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ABSTRACT
Fetal stem cells are a unique type of adult stem cells that have been suggested to be broadly multipotent
with some features of pluripotency. Their clinical potential has been documented but their upgrade to full
pluripotency could open up a wide range of cell-based therapies particularly suited for pediatric tissue
engineering, longitudinal studies or disease modeling. Here we describe episomal reprogramming of
mesenchymal stem cells from the human amnion to pluripotency (AM-iPSC) in chemically defined
conditions. The AM-iPSC expressed markers of embryonic stem cells, readily formed teratomas with
tissues of all three germ layers present and had a normal karyotype after around 40 passages in culture.
We employed novel computational methods to determine the degree of pluripotency from microarray
and RNA sequencing data in these novel lines alongside an iPSC and ESC control and found that all lines
were deemed pluripotent, however, with variable scores. Differential expression analysis then identified
several groups of genes that potentially regulate this variability in lines within the boundaries of
pluripotency, including metallothionein proteins. By further studying this variability, characteristics
relevant to cell-based therapies, like differentiation propensity, could be uncovered and predicted in the
pluripotent stage.
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Introduction

Human fetal stem cells are multipotent stem cells derived from
solid extraembryonic/placental tissues and fluids – amnion,
amniotic fluid, chorionic villi, umbilical cord, or umbilical cord
blood. Populations of cells with epithelial, mesenchymal or
hematopoietic phenotype can be isolated from these tissues and
have shown potentials to be used in numerous clinical interven-
tions [1–3], including tissue engineering [4–9], owing to their
unique properties such as differentiation, tissue formation or
immunomodulation. Amniotic membrane mesenchymal stem
cells (AMSC) exhibit no tumorigenicity, on the contrary, they
may possess anti-inflammatory and even anti-cancer properties
by virtue of cytotoxic cytokine secretion [2,10]. Their baseline
expression of markers typical for embryonic stem cells (ESC)
was observed to be higher than in bone-marrow-derived mes-
enchymal stem cells (MSC) [11]. However, fetal stem cells still
have a limited differentiation and proliferation capacity. Addi-
tionally, epigenetic aberrations have been detected in mesen-
chymal stromal cells at higher passages [12]. Therefore,
cultured AMSC at a low passage may represent an ideal cell
source for reprogramming into induced pluripotent stem cells
(iPSC). Their mesenchymal properties may be favorable for

reprogramming since acquisition of hyper-mesenchymal prop-
erties and delayed mesenchymal-to-epithelial transition (MET)
increased efficiency of reprogramming [13]. Additionally, in
mouse, CD73 was identified as a marker of an important inter-
mediate in the reprogramming roadmap [14,15]. Furthermore,
iPSC tend to retain a considerable portion of the epigenetic sig-
nature of their source cells which can skew their differentiation
potential [16]. From the perspective of their commitment on
the developmental scale, amniotic fetal stem cells occupy an
intermediate stage between pluripotent and multipotent adult
stem cells [10,17]. Using highly unspecialized cells might allevi-
ate the epigenetic bias and therefore prove beneficial in
addressing this phenomenon in iPSC.

Human pluripotent stem cells (PSC) could be a source of
unlimited numbers of cells with the highest differentiation
potential and therefore are very attractive from the perspective
of the development of cell replacement therapies and tissue
engineering applications. Efforts are underway to develop
reproducible protocols for differentiating human pluripotent
stem cells into a wide range of somatic cells. As an example,
cardiac differentiation has been widely explored and numerous
protocols published which lay ground for the concept of
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engineering cardiac tissue grafts (reviewed in Jackman et al.,
2015 [18]; Sirabella et al., 2015 [19] and Budniatzky et al., 2014
[20]). A tissue engineering approach has recently been used to
regenerate sciatic nerves in a rat model, with iPSC as a source
of neural crest stem cells seeded into scaffolds [21]. PSC-
derived neural crest stem cells were combined with intestinal
organoids to create human intestinal tissue with a functional
enteric nervous system [22]. These examples of PSC-based tis-
sue engineering together with an emerging technology of orga-
noid engineering demonstrate the potential of these
technologies to be used in transplantations, research into physi-
ology or drug and toxicological screening. Furthermore, clinical
trials in cell replacement therapies for diseases like age-related
macular degeneration, Parkinson’s disease, diabetes, myocar-
dial infarction and spinal cord injuries are currently ongoing or
entering Phase I [23].

Generation of iPSC from amniotic membrane mesenchymal
cells has been described previously, however, viral delivery of
the reprogramming factors as well as undefined culture and
medium components (such as fetal bovine serum (FBS),
KnockOutTM Serum Replacement (KSR), mouse embryonic
fibroblast feeder (MEF) layer) were used [24,25]. In our study,
we attempted to derive and expand iPSC lines from AMSC of 4
different patients by means of non-integrating episomal
reprogramming in xeno-free culture conditions. Previously, we
described a similar approach of iPSC derivation from AFSC
[26]. However, AFSC need to be obtained in the process of
amniocentesis while AMSC can be derived from a small patch
of the placental amnion that represents medical waste after
examination by a pathologist. On the other hand, the advantage
of AFSC as a source for reprogramming into iPSC is that the
process can be initiated before birth (second trimester) and
therefore any potential cell replacement therapies would be
available earlier to the patient. Therefore, exploring both cell
types as a cell source for reprogramming into iPSC is of value.
AMSC can readily be used for producing iPSC lines for routine
banking and for large population-level studies.

Results

Isolation and culture of amniotic membrane mesenchymal
stem cells

Amnion mesenchymal stem cells were successfully extracted
from around 6 cm2 patch of the placental amnion immediately
after birth to maximize cell viability. The membranes were
minced, mixed with digestion enzymes and the mixtures were
blended in a controlled manner using the gentleMACS tissue
dissociator. A single round of blending and a 30 min incubation
at 37�C was optimal to maintain viability (data not shown) and
resulted in a suspension of clumps and single cells. The clumps
and single cells plated into regular tissue culture-treated vessels
adhered in abundance in as early as 24h. They were allowed to
proliferate for 2–3 passages before reprogramming into pluri-
potency. The morphology of the cells was a typical mesenchy-
mal, elongated and phase-bright (Figure 1A). The medium
used was EBM-2 basal medium supplemented with FBS, bFGF,
EGF and IGF, a composition identical to the one previously
used for amniotic fluid stem cells. The cells expressed markers

of mesenchymal stem cells (MSC) CD44, CD73, CD166,
CD105, CD90 and N-cadherin when measured by flow cytome-
try. The levels of N-cadherin were relatively low compared to
other markers and in AMSC[3], it was mostly negative. The
epithelial marker EpCAM was mostly negative or expressed
only in low levels (Figure 1B, Table S1).

