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Figure 6. Comparisons of prediction models. For the detailed definition of “M-pattern”, see Material and Methods. Conceptual illustration of M-
pattern appears in Figure 4. Potential |, osteogenic differentiation rate; potential Il, adipogenic differentiation rate; potential Ill, chondrogenic
differentiation rate; potential IV, PDT. Each matrix involving line plots consists of three columns, separated by dotted lines, representing differences
among lots (Lots A, B, and Q). In each column, horizontal axis represents passage numbers, from P2 on the left to P9 on the right. Upper number at
the shoulder of each matrix indicates scaled eror rate, i.e, the median value of prediction errors among all the samples, normalized by the
experimental values. The lower number at the shoulder of each matrix indicates the correlation coefficient. Blue line plot represents the value of
experimentally determined values. Red line plot represents the prediction values from the prediction models. Greater overlap between blue and red
line plots and minimum differences across passages and lot differences corresponds to higher predictive performance, represented by lower scaled
error rate and higher correlation coefficient.

doi:10.1371/journal.pone.0093952.g006
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exploration of the best LASSO model formula, it was possible to
clearly detect the correlation of cytoskeleton-related and senes-
cence-related genes with the decrease of potentials (Table S4-S7).
Such correlation was supported by previous studies showing that
the TGF-P signaling cascade links cellular quality collapse with
morphological changes [20-22].

Compared to the successful predictions of adipogenic differen-
tiation potential and PDT, the predictive performance for
osteogenic and chondrogenic differentiation could not be
increased by altering the modeling techniques. We believe that
the main reason for this limitation on performance did not reflect a
shortcoming of our method. Machine-learning performance relies
heavily on the quality of training data. In this work, we are
uncertain of the quality of our ‘teacher signal’ data, ie., the
converted data from conventional staining assays for evaluations of
differentiation potential. In practice, the staining technique is
usually used as only one aspect of differentiation confirmation, but
. is not commonly used for strict quantitative analysis. A growing
body of evidence describes the quantitative use of immunohisto-
chemical staining results in high-content analysis, analogous to the
way in which we converted the staining results into numerical
values. However, our machine-learning model results show that
only Oil red [23], but not other staining values, results in excellent
performances. In addition we have identified a few critical sources
of experimental noise that might partially explain the compara-
tively poorer performance of osteogenic and chondrogenic
differentiation. For example, in osteogenic staining with Alizarin
red [24], small parts of stained cells tend to be ripped from the
plate during the washing process, resulting in larger deviations
within some wells. Similarly, in chondrogenic staining, the pellet
size and its slice position greatly affect the staining level, resulting
in larger deviations within some samples. Hence, the large
difference between prediction models suggests that reproducibility
and signal-to-noise ratio of staining results must be carefully
examined in order for modeling to be effective. In other words, if
one can introduce more stable staining, the prediction models
should perform better.

