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Abstract: The ability of human pluripotent stem cells for unlimited proliferation and self-renewal
promotes their application in the fields of regenerative medicine. The morphological assessment
of growing colonies and cells, as a non-invasive method, allows the best clones for further clinical
applications to be safely selected. For this purpose, we analyzed seven morphological parameters of
both colonies and cells extracted from the phase-contrast images of human embryonic stem cell line
HO9, control human induced pluripotent stem cell (hiPSC) line AD3, and hiPSC line HPCASRi002-A
(CaSR) in various passages during their growth for 120 h. The morphological phenotype of each
colony was classified using a visual analysis and associated with its potential for pluripotency
and clonality maintenance, thus defining the colony phenotype as the control parameter. Using
the analysis of variance for the morphological parameters of each line, we showed that selected
parameters carried information about different cell lines and different phenotypes within each line.
We demonstrated that a model of classification of colonies and cells by phenotype, built on the
selected parameters as predictors, recognized the phenotype with an accuracy of 70-75%. In addition,
we performed a qRT-PCR analysis of eleven pluripotency markers genes. By analyzing the variance
of their expression in samples from different lines and with different phenotypes, we identified
group-specific sets of genes that could be used as the most informative ones for the separation of
the best clones. Our results indicated the fundamental possibility of constructing a morphological
portrait of a colony informative for the automatic identification of the phenotype and for linking this
portrait to the expression of pluripotency markers.

Keywords: human embryonic stem cells; human induced pluripotent stem cells; morphological
parameters; pluripotency markers; classification

1. Introduction

Pluripotent stem cells are capable of unlimited proliferation and self-renewal. The
application of human pluripotent stem cells (hPSCs), including human embryonic stem
cells (hESCs) and human induced pluripotent stem cells (hiPSCs), is intended to make a
revolutionary breakthrough in the field of regenerative medicine, the creation of new drugs,
the in vitro modeling of human diseases, and cell bank development [1-4]. In our study,
we focused on the morphological characterization of genetically different three hPSC lines,
one of which (H9, WiCell) is the most widely used in worldwide research, while the other
two comprise control hiPSC line AD3 [5] and patient-specific hiPSC line HPCASRi002-A
(CaSR), further referred to as hiPSC line CaSR [6].
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Under in vitro conditions, hPSCs grow in the form of monolayer multicellular colonies
with characteristic morphological features. The use of hPSCs in clinic requires a high level
of quality control; a homogeneous, clonal composition of the cell population is one of the
necessary conditions for their safe application. Various molecular methods are used to as-
sess the state of undifferentiated, healthy colonies. However, the use of invasive assessment
methods does not allow these cells to be further used in clinical practice. The noninvasive as-
sessment of cell culture quality is currently not quantitative and can often be biased. It may
depend on the experience of the investigator or subtle morphological differences between
cell lines and clones. The various existing commercial high-content/high-throughput image
acquisition systems not always can be applicable for the morphological analysis of hPSC
colonies, since multicellular colonies are formed by close-packed small cells (10-16 um in
diameter), many parameters of which may be overlooked during automatic image anal-
yses [7-10]. Thus, a computer analysis of the colony image should be specific for hPSCs,
since otherwise it may fail to notice the differences in the morphological features of the
cells and colonies, which often reflect the beginning of the differentiation process.

Clonality is another important characteristic of hPSC colonies. The clonal origin of
hiPSC colonies guarantees their further safe use in the clinic, since the heterogeneous com-
position of the colony is directly related to adaptation in culture leading to the occurrence
of chromosomal aberrations [7]. The loss of clonality leads to a large variability in clones
not only at the level of pluripotency marker expression but also in terms of their ability
to efficiently target differentiation, leading to the emergence of mutations [11-13]. It was
shown on three hESC lines that colonies of clonal composition formed embryoid bodies
(EBs) much less successfully than colonies of nonclonal origin [14]. In vivo (formation of
teratomas) and in vitro (formation of EBs) methods for analyzing the quality of hPSCs are
not necessarily reliable criterion and measurement of a healthy (clonal) hPSC culture, since
they can assess the development potential of individual self-renewing subclones and cannot
be sensitive to its nonclonal composition [14]. The molecular basis of the heterogeneity of
hPSC colonies has been given little attention and is mainly represented by data about the
heterogeneous expression of numerous transcription factors [15].

Many studies focused on studying the genetic, epigenetic, molecular, and signaling
pathways that control the induction and maintenance of pluripotency, as well as the
mechanisms of hPSC self-renewal. At the same time, how a stem cell colony is formed, how
its growth and cell behavior are regulated, and how this is related to the morphological
and functional parameters remain poorly understood. It is important to emphasize that
the parametric analysis of the morphological characteristics of various hiPSC clones is
in good agreement with the gene expression data; thus, it is a reliable indicator of their
quality [16,17]. These works confirmed that using an unlabeled method of image analysis,
the quality of the clones could be assessed from the beginning of cultivation to the last
day without loss or damage to cells. However, many fundamental questions regarding the
regulation and development of an hPSC colony as a multicellular population, including
the relationship between morphological and pluripotent characteristics, and the clonal
development of colonies, need further investigations.

In this study, we extracted and quantitatively analyzed seven morphological param-
eters of cells and colonies from three hPSC lines and linked these data to their clonality,
pluripotency status, and differentiation ability towards three germ layers. We identified spe-
cific morphological parameters as the most informative ones in terms of variance between
lines and different morphological features and used these parameters to train classification
models of colony phenotypes. Finally, we linked the data of the morphological phenotype
to the pluripotency status, reflecting the expression of pluripotency marker genes and
differentiation markers, and further linked it to create the morphological “portrait” of the
colony with a good phenotype. Our results indicated the fundamental possibility of con-
structing a morphological “portrait” of a colony informative for the automatic identification
of the phenotype and link this portrait to the expression of pluripotency genes.
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2. Results

The routine culture of hPSCs presents some unique challenges when compared with
culturing other human cell types. It is well accepted that healthy and high-quality hPSCs
should exhibit the following characteristics: relatively round shapes; tightly packed cells
with a high nucleus: cytoplasm ratio, where the nucleus practically inhabits the entire
cell; prominent nucleoli; colony centers becoming very dense; and a well-defined edge
(Figure 1).

od morpholog bad morphology

Figure 1. Morphological features of hPSC colonies with good and bad phenotypes at 120 h after
plating. Phase-contrast observation. The left panels (A,C,E) show typical examples of hPSC colonies
of good phenotype without signs of spontaneous differentiation: flat structure, prominent well-
defined edge, and a high nuclear-to-cytoplasmic ratio, with prominent nucleoli in square-shaped,
tightly packed cells. The right panels (B,D,F) show the typical morphology of colonies with bad
appearance: altered cell morphology (long arrows indicate elongated cells) and loosely packed cells
with phase-bright gaps visible between cells (small arrows). In addition to the lack of dense packing,
note the “spiky” colony edge (D). For up to 3—4 days after plating, colonies may exhibit looser packing
as the colonies spread out and become established. At this point, “spiky” colony edges should not be
a cause for concern. The density of the colonies increases rapidly after 72-96 h, and the morphology
changes significantly at 120 h, before the next passage. The cell sizes vary greatly (F), indicating the
beginning of the spontaneous differentiation. Scale bar, 400 pm.
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We extracted and analyzed seven parameters (Table 1) characterizing the morphology
of growing colonies and cells from the phase-contrast images of hESC line H9, control
hiPSC line AD3, and patient-specific hiPSC line CaSR in various passages during their
growth under identical culture conditions for 120 h. The detailed schematic representation
of the experimental design is presented in Figure 2.