Reprogramming to pluripotency

Introduction of reprogramming plasmids into AMSC led to
morphological changes representing the earliest stage of
reprogramming as early as day 3 following transfection. The
changes included loss of the spindle shape typical for MSC and
acquisition of a “cobble stone” morphology, indicating MET.
Later, a small fraction of the MET partially pluripotent colonies
gave rise to colonies with characteristics of full pluripotency.
These first appeared around day 14 and on day 17, they were
ready for mechanical picking and clonal expansion
(Figure 1C). Expanded clones were allowed to mature for
around 15 passages, with a 3-day passaging interval, before car-
rying out detailed characterization.

Characterization of AM-iPSC by established methods

Profiling of the expression of ESC markers Oct3/4A, Nanog,
Sox2, TRA-1-60, TRA-1-81, SSEA-1 and SSEA-4 by flow
cytometry revealed a consistent expression pattern across AM-
iPSC lines identical to the control line WA25. All markers
except SSEA-1 were found to be expressed in nearly 100% of
the cells (Figure 2, Table S2). The results of the flow cytometry
analysis were corroborated by confocal imaging. Transcription
factors Oct3/4A, Nanog and Sox2 localized to the nuclei of the
cells and glycoproteins TRA-1-60, TRA-1-81 and SSEA-4 local-
ized to the membrane (Figure 3).

Teratoma formation assay allows for a direct demonstration
of the ability of cells to differentiate into tissues of all three germ
layers. All AM-iPSC lines demonstrated their ability to form ter-
atomas with endodermal (e.g. epithelia), mesodermal (e.g. carti-
lage or smooth muscle) and ectodermal (e.g. neural tissues)
tissue derivatives present, confirmed by H&E-stained histological
sections (Figure 4A). The proportions of endodermal, meso-
dermal and ectodermal derivatives were evaluated from the tis-
sue sections by an expert pathologist. The germ layer with the
lowest representation in the sections in all lines was mesoderm,
the highest was ectoderm. The proportions were visibly skewed
towards ectodermal tissues (Figure 4B), especially line AM3 that
showed the highest variance of the percentages (Figure 4C). All
lines displayed normal karyotypes (Figure 4D).

Evaluation of AM-iPSC pluripotency by computational
methods

Profiling of the transcriptome by microarrays and RNA
sequencing provides a rich source of information that can be
used to confirm and evaluate pluripotency with a very high res-
olution. These methods represent an attractive alternative to
the teratoma formation assay. We obtained global transcrip-
tional profiles from the AM-iPSC lines, a control iPSC line
MIRJT7i and a control ESC line WA25 using Illumina HT-12
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Figure 1. Morphology, characterization and reprogramming progression of the source AMSC. A. Cultured AMSC display a morphology of mesenchymal stem cells – elon-
gated and spindle-shaped. B. Flow cytometric analysis of AMSC revealed expression of CD44, CD73, CD166, CD105, N-cadherin and CD90. Activation of the epithelial
marker EpCAM was low. This expression profile is consistent with a mesenchymal stem cell phenotype. C. Morphological progression of reprogramming in AMSC trans-
fected with 3 episomal reprogramming plasmids (3E). Days following transfection are denoted by “d” and the passage number following transfection by “p”. On day 6
(left), cells assuming cobblestone-like epithelial shape and undergoing MET were clearly discernible (ellipse). On day 17 (two middle pictures), partially and fully pluripo-
tent cell colonies were both present, with partially pluripotent colonies being more abundant. Fully pluripotent colonies were expanded and clonal cultures established
(right). Scale bar = 200 mm.
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Figure 2. Flow cytometric analysis of the expression of ESC markers in AM-iPSC in their mature state grown in VTN-E8 conditions. Antibodies against markers Oct3/4A,
Nanog, TRA-1-60 and SSEA-1 were conjugated to AlexaFluor 488 and Sox2, TRA-1-81 and SSEA-4 to AlexaFluor 647. All plots show the corresponding marker fluorescence
on the horizontal axis on a log 10 scale and side scatter on a linear scale on the vertical axis. All 4 lines of AM-iPSC showed typical human primed pluripotent stem cell
marker expression profile – Oct3/4A, Nanog, Sox2, TRA-1-60, TRA-1-81 and SSEA-4 being expressed in the majority of cells, while SSEA-1 is negative. The morphology of
the corresponding lines is also shown, scale bar = 100mm.

CELL CYCLE 333



Figure 3. Confocal microscopy-based immunocytochemical analysis of the expression of ESC markers in AM-iPSC in their mature state grown in VTN-E8 conditions.
Images of colonies of AM4 line are depicted on the figure. The images corroborate the flow cytometric analysis. The projections were reconstructed from the fluorescence
signal spanning all of the individual scanned slices using the Maximum Intensity Projection algorithm in FIJI. The first column contains DAPI images, second column con-
tains marker fluorescence, third column contains DAPI and marker overlay images and the fourth column contains a single-slice leftover transmitted light-based represen-
tation of the same colonies. Scale bar = 50mm.
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Figure 4. Teratoma formation capacity of AM-iPSC. Subcutaneous injection of AM-iPSC clumps into scid mice resulted in formation of teratomas. A. H&E-stained tissue
sections revealed presence of tissues representative of all three germ layers. B. The percentages of the individual germ layer tissues were estimated by the pathologist.
Mesoderm was the least abundant germ layer, while neuroectoderm was the most abundant. C. Variance of the percentages of the germ layer tissues was the highest for
AM3 line. D. All lines showed normal karyotypes after a high number of passages in culture (p).
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v4 microarrays and RNA sequencing. We also included 3 sam-
ples of different lines, two of which are isogenic to AM3 and
AM4, grown on VTN in KSR-based MEF-conditioned medium
(KSR-CM), representing a traditional undefined medium. We
then analyzed the microarray profiles using PluriTest which
computes two classifiers from the data – pluripotency and nov-
elty. High pluripotency scores and low novelty scores are
required for queries to be deemed pluripotent. The PluriTest
plot highlights the cluster area of the training set of samples,
blue cloud represents differentiated cells, faint blue cloud par-
tially pluripotent cells. Sample relations computed by PluriTest
from the pre-processed data showed that AM5 line localized in
a separate branch of the hierarchical clustering dendrogram,
while KSR-CM lines were the most similar to the ESC control
line (Figure 5A). All lines clustered close to the red cloud of the
PluriTest plot and passed the test for pluripotency (Figure 5B).
AM2 and AM3 lines had pluripotency scores below 20 and
were therefore flagged as “further evaluate”. The pluripotency
score of AM3 line was significantly lower than the average score
of well-characterized WiCell control lines MIRJT7i (iPSC con-
trol) and WA25 (ESC control), while the pluripotency score of
AM5 was significantly higher (Figure 5C). The opposite was
true for the novelty scores, with AM3 having a significantly
higher score relative to WiCell controls and AM5 a significantly
lower score (Figure 5D). The pluripotency and novelty scores of
the remaining lines, including KSR-CM lines, were not signifi-
cantly different from the controls.

