neuron fails
to properly find its muscle target, it will die. The same
is true for the muscle cell that when not innervated,
will eventually wane from loss of contractile inputs.

A direct implication of this view is what we call the
chronological constraint, namely the notion that cell
differentiation is unlikely to stall or go backward in
time as cells would miss their developmental rendez-
vous with their differentiated partners. It is hard to
think that this kind of lazy developmental schedule
would go unchecked during evolution if it existed. The
chronological constraint would also guide us in under-
standing PSC behavior. If we included a chronological
dimension in our definition of pluripotency we would
hypothesize that it represents a cell state where no
somatic or germline differentiation has occurred yet,
but would be capable of doing so in the future. This
automatically places any PSC at the first bifurcating
point of Waddington’s landscape. We will revisit this
aspect very shortly (Figure 2).

Also, in a strict sense of its usage, a chronological
value of a PSC should be its value when it is allowed
to resume development by joining the Waddington
landscape. We must not forget that the PSC is an arti-
ficial cell entity: if it occurred naturally it would be
in direct violation of the idea that a cell does not stall
its chronological value during development. That is to
say, a PSC is not necessarily under strict chronological
control from the genome as is the pluripotent iz vivo
stem cell, but rather is an arbitrary cell entity which is
amenable to human manipulation as far as it keeps its
capacity to resume development. We believe that this
aspect of pluripotency is currently much disregarded.

Differentiation by segregation of factors

The second proposal here is about the way we look and
interpret cell differentiation as cell traits segregate. Cell
differentiation would appear in most textbooks like the
drawing in Figure 3. Starting from a progenitor cell,

the process of cell differentiation will generate more
than one cell type (very often two) which will appear
different from the original cell. In the narrow context
we have here, the trait of this progenitor cell is what we
call pluripotency. Depending on how we see this ini-
tial pluripotent state, cell differentiation can be viewed
from two different perspectives. The prevailing view
is that the pluripotent cell bears a trait denoted here
as ‘O’ and upon cell differentiation its offspring pro-
duce the different traits ‘A’ or ‘B’ (Figure 3A, left panel).
Most people suppose that this initial O-trait is gradu-
ally lost during differentiation. We would call this type
of developmental transition one of ‘de novo acquisition’
as cells acquire new traits during differentiation. A
contrasting view can also be made here where the traits
after differentiation co-exist before differentiation
in the pluripotent cells (Figure 3A, right panel). We
would call this differentiation by segregation
of factors because upon differentiation, at least one
of the initial traits is passed on to the descendants.

A recent study by Matt Thomson ez al. 46] corrobo-
rates the concept of differentiation by segregation of
factors (summarized in Figure 3B). At the mouse blas-
tocyst stage, pluripotent cells of the inner cell mass
express both OCT3/4 and SOX2. Although the pre-
vailing view about the ensuing differentiation was that
these two factors gradually extinguish before acquiring
discrete traits of the descendants, the authors have found
with great surprise that the initial balanced expression
only becomes biased (as opposed to extinguished) at
the epiblast stage and finally, this marker expression
exhibits a mutually exclusive profile in which mesen-
doderm inherits OCT?3/4 and ectoderm SOX2. Thus,
a segregation of factors occurs in this early differentia-
tion event during mammalian development and pos-
sibly at later bifurcations in fate. From this point of
view, we may also describe cell differentiation as an act
of subtracting alternative cell fates.

If we accept the view that progenitor factors segre-
gate into offspring cells, we simultaneously obtain a
better idea about what should be called pluripotency.
Look at any paper which deals with hiPSCs and you
will see figures which show the expressivity of the so-
called ‘pluripotency-related’ markers (OCT3/4 and
SOX2 being the top two examples). However, under
this novel navigation, cell differentiation becomes the
subtraction of the alternative fate and the inheritance
of the other one. Because pluripotency should prospec-
tively guarantee that the cell in question has the capac-
ity to differentiate into the two alternative pathways,
this automatically takes for granted that at least one of
the initial traits (i.e., OCT3/4 or SOX2) can be inher-
ited, or the other side of the coin being, that one of
these initial traits is ‘subtractable’ upon differentiation.
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To appreciate this new view, we provide here a coun-  expression. As a familiar and relevant example, iPSC
terexample of pluripotency when judged by marker reprogrammed using retroviruses may suffer from