Table 1. Morphological parameters extracted from the images of cells and colonies.

Parameter Description
Area Area of the cell or colony
Perimeter Length of the cell or colony boundary

Length of the minor axis of the ellipse fitted to

Minor axis the cell or colony

Largest distance between two points on the cell

Feret’s diameter D
or colony boundary

Smallest distance between two points on the

Minimal Feret’s diameter D
cell or colony boundary

Area divided by squared perimeter and
Shape factor multiplied by 47 (measure of circularity
and compactness)

Total area of the free intercellular space in the

: 1
Area of intercellular space (AIS) colony (measure of compact cell packing)

1 This parameter is only for colonies.

hESC HO hiPSC AD3 hiPSC CasR

Manual clones

selection and
expansion under
the same condition
for all lines

Parental cultures @ @

Live imaging

Phase-contrast
Manual clonal or

X 24-120hrs
bulk expansion of

cultures with good @
or bad phenotype
ImageJ : Morphological parameters
gRT-PCR: pluripotency and differentiation markers gene expression

Statistical data analysis & building of the classification model of colony phenotype
Evaluation of the best parameters to characterize the good phenotype

Link of the pluripotency markers
morphological 5 and differentiation
parameters markers genes expression

Figure 2. Schematic representation of the experimental design. Schematic representation of the
experimental regime, in which hESC line H9 and two hiPSC lines (AD3 and CaSR) were cultured
for an extended period under the same culture conditions. Stock cultures of all three lines were
propagated manually by separately selecting cultures with good and bad colony morphology, and
phase-contrast images were recorded for colonies of different morphological phenotype from 24 to
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120 h in the early, middle, and late passages. Each colony of good or bad phenotype was then recloned
manually to generate clonal subcultures. Parent cultures propagated via bulk expansion were further
cultured under bulk conditions to generate nonclonal cohorts. At the end of the expansion period,
cultures were propagated again manually or bulk-expanded to obtain cultures of good and bad
morphological phenotypes from which morphological parameters (phase-contrast/Image]) and
genetic material were extracted for gene expression via qRT-PCR analyses.

Parameters Area and Perimeter describe the size of the cell’s/colony’s interior and
boundary, respectively, while the Minor axis and Feret’s diameters represent the level of
elongation. Shape factor quantifies the circularity of cells/colonies, thus representing a
measure of their compactness. This parameter, also known as isoperimetric quotient, varies
between 0 and 1, where 1 corresponds to the circularity of a circle and smaller values are
associated with less circular and compact shapes. One of the indicators of the good quality
of hPSCs is the ability for compactness as the colony reaches 72 h of culture. We quantified
the compact packing of cells within colonies via the area of the free intercellular space (AIS),
with larger values of this parameter being associated with less compact packing. Therefore,
AIS represents an additional measure of compactness for colonies.

2.1. Variability in Morphological Parameters across Cell Lines and Growth Times

At first, we investigated how the morphological parameters of cells and colonies
varied across lines, passages, and growing times. The colony growth process led to a
gradual increase over time in most parameters, except Shape factor (Figure 3). The H9
colonies at all times generally demonstrated higher values of these parameters than the
hiPSC lines, while the latter showed very close values. The dynamics of Shape factor were
not monotonous and exhibited a qualitative difference between the H9 and hiPSC lines.
Shape factor of H9 colonies reached a maximum at 48 h, meaning that the colonies became
more regular in form by this time. This parameter stayed almost constant for hiPSC line
AD3 and consistently increased for hiPSC line CaSR.

The analysis also showed that the variance in the morphological parameters of colonies
from the same cell line came mostly from the time point changes rather than from the
difference between various passages. For example, the comparison of control hiPSC
colonies taken from the middle passage range (passages 21-28) and the late one (passages
39 and 56), fixed at the same time range (24—48 h) for each passage, did not show a significant
difference (p > 0.05) in any parameter. These data probably point to the possibility to access
the quality of the culture at the early time points (24-48 h) and to terminate it in the case of
the sign of spontaneous differentiation.

The average morphological parameters of cells showed less consistent dynamics across
lines and growing times (Figure 4). Most parameters of H9 cells decreased with time, which
meant that the cells eventually became smaller as the colony became more tightly packed.
A similar tendency was observed for hiPSC line CaSR, with the evident difference that
cells from this line had a smaller size at the early and middle time points and showed less
variance over time in all parameters. The parameters of cells from control hiPSC line AD3
demonstrated non-monotonous dynamics. The three lines were clearly and consistently
separated from each other in terms of Shape factor, with H9 cells being the most regular
in form and control hiPSCs being the least regular at all times (Figure 4). In contrast to
colonies, differences in both the time point and passage made a notable contribution to the
variance in cell parameters, as parameters of the same line and for the same growth time
had statistically different mean values for different passages.
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Figure 3. Dynamics of morphological parameters for colonies from three cell lines. The values of
seven parameters from Table 1 were measured for all colonies from H9 (red), hiPSC AD3 (green), and
hiPSC CaSR (blue) lines and all passages, at 24 h, 48 h, and 72-120 h. Mean values across processed
colonies at each time point are shown, with the standard errors of the mean (SEMs) as the error bars.
Late time points are grouped into one range. Shape factor, dimensionless parameter; AIS and Area,
um?; all other parameters, um.
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Figure 4. Dynamics of morphological parameters for cells from three cell lines. All designations are
as in Figure 3.

2.2. Variability in Morphological Parameters across Colony Phenotypes

A common practice in the process of hPSC colony propagation is the selection of
healthy cultures for further expansion based on a visual analysis of their morphology
related to the experience of specialists. Herein, we performed analyses of each colony from
all lines based on their morphological appearance; thus, we defined the colony phenotype
(“good” or “bad”) as a control parameter (Figure 1).

To understand which colony morphological parameters were the most informative
ones in relation to the phenotype, we analyzed the variance in these parameters in groups
of different phenotypes and lines. The two-way analysis of variance showed that the
interaction between the line and phenotype factors was statistically significant for all
parameters (p < 0.05). A closer comparison of the groups demonstrated that different
lines were characterized by different morphological parameters sensitive to phenotypic
separation (Figure 5). For H9, colony parameters AIS, Area, Perimeter, Minor axis and both
Feret’s diameters showed a significant difference (p < 0.05) in mean values between colonies
with “bad” and “good” phenotypes. The same was true for hiPSC line CaSR, except for the
fact that Perimeter only showed a trend towards statistical significance (p = 0.07). Therefore,
these two lines exhibited similar sets of colony morphological parameters that could be
considered as informative for assessing colony phenotypes. On the other hand, no colony
parameter for hiPSC line AD3 showed a significant difference in mean values for different
phenotypes (Figure 5). This meant that a single morphological characteristic of colonies was
not enough to assess the phenotype of this line (even on average), so only their combination
(a morphological portrait) should be tried for this purpose.
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Figure 5. Boxplots showing the variance in colony morphological parameters within groups of
different phenotypes for each cell line. Data comprise colonies in all passages and for growth times
in the range of 24-48 h. Dots mark outliers. Asterisks indicate groups with a statistically significant
(p < 0.05) difference in the mean values of the parameters.