Another computational method of pluripotency evaluation
from global transcriptional profiles is CellNet, recently adapted
to accept RNA sequencing data as input. We performed RNA
sequencing of the AM-iPSC lines (number of AM3 and AM4
replicates doubled) alongside the WiCell control lines and a
larger set of KSR-CM lines. CellNet categorizes queries into
cell/tissue types based on their transcriptional profile by identi-
fying the relevant gene regulatory networks (GRN). All lines
were categorized as “ESC”, with no apparent residual somatic
cell/tissue signature, indicating undifferentiated status
(Figure 6A). The GRN status scores was plotted for all queries
relative to the score of the ESC training set (52 samples) and
fibroblast training set (46 samples). All queries were similar to
the ESC training scores with no statistically significant differen-
ces and distinct from fibroblast scores (Figure 6B). Further-
more, there was no statistically significant difference in the
scores of VTN/E8- and VTN/KSR-CM-grown lines in terms of
their similarity to the ESC training set (Figure 6C). These
results confirm that the AM-iPSC lines are pluripotent.

Transcriptional variability in pluripotent cell lines

The availability of the microarray and RNA sequencing data
allows for further analysis of the transcriptional variability
among pluripotent lines that are within the bounds of func-
tional pluripotency. Differential gene expression analysis
between PluriTest low-scoring AM3 and high-scoring AM5
line identified 123 genes with log fold change greater than 1.2
and false discovery rate (FDR)-adjusted P value below 0.02
(Figure 7A, Table S3). These genes were functionally annotated
using the DAVID database (Table S5) and selected individual
clusters of related genes were plotted. The identified genes

belonged to metallothionein proteins, effectors of wnt signaling
pathway, positive regulators of gene expression, actin genes or
effectors of TGFb signaling pathway (Figure 7B) and others.
Out of the 123 genes, 28 are known pluripotency factors or
were implicated as likely important for pluripotency as they
belong to one of the three most pluripotency-associated W-
dimensions of the PluriTest model (Figure 7C). The genes were
as follows: GRPR, SFRP2, FGFR3, PLA2G3, ZIC3, PRDM14,
GPC4, RPRM, PDPN, MT1F, CA2, ID1, FZD7, DNMT3B,
COCH, FZD2, AFP, FAM46B, CYP26A1, PRODH, SHISA2,
CACHD1, CKB, ZIC2, STC1, CRABP2, SFRP1 and IRX2.

RNA sequencing-based differential gene expression analysis
mostly corroborated the microarray analysis, though multidi-
mensional scaling plots (MDS) showed a greater similarity
between AM5 and WA25 ESC line. We chose 2 fundamentally
different analysis pipelines for the RNA sequencing data –
alignment-based (using BBmap, featureCounts and limma) and
pseudoalignment-based (using salmon, tximport and limma)
method (Figure 7D). The methods produced similar results. In
addition to the metallothioneins identified by microarrays,
MT1L, MT1M, MT1HL1, MT1P3 and MT2P1 genes were
identified by RNA sequencing. 17 long non-coding (LINC)
RNAs, such as LINC-ROR (regulator of reprogramming), 4
micro-RNAs and 5 endogenous retroviruses were also identi-
fied. Most of the non-coding RNAs and endogenous retroviral
RNAs were reinforced in AM5 (Figure 7E, Table S4).

Discussion

Generating iPSC from fetal stem cells is an attractive way of
making populations of cells with the broadest differentiation
potential available perinatally for future cell-based therapies
and banking for use later in life. Their clinical application, how-
ever, requires culture systems free of xeno-components. We
recently showed that reprogramming of amniotic fluid stem
cells (AFSC) into pluripotency and long-term iPSC culture is
feasible in xeno-free conditions [26], demonstrating an exam-
ple of using fetal stem cells for this purpose. However, novel
prenatal genetic testing methods have reduced the availability
of AFSC. Nevertheless, AFSC will continue to be an attractive
cell source for reprogramming into pluripotency, mainly
because conceptually this conversion can be carried out prena-
tally and allows for an autologous cell-based therapy to be
available shortly after birth to e.g. correct a congenital defect, in
case a fast intervention is necessary. Otherwise fetal cells with
mesenchymal properties can be isolated from the placental
amnion, circumventing the need for an amniocentesis. Since
the placenta is part of the medical waste, autologous fetal cells
can be derived from any newborn patient, not only for immedi-
ate cell-based therapies but also for banking purposes, longitu-
dinal studies for basic research or disease modeling. A small
patch of the amnion, after gentle and effective tissue dissocia-
tion, provides a sufficient starting population of cells for
reprogramming.

AMSC can be readily cultured in conditions previously iden-
tified to be optimal for AFSC [5,6,26]. While AFSC require
around 10 days of culture before they can be expanded for the
first time, AMSC reach that point in around 5 days. Both cell
types predominantly assume an MSC phenotype in culture as
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Figure 5. Analysis of the transcriptional profile of AM-iPSC by PluriTest. Control ESC line WA25 and iPSC line MIRJT7i (WiCell) were included. Also included were 3 iPSC
lines grown in standard non-defined KSR-supplemented MEF-conditioned culture conditions (KSR-CM), two of which – AM3 and AM4 – were isogenic to AM3 and AM4
grown in defined VTN/E8 conditions. A. Hierarchical clustering of the lines showed AM5 having a distinct profile and KSR-CM lines being the most similar to the ESC line
WA25. B. A plot of PluriTest classifiers “novelty” and “pluripotency”. The red cloud represents the cluster area of validated PSC lines (grown in standard KSR-CM culture
condition). The blue cloud represents the cluster area of differentiated cells. The light blue cloud represents the cluster area of partially pluripotent stem cells. Each point
represents a replicate of one line. All lines were identified as pluripotent but clustering outside of the red cloud. C. Pluripotency scores in individual lines, with AM5 scor-
ing the highest and AM3 the lowest. D. Novelty scored in individual lines, with AM5 scoring the lowest and AM3 the highest. High pluripotency score and low novelty
score render the transcriptional profile of AM5 the most similar to the typical pluripotent profile. �� p<0.01, ��� p<0.001.
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Figure 6. RNA sequencing-based gene regulatory network (GRN) analysis of the AM-iPSC transcriptome using CellNet. A. Heatmap showing classification of the samples
based on the similarities of their expression profiles to reference cell/tissue type profiles. All AM-iPSC lines were classified as “ESC”, so did control iPSC line MIRJT7i and
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indicated by their morphology and the expression of MSC
markers. AMSC remain an understudied cell source for reprog-
ramming. While their unique properties show promise for a
direct use in treatments [3,10], only a few studies explored the
induction of pluripotency in these cells, albeit using integrative
vectors or undefined culture conditions [24,25]. Here we show

that AMSC can be reprogrammed into pluripotency using
episomal plasmids and culture in chemically defined VTN/E8
conditions [27]. The process of full pluripotency acquisition
took around 14 days. Flow cytometry and confocal imaging
confirmed that the resulting iPSC (AM-iPSC) express pluripo-
tency markers Oct3/4A, Nanog, Sox2 (transcription factors),

control ECS line WA25. Their undifferentiated status is demonstrated by the lack of transcriptional signature of other reference cell/tissue types. B. The heatmap was con-
structed from GRN classification scores that quantitate the extent to which the expression profile of a query sample is indistinguishable from the reference cell/tissue
type’s profile. All samples showed GRN classification scores similar to the ESC training scores, with no statistically significant differences, and distinct from fibroblast scores.
C. No statistically significant differences in GRN classification scores were observed between VTN/E8 and VTN/KSR-CM-grown iPSC
HSPC – hematopoietic stem and progenitor cells.