Neuron-to-be .. .. Muscle-to-be

Neuron Muscle

Figure 1. The chronological value of cell differentiation. (A) The CV of cell differentiation emphasizes the implicit
notion in Waddington’s epigenetic landscape that, as a cell differentiates, it advances in time or acquires a
chronological position. Although cells of different lineages follow different valleys during development, we can
imagine that all cells differentiate while keeping pace with the same clock throughout as far as they develop
within the same organism. (B) The importance of introducing this chronological dimension to cell differentiation
is exemplified here by the necessity in synchronizing chronological values among cells of different lineages. The
innervation of a muscle cell by a neuron requires that both cells prepare for this timely developmental event
because when a neuron fails to properly find its target, it will die. The same is true for the muscle cell that when
not innervated, will eventually wane from loss of contractile inputs.

CV: Chronological value.

Adapted from [45].
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residual factor expression, for example SOX2. A hiPSC
line made this way will satisfy the current pluripo-
tency test in that it does express both pluripotency-
related markers. Under this scenario, by extinguishing
OCT3/4 you would probably have no problem for
ectoderm differentiation. However, you can no more
induce this cell toward mesendoderm, because for this,
you would need to completely silence SOX2. So here,
SOX2 expression in the original hiPSC per se is not
indicative of pluripotency. This example also provides
a feasible reason why we should avoid integrating the
reprogramming vectors into the genome if we cannot
be entirely sure that they can be completely inacti-
vated. Also of note, any pluripotency litmus test such
as the teratoma assay which cannot predict robust cell
differentiation, in our opinion, should be considered
as ‘obsolete’ as it does not provide enough information
about the bona fide pluripotency of the PSC. Related to
this, we are not aware of any case of a PSC line being
dismissed because of its failure to produce a teratoma.

Exploring pluripotency standards for drug
discovery

Another confounding issue which warrants some addi-
tional consideration before we can come up with good
practical standards for pluripotency is again about the
difference between mPSCs and hPSCs. In particular,
we will revisit the idea that hPSCs are epiblast-like
before proposing a new list for standardizing hiPSCs.

Naive & epiblast-like pluripotencies: where to
place hiPSCs?
Most people normally use the word ‘primed’ to express
what we mean here by ‘epiblast-like’ [47]. The reason
why we avoid its use is because the meaning of ‘primed’
has recently changed. Austin Smith, who originally
defined the word ‘primed, has now changed the word
to ‘transitional’ exactly for the reason we are going to
discuss here [48].

hPSCs are considered to have phenotype most akin
to the primitive ectoderm cells of an epiblast-stage
embryo. We can also derive mouse epiblast stem cells
(EpiSCs) when epiblasts are directly cultured in media
which supports hPSCs and therefore, EpiSCs were pre-
viously considered to be a directly equivalent cell entity
to hPSCs [49,50]. This was until Michinori Saitou’s
group showed that EpiSCs poorly differentiated into
germ cells but that mESCs gradually adapted to EpiSC
culture condition (which was then called EpiL.Cs for
epiblast-like cells) showed better developmental poten-
tials equivalent to and gene expression profile more
similar to epiblasts [s1]. This idea that EpiSCs are not
epiblast-like was later corroborated by a study from

Patrick Tam’s lab in which they showed that EpiSCs

Figure 2. Mesendoderm-propensity of current human
pluripotent stem cells. In-house human induced
pluripotent stem cells (hiPSCs) stained for NANOG

are shown in the bottom right insert. In our hands

most hiPSCs made using the Yamanaka protocol

display varying levels of NANOG expression. As mouse
epiblasts do not express Nanog, we deduce that the
cells with strong NANOG expression would represent
cells with a more advanced chronological value tilted
toward mesendoderm (diagonal red-shaded zone).
With the ‘no-going-back’ rule of a cell’s chronological
value, it is likely that these cells would resist ectoderm
differentiation as was observed for the cell line pictured
here (data not shown). The ideal status of an hPSC on
this landscape would be the horizontal green area where
cells are kept in step with each other sharing the uniform
chronological value of the epiblast-equivalent stage.
Therefore, the recent finding that hiPSCs pass through
a transient mesendoderm stage during reprogramming
can also be interpreted that there is a lack of safeguard
in keeping the cells in the green area and that the
nascent hiPSCs would pass this bona fide pluripotent
chronological value and enter the red zone instead. The
subsequent culture with FGF only would then help to
narrow down this diagonal red area closer but rarely
converging with the horizontal green area, which can
explain the lower developmental potentials of hPSCs.
iPSC: Induced pluripotent stem cell.