Our expression data regarding other types of genes lead us to
expect that effective gene combinations could be defined as new
quality assessment markers (Fig. 4B, 4C). The interpretation of
weights of LASSO regression models can provide insights
regarding essential parameters that contributed to successful
predictions (Table S4-S7). For prediction of potential I (osteogenic
differentiation rate), a combination of morphological features from
the whole pre-differentiation period (days 1-4), together with
expression of the cytoskeleton-related genes (RACI [25] and RHOA
[26]) and the early osteogenic marker SPPI [osteopontin] [27],
were weighted. The decision to weight these genes reflected
previous reports of interactions between osteogenic marker genes
and cytoskeleton genes [27]. Together, the selected morphological
features support the commonly observed flat and expanded
cellular morphology of hBMSCs, known as an indication of bone
differentiation. For prediction of potential II (adipogenic differen-
tiation rate), relative hole area (the morphological feature that
describes the “roughness” of the cell surface) and inner radius (a
reflection of polygonal and tentacle-like features in the cellular
periphery) from the whole pre-differentiation period (days 1-4)
were weighted. This result can be interpreted to mean that the
continuous evolution of hBMSCs during the expansion period
toward a jagged morphology is the signature of adipogenic
potential. For prediction of potential III (chondrogenic differen-
tiation rate), a shape factor (specifically, the roundness of cells) on
day 1, but not throughout the whole period of expansion culture,
was weighted. This can be interpreted to mean that very early
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roundness of hBMSCs can indicate the potential for chondrogen-
esis. For prediction of differentiation potential before induction,
morphogenic markers are sufficient because these data contain
both time-course and multi-parametric information. However, in
microarray experiments, we identified four genes related to
osteogenic differentiation (ALPI, BMP2, BGLAP [osteocalcin],
SSPI [osteopontin]), three genes related to adipogenic differenti-
ation (ADIPOQ [adiponectin], LEP [leptin], and LPL [lipoprotein
lipase]), and one gene related to chondrogenic differentiation
(ACAN [aggrecan]). From this background, these gene profiles
were not sufficient to explain the difference in differentiation
potential. As it happens, in prediction of potential I, PIK3C4 and
SPPI [osteopontin] were useful markers even before differentiation
induction; however, for the other two cell types, there were no
critical marker genes. For prediction of potential IV (PDT of cells
after repeated passages), both gene-expression profiles and
morphological features were weighted. Cell cycle-related genes
such as TP55 [p53] [28] and CDENIA [p21] [29,30], actin-related
genes such as ACTA2 [31] and IQGAPI [32], and the cellular
senescence-related gene CDANZ [pl6] [33-35] were heavily
weighted in the best prediction models. Such gene selection
reflects reports that indicate a correlation between senescence and
cytoskeleton gene cascades in hBMSCs [19,36]. The weighted
morphological features (total area, inner radius, and fiber length)
reflect the common culture sense of regular size and slenderness
during the expansion process are markers of active hBMSCs
[19,37].

To confirm the utility of our proposed method in clinics, its
adaptive performance in the context of the cellular diversity is an
important criterion. Cellular diversity derived from patient
diversity should be the first concern; we have previously
investigated a new modeling scenario, designated as the “ongoing
patient scenario”, as one strategy for adapting to such diversity
[17]. In this scenario, we proved that inclusion of new patients’
own morphological features in prediction models can greatly
enhance the prediction accuracy for new patients. Thus, this
proposed method avoids attempting to adapt to all cellular
variations arising due to patient diversity, which is ideal but
impossible, and instead seeks to ‘re-train’ the prediction model
upon the arrival of each new patient, thereby allowing the system
to adapt to new morphologies. Such re-training is feasible with our
proposed regression models, and it is also feasible at various times
in the clinic, because there are various opportunities to obtain
images of primary cells before making critical potential predic-
tions. Therefore, in this study, we attempted to optimize the
adaptive performance of our model in the context of cellular
diversity arising due to culture processes. In contrast to patient
diversity, such culture process—derived diversity may expand
during the cell production process, and may therefore require
daily monitoring with non-invasive methods. Our results showed
that even an extraordinarily diverse group of samples could be
modeled feasibly using only morphological features. In addition,
because our model performance is a summary of detailed cross-
validation results combined with our ongoing patient scenario, we
believe that our results provide a reliable performance benchmark
reflecting robustness.

Throughout this work, we have successfully demonstrated
models for predicting multiple future qualities of hBMSCs. Such
models address an urgent need on the part of facilities that provide
cell-based therapies. With similar objectives, Moghe’s group and
Gantenbein-Ritter’s group have reported encouraging studies that
reveal the effectiveness of multidimensional morphological pa-
rameter modeling in the evaluation of stem cell differentiation
potentials [11-13]. However, in spite of the effectiveness of these

April 2014 | Volume 9 | Issue 4 | 93952

— 219 —



strategies, such quantitative and bioinformatic technologies are
still not fully utilized in clinical cell therapies. To advance image-
based cellular evaluation technologies as a reliable supportive
option in regenerative medicine, it will be necessary to perform
more studies that connect computational technology with stem cell
biology. We belicve our morphology-based modeling approach
will contribute to new technological developments in regenerative
medicine, It has been known that cell shape takes a part in the
regulation of biological processes, such as proliferation and
differentiation [27,38--40]. Although our main focus was to utilize
such morphological information as “a signature of biological
reflection” instead of investigating its meaning, our gene
expression analysis and LASSO model interpretation have
revealed the involvement of previously known cell shape-regula-
tory proteins, such as RHO-related proteins [27]. Therefore, we
believe that our morphology-based modeling approach will
contribute not only to the new technological developments in
regenerative medicine, but also for deeper understanding of
morphology effect in stem cell biology.