Figure 7. Differential expression analysis between high-scoring AM5 and low-scoring AM3 line.A. Heatmap of 123 most highly differentially expressed genes between
AM5 and AM3 with a log-fold change of 1.2 and FDR-adjusted P value below 0.02 revealed a distinct transcriptional profile in both lines compared to AM2, AM4 and
WiCell control lines. B. The list of differentially expressed genes was analyzed using DAVID and individual heatmaps were constructed to visualize differences in gene
activity of the whole clusters of related genes. Genes with the best evidence of differential expression were metallothionein genes. Other genes were modulators of the
wnt signaling pathways, positive regulators of gene expression, actin genes and effectors of the TGFß signaling pathway. C. From among the top 123 differentially
expressed genes, 28 were found to belong to one of the three most pluripotency-associated W-dimensions of the PluriTest model. D. Transcriptional differences between
AM5 and AM3 were further explored using RNA sequencing data and two analysis pipelines – BBmap + featureCounts method (alignment and counting) and salmon
method (pseudoalignment-based quantitation). The dataset was filtered, normalized and multidimensional scaling plots were constructed for both analysis methods. Sim-
ilar to the result of the microarray analysis, AM5 line showed distinct clustering from the other AM-iPSC lines. AM5 was the closest to the control ESC line WA25, especially
as seen from the BBmap plot. E. Additional features identified as differentially expressed between PluriTest high-scoring AM5 and low-scoring AM3 line with a log fold
change of §1.6 and a false discovery rate-adjusted P value less than 1¡06. Long non-coding RNA and microRNA were identified, as well as several endogenous retrovi-
ruses. Most of these features were found to be reinforced in AM5.

J
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TRA-1-60, TRA-1-81 and SSEA-4 (surface glycoproteins). We
used Oct3/4 isoform A as it has been shown to be relevant to
pluripotency [28]. Nanog was expressed in a majority of cells in
all PSC lines, though its signal was visibly fainter (Figure 2,
Table S2). This is a normal feature of human pluripotent stem
cells that assume primed phenotype as opposed to na€ıve
[29,30]. SSEA-1 is not expressed in human PSC [28,31] and
served as a negative control marker.

Functional demonstration of pluripotency in-vivo is typi-
cally achieved by the teratoma formation assay in mice. Tissues
of immunocompromised mice create an environment that
allows human PSC to spontaneously differentiate into a variety
of tissues whose germ layer origin can be inferred after histo-
logical inspection. All AM-iPSC lines produced teratomas with
tissues representative of all 3 germ layers. The percentages of
the individual germ layer representation in the teratomas were
not balanced but rather ectodermal tissues were over-repre-
sented and mesodermal tissues under-represented. This could
reflect differences in growth or presence of stimuli in mouse tis-
sue microenvironment favoring ectodermal differentiation.
Alternatively, a bias inherent to the primed phenotype of
human PSC is possible [32], after all, their in-vivo counterpart
cells represent the primitive ectoderm of early post-implanta-
tion embryos [33]. The teratoma germ layer profile of the AM3
line was the least balanced (highest variance). This could poten-
tially hamper differentiation efforts of this line into tissues of
the mesodermal lineage. Nevertheless, presence of derivatives
of all 3 germ layer tissues in teratomas demonstrated functional
pluripotency of all AM-iPSC lines in-vivo.

Teratoma formation assay has recently drawn criticism, pri-
marily due to its notorious lack of standardization [34,35]. Fur-
thermore, attention is given in the majority of studies to the
presence of pertinent tissues in teratomas, while the quantita-
tive representation of the tissues is rarely reported. Expression
microarrays and RNA sequencing technology have become
powerful tools for profiling transcriptional activity of the genes.
Advances in statistical and bioinformatic analysis [36] of the
resulting large datasets have led to development of methods of
pluripotency confirmation that represent an alternative to the
teratoma assay. While teratoma assay measures differentiation
ability, alternative methods based on genomic and bioinfor-
matic approaches have the ability to measure the levels of pluri-
potency directly and circumvent animal use. These approaches
leverage machine learning and gene regulatory networks, two
major examples of such are PluriTest [35] and CellNet [37,38].
PluriTest is based on microarray profiles (primarily Illumina
HT-12 v3 and v4, soon to be expanded to RNA sequencing
data) and returns two classifiers – pluripotency and novelty.
The pluripotency score is a measure of the presence of a tran-
scriptional signature associated with pluripotency, while the
novelty score is a measure of a deviation from the established
pluripotent model which could indicate abnormalities or
unique signatures. All AM-iPSC lines passed the test and were
deemed pluripotent, with AM2 (pluripotency score slightly
lower than 20) and AM3 (markedly lower pluripotency and an
elevated novelty score) marked as “further evaluate” instead of
“pass”. On the other hand, AM5 showed a significantly higher
pluripotency and lower novelty score compared to the controls.
Based on the established methods, all AM-iPSC and control

lines are pluripotent, therefore, the variability in scores
observed by PluriTest intriguingly transpires within the bounds
of pluripotency and will be explored further below. As shown
by the two-dimensional PluriTest plot (Figure 5B), all lines
cluster slightly off the red cloud that represents the cluster area
of established ESC and iPSC lines. Previously, we have hypoth-
esized that the chemically defined culture conditions can
explain this [26] since the PluriTest training set was derived
from cell lines grown on MEFs in KSR-based medium, a tradi-
tional growth condition of choice [35]. For a preliminary test of
that hypothesis, we included samples from 3 lines reprog-
rammed and grown on VTN in KSR-based MEF-conditioned
medium (KSR-CM), two of which were isogenic to AM3 and
AM4. We created these lines (unpublished data) to measure
the contribution of the culture medium rather than the pres-
ence of feeders. These lines, however, did not cluster in the red
cloud either. In order to isolate RNA from pure populations of
ESC/iPSC grown in traditional conditions, it is necessary to
avoid their contamination with MEF feeder layer cells, how-
ever, it is not clear how MEFs were prevented from doing so in
the original PluriTest report [35]. The method of discarding
MEFs could potentially have contributed to the observed gap in
PluriTest scores as some independent methods have involved
culturing in suspension prior to RNA isolation [39]. Recently, a
collection of well-characterized iPSC lines with a high genomic
integrity from 222 ethnically diverse individuals was created
[40]. The report on this collection, termed iPSCORE, included
a PluriTest plot calculated from RNA sequencing data of 213 of
those lines. At the time of the report publication as well as
preparation of this manuscript, the detailed method of modifi-
cation of the PluriTest algorithm to accept RNA sequencing
data had not yet been published. However, the PluriTest plot in
the report shows all iPSC lines clustering roughly in the same
area as the lines presented here. The iPSCORE lines were
derived from dermal fibroblast by Sendai virus reprogramming
on MEFs. Fully reprogrammed colonies were then transferred
to Matrigel in mTeSR-1 medium. It is possible that PSC cul-
tured in feeder-free conditions normally yield scores that place
them off the red cloud of the PluriTest plot.