Interestingly, the results showed that the parameters of the hESC H9 line and hiPSC line
CaSR associated with colony size appeared to be consistently associated with the phenotype,
while of the two parameters characterizing compactness, only AIS was sensitive to the
phenotype, thus emphasizing the importance of colony compactness as a reliable factor in the
selection of the best quality clones. Shape factor showed visible variation among the groups,
but that was not enough for statistical significance. This meant that colonies with different
phenotypes in these lines had different internal cell packing, but different shapes could not be
assessed at the level of this single parameter. We also saw a difference between the lines in
the phenotype dependence on the average values of the relevant morphological parameters.
These values increased for colonies with the good phenotype as compared with those with the
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bad phenotype for the H9 line, and this tendency was opposite for hiPSC line CaSR (Figure 5).
This suggested that to identify various morphological phenotypes between different lines, it
was necessary to turn to the development of the comprehensive analysis of the variability in
various morphological parameters.

Next, we performed a similar analysis of the cellular morphological parameters (Figure
S1). At the cellular level, the mean values of all parameters showed a statistically significant
(p < 0.05) difference between the groups of good and bad phenotypes for hiPSC line AD3.
Cells in hiPSC line AD3 colonies with the good phenotype on average had smaller mean
values of Area, Perimeter, Minor axis, and both Feret’s diameters then cells with the bad
phenotype, which could have been related to the more compact cells in good colonies.
They were also more regular in form in the good colonies, which manifested as higher
mean Shape factor for the good phenotype as compared with the bad one. Cells from the
HO line also demonstrated a statistically significant difference between phenotypes in the
mean values of Shape factor, but in contrast to hiPSC line AD3, this change was associated
with a lower average value of this parameter in the good colonies. This could probably
indicate differences in colony growth patterns between these cell lines. We did not observe
a statistically significant difference in the mean values of cell morphological parameters for
hiPSC line CaSR (Figure S1).

2.3. Phenotype Classification Based on Morphological Parameters

As the variance analysis of single morphological parameters showed them to be
informative for separating different phenotypes, we investigated the possibility to build
a phenotype classification model using the morphological parameters as predictors. We
combined the data of all cell lines into one data sample and first trained on this sample
a classification model for predicting the phenotype based on all seven morphological
parameters of colonies using neural networks (see Methods). The resulting cross-validation
accuracy of this model was 70 £ 6%, indicating that the phenotype could be predicted with
good precision when the parameters were considered in combination.

To find out which parameters were more informative in the context of such classifica-
tion, we trained a set of classification models on the same data using all possible subsets
of colony parameters as predictors, with the subset length ranging from two to seven
parameters. As expected, the accuracy of these models grew almost monotonically as
more parameters were added (Figure 52). We then calculated a measure of importance for
each parameter by averaging the accuracy of all models containing this parameter. Higher
values of this measure for a given parameter meant that the presence of this parameter in a
model, on average, led to a higher accuracy of phenotype prediction in combination with
any other morphological parameters. Sorting the parameters according to this importance
measure demonstrated that AIS and Shape factor were the most informative for predicting
the phenotype, and the mean accuracy of phenotype prediction of the models containing
any of these parameters reached about 66% (Figure 6a). The presence of other parameters
in the models led to lower accuracy values on average.

We combined a given number of the best parameters from Figure 6a, in decreasing
order of their importance measure, and used each such combination of parameters as
the only predictor in the phenotype classification model. Training these models on the
data showed that the cross-validation accuracy of phenotype prediction as a function of
the number of included best parameters approximately flattened out at four parameters
(Figure 6b). The classification model with this number of best parameters (AIS, Shape factor,
Minor axis, and Perimeter) gained a cross-validation accuracy of 74 £ 6%, and adding
other parameters in the model did not improve this performance and could even make
it worse (probably due to a higher tendency towards overfitting for a higher number of
parameters). Therefore, we may consider this classification model as the minimal one in
predicting the colony phenotype and regard this combination of colony parameters as the
most informative traits of the true morphological portrait associated with the phenotype.
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Figure 6. Mean accuracy + SEM of the phenotype classification models based on different subsets
of colony morphological parameters as predictors: (a) Importance measure for each parameter
calculated as the mean cross-validation accuracy across the models containing this parameter in all
possible combinations with all other parameters. Higher values of this measure for a parameter
indicated that models containing this parameter as a predictor better recognized the colony phenotype.
(b) Mean cross-validation accuracy of the models containing a given number of the best parameters
from (a). Combinations of best parameters in (b): 2, AIS and Shape factor; 3, AIS, Shape factor and
Minor axis; 4, AIS, Shape factor, Minor axis, and Perimeter; 5, AIS, Shape factor, Minor axis, Perimeter,
and Area; 6, AIS, Shape factor, Minor axis, Perimeter, Area, and Min Feret’s D; 7, all parameters. The
maximum accuracy in (b) was already achieved with four parameters, so the classification model
with the four best parameters used as predictors provided a compromise between simplicity and
prediction accuracy.

Applying the minimal classification model to the whole data sample led to a phenotype
prediction accuracy of 77% (Table 2). Bad and good colonies were predicted with 72% and
83% precision, respectively. The misclassified colonies were distributed across the lines as
follows: 10 (19%) for H9, 8 (17%) for hiPSC line AD3, and 15 (33%) for hiPSC line CaSR.

Table 2. Confusion matrix for the minimal classification model based on colony parameters, showing
the numbers of correctly and incorrectly classified colonies in the groups of the good and bad
phenotypes. The first column shows (top) the number of correctly classified colonies with the bad
phenotype, (middle) the number of good colonies misclassified as bad, and (bottom) the total number
of colonies classified by the model as having the bad phenotype. The second column shows (top) the
number of bad colonies misclassified as good, (middle) the number of correctly classified colonies
with the good phenotype, and (bottom) the total number of colonies classified by the model as
having the good phenotype. The third column shows the total number of (top) bad and (bottom)
good colonies.

Bad Phenotype, Good Phenotype, Total in the Class,
Predicted Predicted Observed
Bad phenotype, 55 2 76
observed
Good phenotype, 1 58 70
observed
Total in the class, 67 79

predicted
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Accuracy

0.71

Next, we performed a similar analysis of the phenotype classification models based
on cellular morphological parameters as predictors. Preliminary calculations showed
that Feret’s D and Minimal Feret’s D contributed to the model accuracy in a measure
comparable to the contribution of Minor axis, so we excluded these two parameters from
consideration to simplify model training. A trained classification model including all
other cell parameters (“full model”) produced a cross-validation accuracy of phenotype
prediction equal to 69 + 3%, which was less accurate than when colonial parameters were
used as predictors.

Classification models based on all possible subsets of the four cellular parameters
showed that on average, three parameters were sufficient to reach the highest possible ac-
curacy (Figure S3). The analysis of these models revealed that all parameters demonstrated
approximately the same contribution, with a slightly larger contribution from Perimeter
(Figure 7a). Only two of the best parameters from Figure 7a (Perimeter and Shape factor)
were sufficient to train the classification model with an accuracy of 68 + 3%, which was
close to the observed maximal accuracy of 69% (Figure 7b). Therefore, we could consider
the classification model including these two parameters as the minimal model for colony
phenotype prediction based on the cellular data.

0.74 T T T
0.70
0.72+ o
0.69 ]
3 0.70F 4
[
0.68} ] g
< 0.681 4
0.67
0.661 4
0.66 . .
s 4, @
0/70)@/ 660@/’ /6 @9 //70/’ '9+ 0.64 | X )
& %, % ' 2 3 4
al
Parameter Number of best parameters
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Figure 7. Same as in Figure 6 but for classification models based on the four cellular morphological
parameters. (a) Importance measure for each parameter. (b) Mean cross-validation accuracy of the
models containing a given number of the best parameters from (a). Combinations of best parameters
in (b): 2, Perimeter and Shape factor; 3, Perimeter, Shape factor, and Area; 4, Perimeter, Shape factor,
Area, and Minor axis.