Adapted from [45].

correspond to the anterior mesendodermal cells but
not to the cells of the epiblast stage [52]. What these
studies tell us is a surprising message that cell culture
conditions used to support hPSCs cannot keep mouse
epiblasts at an epiblast-like stage of development but
spontaneously advances them to a mesendoderm-like
stage. With this revelation that EpiSCs are in a more
advanced stage of development, Smith had to change
his developmental nomenclature of the epiblast-stage
from ‘primed’ to ‘transitional’ and to rename a fur-
ther advanced gastrula-stage embryo as ‘primed.” With
this confusion, we will not use this familial nomen-
clature anymore and stick to the less fashionable
epiblast-likefor the rest of the manuscript.

If mouse epiblast-like PSCs were not really epiblast-
like, what about hPSCs? To the careful readers, similar-
ities of some hiPSC lines to mesendoderm are already
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OCT3/4- OCT3/4- Endoderm
dominant inherited @@
OCT3/4-SOX2
co-expressed - Mesoderm
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~. SOX2- SOX2-
dominant inherited

Figure 3. Differentiation by segregation versus de novo acquisition of factors. (A) Left: a classical view of cell
differentiation. In this mode of cell differentiation, the initial cell trait (denoted here by the letter ‘O’) is lost
upon cell differentiation and new traits (such as ‘A’ or ‘B’) are acquired de novo. Right: a contrasting view can be
made if we suppose that the future traits ("A’ and ‘B’) were already present (but in a less pronounced way) in the
progenitor cell (marked here as ‘AB’). As this aspect of cell differentiation describes the segregation or acquisition
of factors as development proceeds, we will describe these views of differentiation by segregation of factors or
differentiation by ‘de novo acquisition.” (B) This picture summarizes a recent finding from Thomson et al. OCT3/4
and SOX2, two of the Yamanaka factors, are co-expressed in the inner cells of the mouse blastocyst and/or
mMESCs. The prevailing former view would have dictated that markers of pluripotency disappear from these naive
pluripotent cells upon differentiation and the offspring cells would acquire new traits (master regulators) of the
relevant cell lineages. In sharp contrast, Thomson et al. work show that the balance of these markers’ expression
becomes unstable when cells reach the epiblast-equivalent developmental stage but more surprisingly, are
‘inherited’ in a mutually exclusive fashion upon cell differentiation, leaving OCT3/4 for mesendoderm and SOX2

for ectodermal cells.

familiar. As described above, hiPSCs with reduced
developmental potentials showed some features of
mesendoderm and as recently discovered, all hiPSCs
under the Yamanaka protocol were once mesendo-
derm [10]. As a point of compromise, we may tentatively
place a window between epiblast and mesendoderm for
human pluripotency. A prediction here is that the closer

an hPSC is to epiblast, the more pluripotent it should
be. From this viewpoint, the next question is whether
all hESCs are epiblast-like and not mesendoderm-like.

Although a definite answer to this question is not at
hand yet, there is room for speculation that hESCs have
some mesendoderm-like characteristic too. NANOG
is generally considered a pluripotency-related marker
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for hPSCs. Many studies suggest that its expression is
under the control of SMAD signaling [53]. However,
recent work from experts of mouse embryology clearly
shows that although Nanog protein is abundantly
expressed in the blastocyst, it is hardly present in epi-
blast cells [s4]. What was not really fully appreciated
in the beginning is the fact also shown in the paper
that Nanog soon reappears in the nascent mesendo-
dermal cells of the primitive streak. Now, NANOG
is also classified as a marker of the mesendodermal
cells of the anterior primitive streak (55] and therefore
colocalizes with definitive mesendodermal marker
T/BRY during hiPSC reprogramming [10]. There-
fore, NANOG has little diagnostic value for marking
the pluripotency of hPSCs. This fact alone should be
claimed more often and textbooks need revision con-
sidering there are probably hundreds of papers which
show the expression of NANOG in hESCs and hiPSCs
to validate human pluripotency. We strongly believe
that NANOG expression just shows that the hPSC
line in question is instead closer to the mesendoderm
state in the human pluripotency window, which is in
direct opposition to the idea that NANOG expression
means pluripotency. A testable prediction would then
be that stcrong NANOG protein expression in hiPSCs
is another hallmark of differentiation defectiveness as
illustrated in Figure 2.