An alternative bioinformatic method of assessing pluripo-
tency in candidate lines is CellNet [37,38]. The tool leverages
gene regulatory networks of cell or tissue types that were
reconstructed from publicly available gene expression pro-
files. The majority of those were derived from in-vivo tissues
as opposed to in-vitro cultured cells. CellNet is not limited
to pluripotent cells but instead was trained to assess similar-
ity to at least 14 other cell/tissue types. The tool was recently
expanded to accept RNA sequencing data as input [38] so
we sequenced RNA from AM-iPSC and control lines for use
with CellNet. All lines tested showed “ESC” identity with no
significant differences in classification scores. There was also
no difference between VTN/E8 and VTN/KSR-CM-grown
lines, suggesting that both conditions perform equally well in
maintaining pluripotency. Our data also support the notion
that the teratoma formation assay can be replaced by bioin-
formatic methods like PluriTest and CellNet for the purpose
of confirming pluripotency. This would result in significant
time and financial savings and it would eliminate the need
for animal testing.
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The availability of the microarray and RNA sequencing data
allowed us to further explore the variability between the PSC
lines tested. While CellNet deemed all lines equally pluripotent,
PluriTest data identified AM5 to have a stronger pluripotency
signature (closer to the red cloud) than the controls and AM3
to be weaker in this regard so we performed differential gene
expression analysis between the two lines. Overall, the differen-
tial expression analysis calculated from the microarray data
produced 28 genes that were shown to directly contribute to
pluripotency scores in the PluriTest model [35]. Using microar-
rays and RNA sequencing can expand the network of contribu-
tors to maintenance of the pluripotent state, especially those
that with a relatively lower level of transcription.

Both microarray and RNA sequencing analysis showed
higher expression of metallothionein proteins in AM5. Metallo-
thionein proteins are highly conserved, have low molecular
weight and have important roles in metabolism of metals, espe-
cially zinc [41,42]. Transport of zinc into the nucleus was found
to coincide with spontaneous differentiation of human ESC and
metallothionein proteins were suspected to be the chaperones
in that process [43]. However, very little is known about the
role of metallothionein proteins in pluripotency. MT1G was
previously included among genes identified in protein-protein
interaction networks that are enhanced in PSC [44]. More
recently, extracting genes that contribute to one of the three
most pluripotency-associated W-dimensions in the PluriTest
model yielded a list of 260 genes, including several well-estab-
lished pluripotency regulators like Oct3/4, Lin28, Sox2,
Dnmt3b [35]. On this list, MT1F was included, suggesting its
potential role in pluripotency. To our knowledge, however,
contribution to pluripotency maintenance by MT1G and
MT1F has never been validated. Additionally, the levels of
MT2A and MT1E were found to be somewhat lower in iPSC
compared to isogenic ESC lines [45].

Further, the genomic analyses suggested that the wnt signal-
ing pathway could be reinforced in the high-scoring AM5 line.
The importance of FZD7 for pluripotency maintenance was
previously demonstrated [46]. The wnt antagonists SFRP1 and
2 were downregulated. Our data also suggested a reinforced
TGFb signaling [47], important for pluripotency, in AM5.

RNA sequencing additionally identified several long non-
coding (LINC) RNAs, microRNAs and human endogenous ret-
rovirus (HERV) transcripts, most of which were more active in
AM5. Among them was LINC-ROR (regulator of reprogram-
ming) that was reported to be activated during reprogramming
and among other LINCs, enriched in iPSC [48]. The role of
human ERV transcripts in pluripotency has been documented.
HERV-H was shown to be abundant in ESC, required for their
identity [49-51] and a driver of LINC-ROR during reprogram-
ming [52]. HERV-H LTR-associating 1 (HHLA1) was demon-
strated to be a marker of a phenotype with a delayed and
defective exit from pluripotency in subclones of some iPSC
lines during neural differentiation [52]. AM5 line exhibited
HHLA1 level comparable to the control WA25 ESC line.
Remarkably, in subpopulations of human ESC and iPSC cul-
tures, HERV-H confers properties of na€ıve pluripotency [51], a
property that had not been observed in cultured human PSC
without substantial modification of the culture conditions or
forced expression of exogenous factors. Microarray analysis

also suggested other known markers or regulators of pluripo-
tency PODXL [53], PRDM14 [54] (included in pluripotency-
associated W-dimension of PluriTest) and KLF4 as potential
genes that could contribute to high scores of AM5.

Transcriptional differences between isogenic iPSC and ESC
have been observed to be relatively small and the majority of
differences between PSC lines are due to the genetic back-
ground [45]. Studying the transcriptional heterogeneity in iPSC
lines could help with design of reliable methods of differentia-
tion and positively influence the outcome of cell-based thera-
pies, as differences can manifest themselves beyond the state of
pluripotency. Computational methods of analyzing transcrip-
tional signatures associated with pluripotency can prove to be
powerful tools in this process. A major benefit of these tools as
opposed to simply including a limited number of ESC controls
in genomic experiments is the availability of a “built-in” control
based on hundreds of well-established PSC lines. Here we list
genes that represent potential candidates that differentiate
between PluriTest high-scoring (higher similarity to a large set
of well-characterized PSC, most of which were ESC) and low-
scoring lines (lower similarity to well-characterized PSC). This
could lead to development of strategies of correcting low-scor-
ing lines either by modifying the reprogramming process or the
iPSC themselves in their mature state, as more knowledge on
pluripotency becomes available and as the differentiation pro-
tocols improve.

We demonstrate here a method of generating iPSC from
human AMSC, an attractive cell source, in chemically defined
conditions. AMSC can be easily isolated, can be obtained at
birth from any patient, are highly undifferentiated and are
especially suited for pediatric cell-based therapies either directly
or reprogrammed to pluripotency. Together with analyzing the
expression of ESC markers, we applied stringent methods of
confirming pluripotency – the gold-standard teratoma forma-
tion assay and bioinformatic methods, capable of replacing the
former. Given the high resolution of genomic and bioinfor-
matic methods, optimal wiring of the pluripotent regulatory
networks during reprogramming for a good balance between
pluripotency maintenance and differentiation propensity can
be identified in the future. Our future efforts will focus on link-
ing these two properties with expression and epigenetic profiles
in pursuit of maximized cell engineering outcomes. Single-cell
RNA sequencing methods will help elucidate if reprogramming
from fetal stem cells differs from reprogramming from com-
monly used cell types. Finally, studying the variability within
the bounds of pluripotency could lead to discovery of novel
members of the regulatory networks in addition to the known
core factors, with potential candidates that include metallothio-
nein proteins.