Applying the minimal model based on the cellular parameters to the whole data
sample led to a phenotype prediction accuracy of 69% (Table 3). Bad and good colonies
were predicted with the 66% and 71% precision, respectively. The misclassified cells were
distributed across the lines as follows: 130 (11%) for H9, 195 (39%) for hiPSC line AD3, and
569 (48%) for hiPSC line CaSR. Due to the high numbers of misclassified cells for the hiPSC
lines, we trained the classification models on the four cellular parameters separately for
each line and obtained classification accuracy values close to the model based on all-lines
data: 71 &+ 12% (H9), 65 £ 8% (hiPSC line AD3), and 66 =+ 5% (hiPSC line CaSR).
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Table 3. Confusion matrix for the minimal classification model based on cellular parameters, showing
the numbers of correctly and incorrectly classified cells in the groups of the good and bad phenotypes
of their colonies. The numbers have the same meaning as in Table 2 but refer to cells, not colonies.

Bad Phenotype, Good Phenotype, Total in the Class,
Predicted Predicted Observed
Bad phenotype, 720 379 1099
observed
Good phenotype, 513 1248 1761
observed
Total in t.he class, 1233 1627
predicted

2.4. Expression of Pluripotent and Differentiation Marker Genes

To reveal how the expression of pluripotency markers depended on the clonality and
morphological types of hPSCs, we measured the expression of ten important pluripotent
markers (DNMTB3, SALL4, IGFR1, CD9, DPPA4, OCT4, REX1, NANOG, SOX2, and KLF4
genes) in colonies from the three cell lines with different clonality statuses and phenotypes.
By comparing the quantitative gene expression levels between all cell lines, we found
that hiPSC line AD3 was mostly characterized by an elevated expression as compared
with H9, while some markers that differentiated hiPSC line CaSR from H9 tended to be
underexpressed in hiPSC line CaSR (Figure 8). The most prominently overexpressed genes
in hiPSC line AD3 compared with H9 were (in descending order of apparent effect) KLF4,
SOX2, REX1, SALL4, DPPA4, and DNMTB3, while OCT4 showed underexpression. For
hiPSC line CaSR, the most underexpressed genes compared with H9 included REX1, SALL4,
CD9, DPPA4, DNMTB3, IGFR1, and NANOG, with no overexpressed genes.

4 L] T T L]

T L T L T T

. HO

BN hiPSC(AD3)
hiPSC(CaSR)

— ek
dekekke

Expression
N
L

Genes

Figure 8. Relative expression of ten pluripotent genes measured in three cell lines using qRT-PCR.
Data are presented as means + SEMs. Values were normalized to the mean expression in the H9
line. Red asterisks point out the comparison of gene expression between hESC line H9 and hiPSC
line AD3, and blue asterisks point out the comparison between hESC line H9 and hiPSC line CaSR.
*p <0.05; ** p <0.01; *** p < 0.001; *** p < 0.0001.

To further investigate a possibility for pluripotent markers to differentiate between
colonies with different clonality statuses, we plotted the expression in clonal and nonclonal
colonies for each cell line (Figure 9). Nonclonal colonies exhibited underexpression of
REX1 (in both hiPSC lines), SALL4 (hiPSC line AD3), SOX2 (both hiPSC lines), DNMTB3
(in H9 and hiPSC line AD3), IGFR1 (H9), KLF4 (hiPSC line AD3), DPPA4 (H9), and OCT4
(hiPSC line CaSR). The following genes were overexpressed in nonclonal colonies compared
with clonal ones: SOX2 (H9), OCT4 (hiPSC line AD3), SALL4 (H9 and hiPSC line CaSR),
KLF4 (H9), DNMTB3 (hiPSC line CaSR), NANOG (H9), IGFR1 (hiPSC line CaSR), CD9
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(hiPSC line CaSR), and DPPA4 (hiPSC line CaSR). The fact that the sign of change in
expression (over- or underexpression) of many genes varied across the lines pointed to
the existence of line-dependent mechanisms that control pluripotency, in agreement with
previous publications [18,19].

20 r————T——T—7——11— 15r——T—T—T—T7TTT 20— 77—+
H9 clonal % iPSC (AD3) clonal iPSC (CaSR) clonal
*kx
I not clonal ok Il not clonal Sk Il not clonal
157 ol s ) o o paa B o 157 '
o * * o 1.09% B & % i 1 o *k *
G G 3 =
§1_0_ M BT T g 61.0-’ N ] T F
Q. Qo Qo
X X x
n 1 0.5 i
0.5+ 0.5

Figure 9. Relative expression of ten pluripotent genes in clonal (grey) and nonclonal (black) colonies
measured for each cell line using qRT-PCR. Data are shown as means + SEMs. Values were nor-
malized to the mean expression in clonal colonies separately for each line. * p < 0.05; ** p < 0.01;
***p < 0.001; **** p < 0.0001.

We performed a similar analysis relating gene expression to the colony phenotype
(Figure 10). In hiPSC line AD3, bad colonies were differentiated from the good ones by
the essential underexpression of all pluripotent markers except for IGFR1 and NANOG,
which showed no significant variations between phenotypes. In H9, four genes (SOX2,
KLF4, OCT4, and NANOG) were overexpressed, and all the others were underexpressed in
colonies with bad morphology. In hiPSC line CaSR, bad colonies were characterized by the
overexpression of DNMTB3, SALL4, DPPA4, KLF4, and IGFR1 and by the underexpression
of REX1. Therefore, a change in clonality or phenotype could be associated, in a line-
dependent manner, with a change in the expression of the mentioned pluripotent markers.

3 T T —T — T 151 T T T — T T T 37T T —T T —T T T T
H9 good iPSC (AD3) good iPS*g*(CaSR) good
. bad e . bad " . bad
k| *kkk kk  kkk kkk kkkk kkkk Kkkl
S 24 . 5 1.04= T I x 1 x x ] x r | S 24
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u>j 1 . * x x x u>j 0.5 _ u>j 1 - x - - - oy 1

Genes

Figure 10. Relative expression of ten pluripotent genes in “bad” (black) and “good” (grey) colonies,
according to morphological phenotype, measured for each cell line using qRT-PCR. Data are presented
as means + SEMs. Values were normalized to the mean expression in good colonies separately for
each line. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001.

Since one of the important characteristics of hPSCs is their ability to differentiate
into three germ layers, we first addressed using immunofluorescence the differentiation
abilities of embryonic bodies (EBs) formed from hESC line H9 and hiPSC line AD3 with
the clonal or bulk expansion of PSCs. In all cases, cells were able to differentiate into
three germ layers, as confirmed with the positive staining of ectodermal lineage (TU]J1),
mesodermal lineage (SMA), and endodermal lineage (AFP) (Figure S4). The next question
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we asked was the following: Is there a link among the morphological phenotype, the clonal
vs. bulk expansion of the line, and the expression of the differentiation markers during EB
development? In other words, how sensitive is the differentiation marker expression to the
phenotype of the cell line from which EBs are generated? For this purpose, we measured
the expression of ten differentiation marker genes (NESTIN, SOX1, M§X2, CDX2, HANDI,
RUNX2, MIXL1, BRACHYURY(T), SOX17, and GATA4) along with DPPA4, OCT4, and
NANOG in differentiating EBs derived from the H9 line and the hiPSC AD3 line, with each
gene expression being studied in two cultures (clonal and nonclonal) of each line (Figure
S5). Despite many of these genes exhibited visual difference in expression between the
EBs originated from clonal and nonclonal colonies of H9, only HAND1 demonstrated a
statistically significant (p < 0.05) overexpression in the EBs grown from cells of clonal origin.
In contrast, multiple markers significantly differentiated EBs from clonal colonies from
nonclonal ones of the hiPSC AD3 line; RUNX2 and CDX2 were overexpressed, and NANOG,
BRACHYURY(T), and SOX17 were underexpressed in the EBs grown from clonal colonies
compared with those originated from nonclonal ones. Several genes showed significantly
different expression between the lines. The EBs from nonclonal colonies of H9 were
differentiated from the EBs of nonclonal colonies of hiPSC line AD3 by the underexpression
of NANOG, DPPA4, BRACHYURY(T), and SOX17 and by the overexpression of OCT4. The
EBs from clonal colonies of H9 were differentiated from the EBs formed from clonal colonies
of hiPSC line AD3 by the underexpression of CDX2 and GATA4 and by the overexpression
of MSX2 (Figure S5). The revealed expression variations in the EBs originated from two
different hPSC lines propagated under strict manual (clonal) or bulk (nonclonal) expansion
may have been associated with differentiation bias and highlighted various differentiation
propensity of EBs of various origins, in good agreement with previous data [19].