Proposed standards for human pluripotency

We have now reached the point in our discussion at
which we are ready to suggest new pluripotency stan-
dards of hiPSCs. The propositions made here are not
yet in full practice nor do we have enough supporting
data to validate all the new recommendations. Instead,
these are proposals deduced from the new aspects of
cell differentiation explained in this critical review and
partly also from recent results obtained in Saitama
Medical University forming part of a patent application
(W02014069479). But again, none of the authors of
this article are in the position to guarantee that by adher-
ing to these standards, you can detect pure differentia-
tion-competent hiPSC cultures. However, any detailed
further discussion would be welcomed if contacted.

We strongly discourage from using teratoma assays
as an indication of pluripotency. As mentioned already,
these assays only give qualitative results which are
not really informative about differentiation defec-
tive hiPSC clones. We would also like to relieve you
of the burden of looking for pluripotency-related fac-
tors. We think these markers do not exist in a strict
sense and also, from the hiPSC clones established in
Saitama Medical University in the past 3 years, we
have never come across hiPSCs, good or bad, which

do not express OCT3/4, SOX2 or TRA-1-60. Other

markers like surface embryonic antigens (i.e., TRA-
1-60/81 and SSEA3/4) are always present in a very
heterogeneous manner and many are not functionally
validated. Their presence can even be ‘harmful’ as it
has been shown that high SSEA3-expressor hESCs can
resist differentiation [56] and TRA-1-60 labels mesend-
odermal cells in the due course of reprogramming [10].
We took to the habit of using these markers from the
very discovery of hESC [29] but in order to discriminate
good and bad hiPSCs applicable for drug screenings,
these are completely useless.

Instead of the aforementioned ‘classical’ standard
for human pluripotency, we would recommend the
following:

e Try to avoid high expressors of mesendoderm
markers like T/BRY and SOX17. hiPSCs tend to
lean toward mesendoderm particularly under the
current methods and we cannot emphasize enough
that this is the major drawback of the current hiPSC
reprogramming method. We ourselves have seen
many examples where high expression of T/BRY
indicates defective differentiation especially toward
neural fates (data not shown);

e Check the expression of KLF4 and NANOG, if
possible at the protein level (not RNA only). These
markers were considered ‘classical’ pluripotency-
related markers but there is hardly any logic in using
these. Particularly the expression of NANOG in an
hPSC context is more likely to be indicative of a
mesendodermal, and therefore a differentiated cell;

e Check developmental potential for neural differ-
entiation by avoiding SMAD-inhibition or pref-
erably by performing default neurogenesis [57:8],
a tougher but biologically relevant test for early
differentiation. Another aspect worth checking is
the swift downregulation of NANOG during this
process. From frogs to mice, early embryonic cells
default to neurogenesis when challenged in a devel-
opmentally neutral medium. Only hPSCs so far
have shown relatively low differentiation efficien-
cies when this method is applied. We believe (and
some of our results confirm this view) that hiPSCs
with full pluripotency can default toward neural
cells at high efficiencies;

e Check the directed differentiation of the hiPSCs
toward mesendoderm when challenged with BMP4
only. Mouse epiblast primitive ectodermal cells
are known to be induced toward T/Bry-positive
mesendoderm by Bmp4 emanating from the
juxtaposed extraembryonic ectoderm [s59]. We see
many protocols for inducing mesendodermal cells
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by direct addition of Wnt agonists as this is a direct
inducer of T/BRY. However, during the mouse
development, the first Wnt agonist, Wnt3, is read-
ily induced by Bmp4 alone [59]. We have experienced
that the inducibility of WNT?3 in hiPSC clones var-
ies extensively and wanes upon prolonged hiPSC
maintenance (data not shown), which is an inevitable
process given our current understanding that hiPSC
revert back from mesendoderm to epiblast-like cells.