Materials and methods

Isolation and culture of amniotic membrane mesenchymal
stem cells

Placentas were obtained within 3 hours following birth. A seg-
ment of the amnion of around 9 cm2 was cut and washed with
phosphate buffered saline (PBS, 10010023, Thermo-Fisher Sci-
entific, https://www.thermofisher.com/order/catalog/product/
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10010023) supplemented with antibiotic-antimycotic solution
(15240062, Thermo-Fisher Scientific, https://www.thermo
fisher.com/order/catalog/product/15240062). The digestion of
the membranes and extraction of single cells was achieved
using gentleMACS tissue dissociation system – gentleMACS
dissociator (130-093-235, Miltenyi Biotec, http://www.miltenyi
biotec.com/en/research-areas/cancer-research/solid-tumor-
cells/sample-preparation/gentlemacs-dissociator.aspx) and
reagent kit (130-095-929, Miltenyi Biotec, http://www.miltenyi
biotec.com/en/products-and-services/macs-sample-prepara
tion/tissue-dissociators-and-tubes/tissue-dissociation-kits/
tumor-dissociation-kit-human.aspx). The membranes were
minced using a pair of scalpels to fine pieces and up to 1 g of
the minced material was mixed with 4.7 ml of RPMI 1640
medium (32404014, Thermo-Fisher Scientific, https://www.
thermofisher.com/order/catalog/product/32404014), dissocia-
tion enzymes from the reagent kit and transferred into C tubes
(included in the kit). The tubes were mounted onto the disso-
ciator and program “h_tumor_01” was run. Then the tubes
were incubated at 37�C on a rocking platform for 30 min. A
70 mm strainer was used to obtain a single-cell suspension and
the cells were centrifuged at 200 g for 5 min. Single cells were
plated onto tissue culture-treated vessels at a density of around
105 cells/cm2. The culture medium comprised the following
components: EBM-2 basal medium (CC-3156, Lonza, http://
bio.lonza.com/uploads/tx_mwaxmarketingmaterial/Lonza_
BenchGuides_Clonetics_Endothelial_Cell_Medium_Products.
pdf), 15% fetal bovine serum (10439024, Thermo-Fisher Scien-
tific, https://www.thermofisher.com/order/catalog/product/
10439024), 20 ng/ml of basic fibroblast growth factor (bFGF,
CYT-218, Prospec Bio, https://www.prospecbio.com/FGF-
2_Human), 25 ng/ml of epidermal growth factor (EGF, CYT-
332, Prospec Bio, https://www.prospecbio.com/EGF_Human_
Pichia), 10 ng/ml of insulin-like growth factor (IGF, CYT-022,
Prospec Bio, https://www.prospecbio.com/Long_R3_IGF1_Hu
man). The cultures were passaged using TrypLE (12604013,
Thermo-Fisher Scientific, https://www.thermofisher.com/
order/catalog/product/12604013).

Reprogramming to pluripotency

Reprogramming of AMSC was initiated by means of transfec-
tion with non-integrating episomal plasmids published previ-
ously [55]. Plasmids used were as follows: pEP4 E02S EN2K
(Oct4+Sox2, Nanog+Klf4; 20925 Addgene, http://www.addg
ene.org/20925), pEP4 E02S ET2K (Oct4+Sox2, SV40LT+Klf4;
20927 Addgene, http://www.addgene.org/20927), pCEP4 M2L
(c-Myc+LIN28; 20926 Addgene, http://www.addgene.org/
20926). Stab cultures were streaked on Luria agar plates con-
taining 100 mg/ml of Ampicillin (A8351, Sigma-Aldrich). The
plates were incubated for 8–12 hours at 37�C until individual
bacterial colonies appeared. The colonies were then transferred
into stirred, air exchange-allowing, bacterial culture bottles in
Terrific Broth medium to expand the bacterial cells in suspen-
sion. Suspension cultures were maintained at 37�C for another
8–12 hours and while still in log-phase of growth, bacteria were
harvested by centrifugation at 6000 g for 15 min.

Plasmid DNA was isolated from bacterial pellets using a
commercial kit (12362, Qiagen, https://www.qiagen.com/us/

shop/sample-technologies/dna/plasmid-dna/endofree-plasmid-
kits/#orderinginformation) following the manufacturer’s
instruction. All three plasmids were transfected into the source
cells using the NeonTM Transfection System (MPK5000,
Thermo Fisher Scientific, https://www.thermofisher.com/
order/catalog/product/MPK5000) using the NeonTM Transfec-
tion System 10 mL Kit (MPK1025, Thermo Fisher Scientific,
https://www.thermofisher.com/order/catalog/product/
MPK1025) according to the manufacturer’s instruction. The
plasmid amounts per 1 million transfected cells were 3.0mg of
pEP4 EO2S ET2K, 3.0mg of pEP4 EO2S EN2K and 2.0mg of
pCEP4 M2L. The transfection parameters were 950 V, 40 ms
and 1 pulse. Following transfection, the cells were plated onto
recombinant human vitronectin (VTN, 07180, StemCell Tech-
nologies, https://www.stemcell.com/products/vitronectin-xf.
html)-coated 6-well plates and kept in the AMSC culture
medium for the first 3–5 days. Then, the medium was replaced
by the E8 medium [27] (05940, StemCell Technologies, https://
www.stemcell.com/products/tesr-e8.html) supplemented with
100 mM sodium butyrate (04-0005, StemGent, https://www.
stemgent.com/products/show/10). The medium was changed
daily. Starting on day 14 following transfection, colonies of fully
reprogrammed cells displaying morphology of PSC – compact
colonies, well-defined borders, high nucleus-to-cytoplasm ratio,
prominent nucleoli – were manually picked using a pipette
while being observed under an inverted microscope, in a sterile
culture cabinet. The picked colonies were dissociated into
clumps by treatment with 0.5 mM ethylenediaminetetraacetic
acid (UltraPure EDTA, 15575020, Thermo Fisher Scientific,
https://www.thermofisher.com/order/catalog/product/
15575020) in PBS for 3–4 minutes and an additional gentle trit-
uration with a pipette tip. The clumps were plated into VTN-
coated vessels with E8 medium without sodium butyrate. The
clones were allowed to expand following the routine iPSC cul-
ture protocol outlined below. For the first several passages, if
needed, differentiating colonies were manually scraped off
using a pipette tip immediately before passaging, progressively
producing pure cultures. A preliminary confirmation of pluri-
potency was achieved by flow cytometric analysis of TRA-1-60
and TRA-1-81 expression and back-up cultures of clones were
frozen at early passages (procedures for flow cytometric analy-
sis and freezing outlined below).

iPSC culture

Routine culture of PSC was performed on VTN coated vessels
in E8 medium. Passaging was performed using the EDTA
method [56]. Cultures were washed with 0.5 mM EDTA in PBS
and incubated with EDTA/PBS for 5 min at room temperature
(RT). EDTA solution was then aspirated, colonies washed off
with E8 medium and further triturated to create a suspension
of clumps of roughly 20–50 cells. Those were plated on freshly
VTN coated plates with E8 medium.