3. Discussion

Human pluripotent stem cells demonstrate high cellular variability, and their utility is
further limited by the cellular phenotypic changes that are frequently observed following
prolonged culture [7,20]. Therefore, the routine characterization of hPSCs using several
standard criteria, such as cell growth, marker expression, karyotype analysis, and in vitro
differentiation, is required to confirm hPSC status and viability [21]. Colony morphology
is one such criterion that is used to continuously evaluate hPSC health. Typical healthy
undifferentiated hPSCs appear as tightly packed, round or squared cells with large nuclei
and notable nucleoli without spaces between cells [22,23]. The morphology of differentiated
and unhealthy hPSCs differs from that of normal ones, and several studies already showed
that the morphology of colonies correlates with their quality [16,24,25].

Human pluripotent stem cells are usually clonally derived. Generally, the selection
of fully reprogrammed cells involves the picking of individual colonies with good mor-
phology similar to that of hESCs. The selection of the best colonies is, however, difficult
to standardize, as it is rather based on the experience of the researcher than on objective
criterium [8]. Moreover, different hiPSC lines show considerable phenotypic variations,
and the lack of common well-characterized morphological parameters frustrates efforts to
integrate data across research groups or replicate some findings. Therefore, this procedure
needs to be more standardized.

Until now, the parametric characteristics of morphological characters associated with
the pluripotent status of hPSCs were insufficiently studied. Herein, we present a systematic
approach to this problem by quantifying a set of morphological parameters of colonies and
cells of three human pluripotent cell lines, phenotyping colonies according to their potential
pluripotency, and linking these types of information using statistical and machine learning
methods. Specifically, we extracted and characterized seven morphological parameters and
demonstrated that AIS and Shape factor were the most informative ones for the predicting
and recognizing the good phenotype of hPSCs. Our results showed that the colonial and
cellular morphological parameters had different variability patterns across cell lines and
growth times, thus suggesting that these were two complementary types of information
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about the true morphological portrait of the colony. These parameters also exhibited
different variance patterns across colony phenotypes, but both colonial (AIS and Shape
factor) and cellular individual parameters (Feret’s D, Minor Axis, and Perimeter) were
capable, on average, of distinguishing colonies with good and bad phenotypes.

Based on the phenotype recognition of the culture, we further tested the ability of its
morphological portrait to be linked with pluripotent and differentiation gene expression.
The analysis of pluripotent marker expression in the genetically three different cell lines
supported the validity of our approach. The ability of the SALL4, DNMTB3, REX1, DPPA4,
and SOX2 genes to distinguish well between different phenotypes of hPSC colonies implied
that the variable phenotypes we used in the study did represent the pluripotency status of
the colony. The expression of multiple genes was also a good factor for separating colonies
with different clonality, both in the cell lines and in the EBs derived from them. Recently,
a work by Bjerlykke and colleagues reported that reprogrammed cells displayed distinct
proteomic signatures associated with the variability in colony morphology in 20 hiPSC
lines [26]. The proteome data analysis presented in this study showed that different morpho-
logical portraits of colonies were associated with different proteomic profiles and different
competencies for directed differentiation. For the first time, the presence of a relationship
between pluripotent markers (DNMT3B, DPPA4, SALL4, and CD9) and morphological
portraits of various lineages was shown [26], thus supporting our data. In addition, and
in good agreement with previous data [26], two master pluripotency transcription factors,
namely, OCT4 and NANOG, showed poor ability to distinguish between colonies with
good and bad morphological phenotypes, suggesting the importance to include in the
hPSC score list additional genes, such as SALL4, DNMTB3, REX1, and DPPA4.

Next, we presented classification models that were able to predict colony phenotypes
with a good precision based on the values of morphological parameters. A few relevant
parameters were enough to reproduce this precision. Among the colony parameters, AIS
and Shape factor turned out to be the most informative ones for phenotype classification.
They estimated the colony form (its circularity) and its internal compactness, respectively.
Interestingly, Shape factor was not identified as significant in the variance analysis, suggest-
ing that the interaction between several parameters is important in a good classification
model. Among the cellular parameters, Perimeter and Shape factor were the most informa-
tive ones. This difference between the colonial and cellular parameters could be considered
as another manifestation of different phenotypic information encoded at the level of cells
and the whole colony.

The underlying reasons for the dynamic change in hPSC colony morphology are
not fully understood. Among them, epigenetic memory, incomplete reprogramming, the
feeder-free system, and the competition of elite cells could be some of the reasons [27-29]. In
addition, the variation in hiPSC lines was shown to be donor dependent [30,31]. However,
variations related to colony morphology are not donor dependent [26], thus highlighting
the urgent need to deepen our knowledge about the laws that regulate hPSC morphology.

Without doubt, our study did not provide a complete picture. The diversity of colony
morphology should be expanded, and the correlation between colony morphology and
gene expression should be evaluated using other hPSC lines and bioimaging informatic
analyses [32,33]. There is also room for improvement in the performance of our pheno-
type classification models, as their average classification accuracy was below the possible
maximum. This could be performed by expanding the training data, which would allow
the development of models specific to different conditions (different lines, passages, and
growing times) to be performed. The classification models in our study were trained
on the data combined from the three cell lines, so these models learned rather general
features separating the bad and good phenotypes of different colonies in different cell
lines. In particular, these general models demonstrated lower performance on hiPSC line
CaSR data. Models trained on data specific to a cell line are important, as they should be
more sensitive to line-specific features. With larger data sets, more sophisticated machine
learning methods could also be applied.
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We summarized our results in Figure 11. Overall, these results demonstrated the ability
to assess the true morphological portrait of a colony that reflected its pluripotency and
clonality properties. We identified specific informative parameters for that aim and built
phenotype classification models, which can be used in further applications. The automation
of cell culture and the high-throughput generation of hiPSCs would provide fascinating
perspectives for drug screening and the analysis of patient-specific hiPSCs, along with
their safe clinical application. These results can be considered as the first step towards
constructing a predictive mathematical model for the evolution of human pluripotent stem
cell colonies.