Clearly, the current hiPSC reprogramming methods
need improvement. Unfortunately, at the present time,
it is not possible for us or for anybody else to give quan-
titative measures in setting this standard. We are not
able to define a fixed copy number of 7/BRY mRNA
for example that a hiPSC should not exceed. This is
difficult in practice because individual cell character
fluctuates in time and an average measurement does
not reveal the frequency of this fluctuation which may
well have consequences in pluripotency. Nevertheless,
we hope this is just a starting point that people in the
same industry can share to consistently improve the
quality of our common golden tool, the hiPSC.

Conclusion & future perspective
Today, although we have already seen some exam-
ples of laboratory successes of drug screening using

human iPS cell-derived cells, there are probably only
few examples of HT'S success using stem cell-derived
cells at manufacturing scales. This is not very sur-
prising as it is still technically a formidable task to
conquer all the inherent problems of iPSC repro-
gramming and obtain a manipulable cell population
for drug testing as discussed herein. We, through
our own experience, could deduce that the reason of
thousands of failures in similar attempts is because
the initial stem cell ‘pluripotency’ was ill defined
and this situation motivated us to send this message
through this critical review. Despite this situation,
this field is anticipated to move forward to directly
try human iPS cell-derived cells for drug testing. It
is there that we will surely face serious problems as
several recent reports dismiss full pluripotency for
human iPS cells and this can only have serious con-
sequences on its downstream usages as discussed.
The pharmaceutical process of drug screening is like
choosing good racing car drivers. The company in
charge has first to serve as a steel plant, and then also
as a car company to manufacture racing cars out of
the steel produced. And only after that can it start
to think about choosing good drivers (i.e., chemi-
cal compounds). Therefore, with drug screens using
PSC-derived cells, there are disproportionate needs
for efforts toward preupstream processing compared

Executive summary

Background
effects.

definitions of pluripotency.
Induced pluripotent stem (iPS) cell innovation

e Cell differentiation below 100% efficiency is irreproducible and increases noise in the readouts of drug

¢ The setting of standards for drug discovery-grade stem cells is complicated by constantly shifting

e iPS cell reprogramming must not only transition somatic cells into a pluripotent state but stabilize the
resulting pluripotent stem cells in a (meta)stable cell state.

e A number of drug screens have already been performed using human iPSCs (hiPSCs) as original cell source for
and has led to the discovery of some novel lead compounds.

Requirements for stem cells in drug discovery applications

e Many of the current hiPSC lines display various degrees of mesendoderm differentiation and are hence not
strictly epiblast-like with full differentiation potential.

e NANOG is neither a pluripotency-related marker nor expressed in epiblasts but labels mesendodermal cells.
(Naive and epiblast-like pluripotencies: where to place hiPSCs?).

¢ Understanding a stem cell’s chronological value and its differentiation by segregation of factors help to
placing pluripotent stem cells in their developmental context.

Exploring pluripotency standards for drug discovery

e Rules of thumb for identifying good hiPSCs: Avoid mesendoderm-like hiPSCs, choose lower expressors of
KLF4/NANOG, and check early developmental potentials by default neurogenesis and by BMP-induced
mesendoderm differentiation.

Future perspective

e New standards for hiPSCs should include an updated understanding of differentiation defective iPSCs’
tendency toward mesendoderm differentiation.

e Efficient stem cell differentiation for high quality drug discovery applications can’t be achieved without a
clear understanding of pluripotency.
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with the older paradigms. What might be somewhat
surprising to the readers but we still hope to have
successfully argued the fact that the most difficult
part in this whole process is the ‘steel plant.” We have
to know and acknowledge that stem cells are inher-
ently heterogeneous. This is undoubtedly making
these processes far more difficult than just manu-
facturing homogeneous steel. The heterogeneity of
stem cells is also making it difficult to accurately
define them and this will enforce continuous basic
science to fully understand its nature and to tackle
it in the future.

Therefore, one final message we would like to con-
vey is what we need to do as an ‘industry’ to produc-
tively play with these newcomers, the hiPSCs. We can
certainly no longer sit on the sidelines of this pluripo-
tency issue and act as idle spectators. We should all
join efforts in continuously improving the level of its
industrial standard.
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