For the purpose of cryopreservation, pellets of EDTA-har-
vested cell clumps were resuspended in CryoStorTM CS10
(07930 StemCell Technologies, http://www.stemcell.com/en/
Products/All-Products/CryoStorCS10.aspx), transferred into
cryovials and placed into Mr. FrostyTM containers (5100-0001,
Thermo Fisher Scientific, https://www.thermofisher.com/
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order/catalog/product/5100-0001) providing 1�C/min cooling
at ¡80�C. Following overnight incubation, the cryovials were
transferred to liquid nitrogen storage.

Flow cytometry

Cell cultures were harvested using Accutase® (07920, StemCell
Technologies, https://www.stemcell.com/products/accutase.
html) – 7 min dissociation for AMSC and 10 min for iPSC. For
the purpose of nuclear transcription factor staining, the cells
were washed with PBS, fixed with 4% formaldehyde (28908,
Thermo Fisher Scientific, https://www.thermofisher.com/
order/catalog/product/28908) in PBS for 20 min at RT and per-
meabilized with BD Perm Buffer III (558050, BD Biosciences,
http://www.bdbiosciences.com/us/applications/research/t-cell-
immunology/th-1-cells/intracellular-markers/cell-signalling-
and-transcription-factors/buffers/perm-buffer-iii/p/558050) for
30 min on ice. Staining of cells suspended in PBS + 2% FBS
with directly labeled mouse anti-human monoclonal antibodies
(listed below) was performed at 4�C for 45 min, followed by 3
washing steps with PBS + 2% FBS. For the purpose of surface
antigen staining, the cells were washed with PBS + 2% FCS,
incubated with the directly labeled mouse anti-human mono-
clonal antibodies listed below for 20 min at RT and subse-
quently washed. The cell suspension was analyzed using a
FACSCanto II flow cytometer. AlexaFluor 488 was detected
with 20mW 488 nm excitation-502LP-530/30BP. AlexaFluor
647 was detected with 17mW 633nm excitation-685LP-660/
20BP. The resulting data analysis was performed using Kaluza
1.5a (Beckman Coulter, http://www.beckman.com/coulter-
flow-cytometry/software/kaluza-analysis).

Confocal microscopy

For the purpose of immunocytochemical labeling of iPSC, the
colonies were grown in E8 medium in VTN-coated 8-well
chambered coverglass (155409, Thermo-Fisher Scientific,
https://www.thermofisher.com/order/catalog/product/155409).
For nuclear transcription factor staining, the wells were washed
with PBS, fixed with 4% formaldehyde for 20 min at RT and
permeabilized using BD Perm Buffer III. Incubation with
directly labeled mouse anti-human monoclonal antibodies
listed below was carried out at 4�C for 45 min. Three washing
steps were performed with PBS + 2% FCS, each incubated for
10 min. For surface antigen staining, the wells were washed
with PBS + 2% FCS. The cells were incubated with the directly
labeled mouse anti-human monoclonal antibodies listed below
for 20 min at RT and then washed with PBS + 2% FCS. The
cells were then fixed with 4% formaldehyde in PBS for 20 min.

To amplify the fluorescent signal, staining the cells with sec-
ondary antibodies carrying fluorescent molecules matching the
ones of the primary antibodies was performed in PBS + 2%
FBS on ice for 20 min, followed by 3 washing steps. 4 0,6-diami-
dino-2-phenylindole, dihydrochloride (DAPI, D1306, Thermo-
Fisher Scientific, https://www.thermofisher.com/order/catalog/
product/D1306?icid = fr-dapi-1) was added into the washing
solution at a concentration of 800 nM and incubated for 5 min
during one of the washing steps. Colonies were imaged using

Ti-E with A1r-SI and N-STORM confocal microscope (Nikon,
http://www.nikoninstruments.com/Products/Light-Micro
scope-Systems/Super-Resolution/N-STORM-Super-Resolu
tion).

List of antibodies used in flow cytometry and
immunohistochemistry experiments

Antibodies were purchased from the following sources: BD Bio-
sciences (http://www.bdbiosciences.com/us/reagents/c/
reagents), BioLegend http://www.biolegend.com/productstab),
and Jackson Immunoresearch (https://www.jacksonimmuno.
com/catalog/22).

Intracellular staining: monoclonal mouse anti-human Alex-
aFluor 488-conjugated Oct3/4A (561628, BD), AlexaFluor 488-
conjugated Nanog (560791, BD), AlexaFluor 647-conjugated
Sox2 (561593, BD). Surface staining: monoclonal mouse anti-
human AlexaFluor 488-conjugated TRA-1-60 (330614, BioLe-
gend), AlexaFluor 647-conjugated TRA-1-81 (330706, BioLe-
gend), AlexaFluor 488-conjugated SSEA-1 (301910,
BioLegend), AlexaFluor 647-conjugated SSEA-4 (330407, BioL-
egend). Isotype controls for these markers were matched in
concentrations: AlexaFluor 488-conjugated mouse IgG1k (iso-
type for Oct3/4A, Nanog; 557782, BD), AlexaFluor 647-conju-
gated mouse IgG1k (for Sox2; 557783, BD), AlexaFluor 488-
conjugated mouse IgMk (for TRA-1-60; 401617, BioLegend),
AlexaFluor 647-conjugated mouse IgMk (for TRA-1-81;
401618, BioLegend), AlexaFluor 488-conjugated mouse IgG1k
(for SSEA-1; 400129, BioLegend), AlexaFluor 647-conjugated
mouse IgG3k (for SSEA-4; 401321, BioLegend).

Antibodies used in flow cytometric analysis of AMSC for the
purpose of mesenchymal stem cell marker expression analysis
were: mouse anti-human monoclonal IgG1k isotype control
(400102, BioLegend), CD44 (sc-59758, Santa Cruz), CD73
(344002, BioLegend), CD90 (328102, BioLegend), CD166
(343902, BioLegend), FITC-conjugated IgG1k isotype control
(21275513S, ImmunoTools), FITC-conjugated CD34
(21270341, ImmunoTools) and goat anti-mouse Cy2-conju-
gated secondary antibody (115-225-003, Jackson
ImmunoResearch).

Secondary antibodies used in confocal imaging were as fol-
lows: F(ab 0)2 fragment goat anti-mouse IgG+IgM, conjugated
with Alexa Fluor 488 (115-546-068, Jackson ImmunoResearch)
and Alexa Fluor 647 (115-606-068, Jackson ImmunoResearch).