CLONAL EXPANSION BULK EXPANSION
Passage1 Passage2 Passagel Passage2

@@=~ (o
Eo—C  Qo—e&¥®
=) G-

Manual picking of individual colonies Harvesting all colonies
\ with Versene solution I

MORPHOLOGICALY PARAMETERS ?
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GOOD
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|

.
CLASSIFICATION MODEL: BAD and GOOD phenotype prediction on
morphological parameters: AIS + Shape Factor, Minor Axis + Perimeter
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== | prediction with 70-75%
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CLASSIFICATION MODEL: BAD and GOOD phenotype based on
pluripotency (SALL4, DNMTB3, REX1, CD9 and SOX2);
based on differentiation markers expression in EBs of clonal origin between
hESC vs hiPSCs (MSX2) and of non-clonal origin (7, SOX17)
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Morphological “portrait” of the colony with GOOD phenotype for further
creation a predictive mathematical model for the evolution of hPSC colonies

Figure 11. Summary of results. Our paper describes the mathematical classification model built
on the morphological parameters of hPSC lines according to their morphological phenotypes and
clonal vs. nonclonal (bulk) expansion. The most informative parameters were AIS and Shape factor
(for colonies), and Minor axis and Perimeter (for cells). In the next step, we linked pluripotency
and differentiation factor expression to the morphological phenotype and to the type of the culture
expansion (clonal vs. nonclonal/bulk), revealing the importance of SALL4, DNMTB3, REX1, CD9,
and SOX2 pluripotency markers for the recognition of the colony phenotype, while differentiation
marker MSX2 was sensitive for discriminating the clonal origin of the cells. T and SOX17 were
informative for distinguishing the nonclonal EB origin. The models demonstrated the possibility of
constructing the morphological “portrait” of a colony informative for the automatic identification of
the phenotype and for linking this portrait to the expression of pluripotency genes.

4. Materials and Methods
4.1. Cell Culture and Propagation

Human embryonic stem cell line H9 (WiCell, Madison, WI, USA), hiPSC line AD3 [5],
and patient-specific hiPSC line HPCASRi002-A (CaSR) [6] were passaged on 6-well plates
coated with hESC-qualified Matrigel Matrix (Corning Matrigel Matrix, Life Sciences) man-
ually or via bulk expansion, at a 1:4 split ratio using 0.02% EDTA (Versene) dissociation
solution and 10 pM ROCK inhibitor (Y-27632; StemCell Technologies). A volume of 2 mL
of mTERSR1 medium (StemCell Technologies) was used per well daily for all cultures. All
cell cultures were checked daily. During manual colony propagation, small cell clumps of
15-20 cells per clamp were used from the colony. All cultures were kept under standard
condition for 5 days at 37 °C with 5% CO, atmosphere and 21% O, according to WiCell
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Inc. protocols. Phase-contrast imaging analyses of colonies were carried out 24, 48, 72, 96,
and 120 h after plating before they reached 70% confluency across the well. For time-lapse
recording, image capture was performed with CellVoyager CQ1 High-Content Analysis
System (Yokogawa, Japan) every 5 h.

The morphological parameters of cells and colonies were extracted using the FlowJo [34]
analysis of the phase-contrast images of all cultures in various passages (early (12-14 p),
middle (21-28 p), and late passages (36-56)), during their growth for 120 h, as previously
described [23]. In brief, cells and colonies were manually removed from the background
using Adobe Photoshop software (v. 21.1.0.106, Adobe Inc., San Jose, CA, U.S.A.). The
Image] program was used to calculate parameters such as Area, Perimeter, Minor axis,
Feret’s diameter, minimal Feret’s diameter, Shape factor, and AIS (only for colonies) using a
built-in particle analyzer.

The parameter values were obtained for 53 colonies and 1602 cells of hESC line H9,
49 colonies and 1569 cells of control hiPSC line AD3, and 48 colonies and 1315 cells of
patient-specific hiPSC line CaSR.

4.2. In Vitro Trilineage Differentiation

To functionally examine the pluripotency of hPSC lines, their differentiation potential
towards three germ layers was evaluated using embryoid body (EB) formation. In brief,
undifferentiated colonies of all hPSC lines in middle passages (2628 p) were enzymat-
ically detached (Versene solution; Paneco) and replated in ultra-low attachment plates
(Corning, Corning, NY, USA) with mTeSR™-1 medium (StemCell Technologies, Vancouver,
BC, Canada) and Rock inhibitor (StemCell Technologies). The next day, cells that formed
aggregates were transferred to a new ultra-low attachment plate to form EBs under dif-
ferentiation medium DMEM-F12 (Invitrogen, Waltham, MA, USA), 20% (v/v) Knockout
Serum Replacement (Invitrogen), 1% L-glutamine, 1% nonessential amino acids (NEAA;
Invitrogen), and 1% penicillin-streptomycin (Invitrogen). After 7 days of EB cultures in sus-
pension, EBs were transferred to a 12-well plate covered with 0.1% gelatin and were allowed
to attach for further differentiation over 10 days. On day 10, the differentiated EBs were
stained for germ layer markers with antibodies anti-TU]J1 (BioLegend, San Diego, CA, USA;
801213), anti-AFP (GeneTex, Irvine, CA, USA; GTX131311), and anti-alpha-SMA (Sigma
Aldrich, St. Louis, MO, USA; A2547-2ML), or cells were harvested for RNA isolation.

4.3. Quantitative RT-PCR

To analyze gene expression, total RNA was isolated with Aurum™ Total RNA Mini
Kit (BioRad, Hercules, CA, USA) according to the manufacturer’s instructions. RNA was
quantified using NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Inc,
Wilmington, DE, USA). cDNA was obtained via the reverse transcription of RNA using
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Lithuania)
according to the manufacturer’s instructions. For qRT-PCR, cDNA was amplified with
specific primers, using qPCRmix-HS SYBR (Evrogen, Moscow, Russia) in the BioRad CFX
Opus-96 real-time system (BioRad, Hercules, CA, USA) according to the kit’s enclosed
protocol. The expression of target genes was normalized to the 18S gene. Primers are
presented in Table S1. All amplifications were performed in triplicates. All experiments
were performed as three biological repeats. The statistical analysis of expression data
was performed using GraphPad Prism software, version 7.0 (San Diego, CA, U.S.A.). We
investigated the panel of 3 housekeeping genes: RN18S, GAPDH, and RPLI3A. RN18S had
the best stability in all cases; the expression of target genes was normalized to RN18S.

4.4. Statistical Analysis and Classification Model

The comparison of the means in the statistical analysis was performed by applying
either the t-test or the Mann-Whitney test, depending on the properties of data samples.
The classification models were trained and validated using function Classify implemented
in Wolfram Mathematica software [35]. This function provides an automated classification
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approach by selecting the best configuration (classification method along with its hyper-
parameters) of the classifier, similar to the Hyperband method [36]. The function tries
to find the best configuration by training multiple models with random configurations
on smaller data subsets and testing their performance on the full data set. As a measure
of classification quality, the function produces a cross-validation estimate (with standard
error) for classification accuracy. In most of our computational experiments, we found
that the resulted accuracy was higher if we fixed the neural network as the classification
method. We used the following command for a typical run of the training process in a
Mathematica notebook: Classify[data, Method — “NeuralNetwork”, ValidationSet — Auto-
matic, PerformanceGoal — “Quality”], where “data” is a list of data values in the form: list of
parameter values for a colony/cell — phenotype. With this form of ValidationSet option,
the validation set was selected automatically from “data” during the model training. As
a control, we performed computational experiments on classification on the cellular data
with the manual separation of the training, validation, and testing data sets and obtained
the same model performance (Text S1, Figure S6). We did not apply any preprocessing to
the data.

5. Conclusions

The observation of hPSC colony morphology before further propagation is an impor-
tant step for their assessment. Practically, in research laboratories and stem cell banks, the
best clones are selected based on their morphological appearance, but the data about the
statistical evaluation of the morphological parameters between different lines and how
they reflect the pluripotent status of the colony are very limited. This limitation further
hinders the development and creation of new approaches for non-invasive methods for
the best hPSC clone selection. We approached this limitation by generating a classification
model based on informative morphological parameters as predictors of colonies with the
good or bad phenotype from different hPSC lines. The most informative parameters, which
allowed us to predict the good clones with 70-75% precision, were AIS and Shape factor
(from the colony data), and Minor axis and Perimeter (from the cell data). The classification
models demonstrated lower performance on hiPSC line CaSR data. To find out the link
between pluripotency and clonality in different lines, we examined pluripotency marker
expression in hPSC colonies with good and bad morphological phenotypes of clonal and
nonclonal (bulk) expansion. We observed significant changes in the expression levels of
the pluripotency marker genes in a line- and clonality-dependent manner. Among them,
DNMTB3, SALL4, REX1, CD9, and SOX2 were sensitive pluripotency markers to address
the clonality and morphological phenotype of the lines. The expression of differentiation
marker MSX2 was a sensitive predictor of clonality, while T and SOX17 were sensitive
markers of EBs of nonclonal origin. We consider the phenotype classification models built
in our study as a first step towards the creation of a mathematical model for the evolution
of hPSC colonies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms232112902/s1.

Author Contributions: Conceptualization, I.E.N.; methodology, LE.N. and V.V.G,; software, V.V.G.
and A.S.C,; validation, LE.N. and V.V.G.; formal analysis, V.V.G.; investigation, O.A.K., A.S.C,, K.AK,,
L.L.A., VVG. and LE.N.; resources, LE.N., A.V.P, S.LK. and V.V.G.; data curation: L.LE.N., VV.G,;
writing—original draft preparation, V.V.G., O.A.K. and L.E.N,; visualization, V.V.G. and L.E.N.; project
supervision, LE.N.; funding acquisition, .LE.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This research study was funded by Russian Science Foundation, grant number 21-75-20132.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms232112902/s1
https://www.mdpi.com/article/10.3390/ijms232112902/s1

Int. ]. Mol. Sci. 2022, 23, 12902 19 of 20

Data Availability Statement: The data sets with measured colonial and cellular parameters, along
with phenotype information, can be found at the Zenodo repository (https://doi.org/10.5281/
zenodo.7150644 (accessed on 5 October 2022)).

Acknowledgments: We would like to thank Cell Technologies Center of the Institute of Cytology of
the Russian Academy of Sciences for providing access to the CQ1 confocal platform.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.  Soldner, E; Jaenisch, R. Stem cells, genome editing, and the path to translational medicine. Cell 2018, 175, 615-632. [CrossRef]
[PubMed]

2. Rowe, R.G.; Daley, G.Q. Induced pluripotent stem cells in disease modelling and drug discovery. Nat. Rev. Genet. 2019, 20,
377-388. [CrossRef]

3. Ebert, A.D.; Svendsen, C.N. Human stem cells and drug screening: Opportunities and challenges. Nat. Rev. Drug Discov. 2010, 9,
367-372. [CrossRef] [PubMed]

4. Zhu, Z.; Huangfu, D. Human pluripotent stem cells: An emerging model in developmental biology. Development 2013, 140,
705-717. [CrossRef] [PubMed]

5. Neganova, L; Chichagova, V.; Armstrong, L.; Lako, M. A critical role for p38MAPK signalling pathway during reprogramming of
human fibroblasts to iPSCs. Sci. Rep. 2017, 7, 41693. [CrossRef]

6. Panova, A.V; Kulikova, K.S.; Klementieva, N.V.; Krylov, I.D.; Snezhko, 1.O.; Tiulpakov, A.N.; Kiselev, S.L. Generation of an
induced pluripotent stem cell line HPCASRi002-A from a patient with neonatal severe primary hyperparathyroidism caused by a
compound heterozygous mutation in the CASR gene. Stem Cell Res. 2021, 54, 102414. [CrossRef]

7.  Barbaric, I; Biga, V.; Gokhale, PJ.; Jones, M.; Stavish, D.; Glen, A.; Coca, D.; Andrews, P.W. Time-lapse analysis of human
embryonic stem cells reveals multiple bottlenecks restricting colony formation and their relief upon culture adaptation. Stem Cell
Rep. 2014, 3, 142-155. [CrossRef]

8. Chan, E.M,; Ratanasirintrawoot, S.; Park, L.H.; Manos, P.D.; Loh, Y.H.; Huo, H.; Miller, ].D.; Hartung, O.; Rho, J.; Ince, T.A.; et al.
Live cell imaging distinguishes bona fide human iPS cells from partially reprogrammed cells. Nat. Biotechnol. 2009, 27, 1033-1037.
[CrossRef]

9. Tokunaga, K.; Saitoh, N.; Goldberg, I.G.; Sakamoto, C.; Yasuda, Y.; Yoshida, Y.; Yamanaka, S.; Nakao, M. Computational image
analysis of colony and nuclear morphology to evaluate human induced pluripotent stem cells. Sci. Rep. 2014, 4, 6996. [CrossRef]

10. Maddah, M.; Shoukat-Mumtaz, U.; Nassirpour, S.; Loewke, K. A system for automated, noninvasive, morphology-based
evaluation of induced pluripotent stem cell cultures. J. Lab. Autom. 2014, 19, 454-460. [CrossRef]

11. Warmflash, A ; Sorre, B.; Etoc, E.; Siggia, E.D.; Brivanlou, A.H. A method to recapitulate early embryonic spatial patterning in
human embryonic stem cells. Nat. Methods 2014, 11, 847-854. [CrossRef] [PubMed]

12. Li, M.; Izpisua Belmonte, J.C. Deconstructing the pluripotency gene regulatory network. Nat. Cell Biol. 2018, 20, 382-392.
[CrossRef] [PubMed]

13. Kumar, RM.; Cahan, P; Shalek, A K,; Satija, R.; DaleyKeyser, A.; Li, H.; Zhang, J.; Pardee, K.; Gennert, D.; Trombetta, ].J.
Deconstructing transcriptional heterogeneity in pluripotent stem cells. Nature 2014, 516, 56—61. [CrossRef] [PubMed]

14. Stewart, M.H.; Bendall, S.C.; Levadoux-Martin, M.; Bhatia, M. Clonal tracking of hESCs reveals differential contribution to
functional assays. Nat. Methods 2010, 7, 917-922. [CrossRef]

15. Torres-Padilla, M.E.; Chambers, I. Transcription factor heterogeneity in pluripotent stem cells: A stochastic advantage. Development
2014, 141, 2173-2181. [CrossRef]

16. Kato, R.; Matsumoto, M.; Sasaki, H.; Joto, R.; Okada, M.; Ikeda, Y.; Kanie, K.; Suga, M.; Kinehara, M.; Yanagihara, K,; et al.
Parametric analysis of colony morphology of non-labelled live human pluripotent stem cells for cell quality control. Sci. Rep.
2016, 6, 34009. [CrossRef]

17.  Suga, M,; Kii, H.; Niikura, K.; Kiyota, Y.; Furue, M.K. Development of a monitoring method for nonlabeled human pluripotent
stem cell growth by time-lapse image analysis. Stem Cells Transl. Med. 2015, 4, 720-730. [CrossRef]

18. Cahan, P; Daley, G.Q. Origins and implications of pluripotent stem cell variability and heterogeneity. Nat. Rev. Mol. Cell Biol.
2013, 14, 357-368. [CrossRef]

19. Sun, C; Zhang, J.; Zheng, D.; Wang, J.; Yang, H.; Zhang, X. Transcriptome variations among human embryonic stem cell lines are
associated with their differentiation propensity. PLoS ONE 2018, 13, e0192625. [CrossRef]