Mesenchymal stem cell marker expression in AMSC was
analyzed using flow cytometry using the following monoclonal
mouse anti-human antibodies: Brilliant Violet 421-conjugated
CD44 (103039, BioLegend), PE-Cy7-conjugated CD73
(344009, BioLegend), PE-conjugated CD166 (343903, BioLe-
gend), Alexa Fluor 647-conjugated CD105 (323212, BioLe-
gend), PE-conjugated N-cadherin (350806, BioLegend), Alexa
Fluor 647-conjugated CD90 (328115, BioLegend), PE-Cy7-con-
jugated EpCAM (324221, BioLegend).

Teratoma formation assay

All animal experiments were approved by the Institutional Ani-
mal Care and Use Committee of the University of South
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Alabama (protocol number 840976-2) and carried out at the
vivarium of the Department of Comparative Medicine at the
College of Medicine (Assurance Number A3288-01; accredited
by the Association for Assessment and Accreditation of Labo-
ratory Animal Care). iPSC colonies were harvested from the 6-
well culture plates by EDTA as described above and resus-
pended in 1:1 mixture of E8 medium and Matrigel. Suspension
of cell clumps containing between 500.000 to 1 million of cells
were injected subcutaneously into both flanks of immunocom-
promised female scid-beige mice (Taconic Biosciences, http://
www.taconic.com/mouse-model/scid-beige), 3 animals per line.
6 to 9 weeks post-injection, the teratomas were excised, fixed in
formalin and processed for standard H&E histological analysis.
The presence of tissues representative of all three germ layers
was verified and scored by the pathologist. Representation per-
centages were estimated from 3 separate teratomas. Mean, stan-
dard deviation and variance was calculated and plotted in R
statistical programming language using package “ggplot2”
v2.2.1 [57].

RNA isolation, microarray profiling and RNA sequencing

RNA was extracted from iPSC cultures using RNeasy Plus Mini
kit (74134, Qiagen, https://www.qiagen.com/us/shop/sample-
technologies/rna-sample-technologies/total-rna/rneasy-plus-
micro-and-mini-kits). Whole genome expression analysis was
performed by the HudsonAlpha Institute for Biotechnology
Genomic Services Laboratory (http://gsl.hudsonalpha.org/
index) using the Human HT-12 v4 Expression BeadChip
microarray system (Illumina, http://www.illumina.com/prod
ucts/humanht_12_expression_beadchip_kits_v4.html). RNA
sequencing was performed by the same laboratory using the
sequencing platform HiSeq 2500 (Illumina, https://www.illu
mina.com/systems/sequencing-platforms/hiseq-2500.html).
The sequencing library preparation was stranded and included
reduction of ribosomal RNA. The libraries were sequenced as
paired-end reads, length of 100. All samples passed quality con-
trol at the Genomic Services Laboratory – Quantification via
Qubit® and Bioanalysis using the 2100 Bioanalyzer (Agilent) –
and had an RNA Integrity Number of 10.

Bioinformatic confirmation of pluripotency by PluriTest
and CellNet

IDAT files of raw microarray data (one file per replicate) were
submitted for PluriTest [35] analysis through a web-based
interface at www.pluritest.org.

Raw RNA sequencing data in form of FASTQ files were used
for CellNet analysis, performed on a local workstation com-
puter, as previously described [38], with minor modifications.
The analysis pipeline is implemented in R statistical program-
ming language on UNIX-like operating systems. We used
Linux Mint KDE 18.1, R version 3.4.0, Bioconductor v3.4,
RStudio v1.0.143, CellNet v0.0.0.9000. Salmon [58] v0.8.2 and
its index corresponding to the same version was used. We com-
piled an example R script that contains all steps followed for the
CellNet analysis presented in this manuscript (Supplemental
Material).

Microarray data analysis

Initial pre-processing of the raw data was performed using
GenomeStudio v2011.1 with the Gene Expression Module
v1.9.0 to produce bead-level summary. The summary was
imported into R/Bioconductor (versions above) using package
“lumi” v2.28 [59] for further pre-processing by applying vari-
ance-stabilizing transformation and robust spline normaliza-
tion. Differential expression analysis was performed by
applying linear modeling using package “limma” v3.32.2 [60].
Heatmaps were drawn using package “gplots” v3.0.1 [61].
Functional annotation of the list of differentially expressed
genes was performed using DAVID v6.8 at http://david.abcc.
ncifcrf.gov/ [62,63]. Bar plots and line graphs were created
using package “ggplot2”.

RNA sequencing data analysis

Quality control of the FASTQ files was performed using
FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads were aligned with BBmap [64] v36.92
to the human reference genome from ENSEMBL [65] (build
GRCh38, primary assembly) guided by annotation GTF file
GRCh38 release 87. Alignment SAM files were coordinate-
sorted using Picard Tools v1.113-2 (http://broadinstitute.
github.io/picard/) and converted to BAM format using SAM-
tools v0.1.19 [66]. Fragments were counted using featureCounts
[67]. The counts were imported into R/Bioconductor. Multidi-
mensional scaling and linear modeling-based differential
expression analysis was performed with package “limma”.
Heatmaps were drawn using package “gplots”. Venn diagram
was created using package “VennDiagram” v1.6.17 [68]. Alter-
natively, Salmon 0.8.2 was used for transcript quantification in
combination with package “tximport” [69] v1.4.0 for import
into R and “limma”.

Statistical analysis

PluriTest’s pluripotency score bar graph was plotted from
means and standard errors of the means. CellNet score bar
graphs were plotted from means and standard deviations. The
measure of significance of difference in means was calculated
using ANOVA and Tukey’s Honest Significant Difference test.
Teratoma tissue percentages and genomic analyses all entailed
biological triplicates of samples.

Abbreviations

AFSC amniotic fluid stem cells
AM-iPSC / AM[N] induced pluripotent stem cells derived

from amniotic membrane stem cells, N is
line/patient number

AMSC amniotic membrane stem cells
bFGF basic fibroblast growth factor
DAPI 4 0,6-diamidino-2-phenylindole
E8 chemically defined medium for culture of

human pluripotent stem cells [27]
EDTA ethylenediaminetetraacetic acid
EGF epidermal growth factor
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ESC embryonic stem cells
FASTQ raw sequencing file format, contains

sequence and quality
FBS fetal bovine serum
IGF insulin-like growth factor
iPSC induced pluripotent stem cells
KSR KnockOutTM Serum Replacement

(Thermo-Fisher Scientific)
MEF mouse embryonic fibroblast feeder layer
MET mesenchymal-to-epithelial transition
MSC mesenchymal stem cells
PBS phosphate buffered saline
PSC pluripotent stem cells – embryonic and

induced pluripotent stem cells
VTN recombinant human vitronectin
GRN gene regulatory networks
FDR false discovery rate
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