20. Baker, D.E; Harrison, N.J.; Maltby, E.; Smith, K.; Moore, H.D.; Shaw, PJ.; Heath, PR.; Holden, H.; Andrews, PW. Adaptation to
culture of human embryonic stem cells and oncogenesis in vivo. Nat. Biotechnol. 2007, 25, 207-215. [CrossRef]

21. International Stem Cell Banking Initiative. Consensus guidance for banking and supply of human embryonic stem cell lines for
research purposes. Stem Cell Rev. Rep. 2009, 5, 301-314. [CrossRef] [PubMed]

22.  Amit, M,; Itskovitz-Eldor, ]. Chapter 2 Stem Cell Biology and Regenerative Medicine—Derivation and Culturing; Itskovitz Eldor, J., Amit,

M., Eds.; Humana Press: Totowa, NJ, USA, 2011.


https://doi.org/10.5281/zenodo.7150644
https://doi.org/10.5281/zenodo.7150644
http://doi.org/10.1016/j.cell.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30340033
http://doi.org/10.1038/s41576-019-0100-z
http://doi.org/10.1038/nrd3000
http://www.ncbi.nlm.nih.gov/pubmed/20339370
http://doi.org/10.1242/dev.086165
http://www.ncbi.nlm.nih.gov/pubmed/23362344
http://doi.org/10.1038/srep41693
http://doi.org/10.1016/j.scr.2021.102414
http://doi.org/10.1016/j.stemcr.2014.05.006
http://doi.org/10.1038/nbt.1580
http://doi.org/10.1038/srep06996
http://doi.org/10.1177/2211068214537258
http://doi.org/10.1038/nmeth.3016
http://www.ncbi.nlm.nih.gov/pubmed/24973948
http://doi.org/10.1038/s41556-018-0067-6
http://www.ncbi.nlm.nih.gov/pubmed/29593328
http://doi.org/10.1038/nature13920
http://www.ncbi.nlm.nih.gov/pubmed/25471879
http://doi.org/10.1038/nmeth.1519
http://doi.org/10.1242/dev.102624
http://doi.org/10.1038/srep34009
http://doi.org/10.5966/sctm.2014-0242
http://doi.org/10.1038/nrm3584
http://doi.org/10.1371/journal.pone.0192625
http://doi.org/10.1038/nbt1285
http://doi.org/10.1007/s12015-009-9085-x
http://www.ncbi.nlm.nih.gov/pubmed/20016957

Int. ]. Mol. Sci. 2022, 23, 12902 20 0f 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Orozco-Fuentes, S.; Neganova, I.; Wadkin, L.E.; Baggaley, A.W,; Barrio, R.A.; Lako, M.; Shukurov, A.; Parker, N.G. Quantification
of the morphological characteristics of hESC colonies. Sci. Rep. 2019, 9, 17569. [CrossRef] [PubMed]

Pfannkuche, K; Fatima, A.; Gupta, M.K,; Dieterich, R.; Hescheler, J. Initial colony morphology-based selection for iPS cells
derived from adult fibroblasts is substantially improved by temporary UTF1-based selection. PLoS ONE 2010, 5, €9580. [CrossRef]
[PubMed]

Wakao, S.; Kitada, M.; Kuroda, Y.; Ogura, F; Murakami, T.; Niwa, A.; Dezawa, M. Morphologic and gene expression criteria for
identifying human induced pluripotent stem cells. PLoS ONE 2012, 7, e48677. [CrossRef]

Bjerlykke, Y.; Seviknes, A.M.; Hoareau, L.; Vethe, H.; Mathisen, A.E; Chera, S.; Vaudel, M.; Ghila, L.M.; Raeder, H. Reprogrammed
cells display distinct proteomic signatures associated with colony morphology variability. Stem Cells Int. 2019, 2019, 8036035.
[CrossRef]

Nashun, B.; Hill, PW.; Hajkova, P. Reprogramming of cell fate: Epigenetic memory and the erasure of memories past. EMBO ].
2015, 34, 1296-1308. [CrossRef]

Stojkovic, P.; Lako, M.; Stewart, R.; Przyborski, S.; Armstrong, L.; Evans, J.; Murdoch, A.; Strachan, T.; Stojkovic, M. An autogeneic
feeder cell system that efficiently supports growth of undifferentiated human embryonic stem cells. Stem Cells 2005, 23, 306-314.
[CrossRef]

Rouhani, F; Kumasaka, N.; de Brito, M.C.; Bradley, A.; Vallier, L.; Gaffney, D. Genetic background drives transcriptional variation
in human induced pluripotent stem cells. PLoS Genet. 2014, 10, €1004432. [CrossRef]

Kajiwara, M.; Aoi, T.; Okita, K.; Takahashi, R.; Inoue, H.; Takayama, N.; Endo, H.; Eto, K.; Toguchida, J.; Uemoto, S.; et al.
Donor-dependent variations in hepatic differentiation from human-induced pluripotent stem cells. Proc. Natl. Acad. Sci. USA
2012, 109, 12538-12543. [CrossRef]

Kyttdld, A.; Moraghebi, R.; Valensisi, C.; Kettunen, J.; Andrus, C.; Pasumarthy, K.K.; Nakanishi, M.; Nishimura, K.; Ohtaka, M.;
Weltner, J.; et al. Genetic variability overrides the impact of parental cell type and determines iPSC differentiation potential. Stem
Cell Rep. 2016, 6, 200-212. [CrossRef]

Peng, H. Bioimage informatics: A new area of engineering biology. Bioinformatics 2008, 24, 1827-1836. [CrossRef] [PubMed]
Swedlow, J.R.; Goldberg, 1.G.; Eliceiri, K.W.; The OME Consortium. Bioimage informatics for experimental biology. Annu. Rev.
Biophys. 2009, 38, 327-346. [CrossRef] [PubMed]

Becton, Dickinson and Company. Flowjo™ Software (for Windows) [Software Application]; Becton, Dickinson and Company:
Ashland, OR, USA, 2021.

Wolfram Research, Inc. Mathematica, Version 12.0.0; Wolfram Research, Inc.: Champaign, IL, USA, 2021.

Li, L.; Jamieson, K.; DeSalvo, G.; Rostamizadeh, A.; Talwalkar, A. Hyperband: A novel bandit-based approach to hyperparameter
optimization. J. Mach. Learn. Res. 2018, 18, 1-52.


http://doi.org/10.1038/s41598-019-53719-9
http://www.ncbi.nlm.nih.gov/pubmed/31772193
http://doi.org/10.1371/journal.pone.0009580
http://www.ncbi.nlm.nih.gov/pubmed/20221450
http://doi.org/10.1371/journal.pone.0048677
http://doi.org/10.1155/2019/8036035
http://doi.org/10.15252/embj.201490649
http://doi.org/10.1634/stemcells.2004-0137
http://doi.org/10.1371/journal.pgen.1004432
http://doi.org/10.1073/pnas.1209979109
http://doi.org/10.1016/j.stemcr.2015.12.009
http://doi.org/10.1093/bioinformatics/btn346
http://www.ncbi.nlm.nih.gov/pubmed/18603566
http://doi.org/10.1146/annurev.biophys.050708.133641
http://www.ncbi.nlm.nih.gov/pubmed/19416072

	Introduction 
	Results 
	Variability in Morphological Parameters across Cell Lines and Growth Times 
	Variability in Morphological Parameters across Colony Phenotypes 
	Phenotype Classification Based on Morphological Parameters 
	Expression of Pluripotent and Differentiation Marker Genes 

	Discussion 
	Materials and Methods 
	Cell Culture and Propagation 
	In Vitro Trilineage Differentiation 
	Quantitative RT-PCR 
	Statistical Analysis and Classification Model 

	Conclusions 
	References