Materials and Methods

Cells and cell culture

Three lots of hBMSCs were purchased from Lonza (Walkers-
ville, MD, USA): Lot A (lot number 8F3211, Black, Male, 18 year-
old), Lot B (lot number 8F3434, Caucasian, Male, 22-year-old),
and Lot C (lot number 8F3560, Hispanic, Female, 24-year-old).
All cultures were maintained in MSCGM (Lonza) supplemented
with BulletKit (Lonza), and sub-culture was performed with
0.025% trypsin solution (Life Technologies, Inc., Carlsbad, CA,
USA). To expand the cell populations, each lot was continuously
sub-cultured at 7-21-day intervals until the termination of cell
growth. Passage timing was controlled by confluency. Specifically,
passage was performed when confluency exceeded 80%, and we
obeyed the supplier-recommended cell seeding density for
Poietics™ human mesenchymal stem cells (Lonza). From all cell
variants, P2-P9 samples were used. At each passage, cells were
divided into three groups: passage sample (SEED group), pre-
differentiation sample (PRE group), and differentiation sample
(DIFF group). Sample I was subjected to an image-acquisition
step. Sample R was subjected to RNA extraction for gene-
expression profiling. The PRE groups represent the intact
differentiation potentials of each hBMSC sample before the
subsequent long-term differentiation process. The DIFF group was
subdivided into three differentiation samples: Sample O for
osteogenic differentiation, sample A for adipogenic differentiation,
and sample C for chondrogenic differentiation. All differentiation
cultures followed the protocol for Poietics Human Mesenchymal
Stem Cells (Lonza). Briefly, samples were differentiated for 2 weeks
(sample O), 3 weeks (sample A), or 4 weeks (sample C). See also
Fig. 1 for the experimental scheme.

Image acquisition

For sample I, 10x magnification images at the exactly same
positions (five fields at the center and four neighboring images
separated by vertical displacements of 2.2 mm) were obtained
every 24 hours for 4 days by phase-contrast microscopy on an X71
instrument regulated by an electric x-y stage (Olympus, Tokyo,
Japan) (Fig. 1). The image data were gray-scale, 8-bit, 1360 x1024
TIFF format. Focusing was semi-automatically defined by the
original regulation journal run by MetaMorph (Molecular
Devices, Sunnyvale, CA, USA). In total, 1,920 images (=5 view
fields x4 replicates of wells X3 lots X4 time points X8 passages) were
stored in the image database.
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Image processing

All phase-contrast microscopic images were processed using
MetaMorph (Molecular device) with an original combination of
image-processing filter sets (Figure S2 and Table S3) to measure
morphological features of cells. In the binarization process, a single
universal threshold was applied to all images. The universal
threshold was defined as the threshold that provided the minimum
error  between manually determined cell number and the
recognized total object counts (obtained using that threshold)
among 30 images picked randomly from all lots and time points.
Alter binarization, all individual objects in each image, consisting
of cells and noise (non-cell objects), were measured using the
integrated morphometry analysis function to measure nine
morphological features: (1) breadth, (2) elliptical form factor, (3)
fiber breadth, (4) fiber length, (5) hole area, (6) inner radius, (7)
relative hole area, (8) shape factor, and (9) total area (detailed in
Figure S3). In addition to morphological features, cellular object
counts were added as the tenth feature. The morphological
features were carefully selected in the MetaMorph measurement
settings by clustering analysis, in order to eliminate problems
arising from multi-colinearity. From this data, which consisted of
object IDs and the corresponding morphological features, the
noise (non-cell objects) was then removed by a noise-reduction
algorithm developed in-house before subsequent analysis. The
object morphological data obtained from cach PRE sample
summarized nearly 20 images consisting of 2,000-5,000 cellular
objects. The morphological feature information representing these
groups of objects was characterized by various statistical values,
including average (AVE), quantile points (10, 25, 50, 75, and
90%), median (MED), interqurtile range (INT), robust skewness
(SKEW), and robust kurtosis (KURT) (see detail in Fig. 5). Such
statistics related to morphological values were obtained from four
time points (24, 48, 72, and 96 hours). Six patterns of morpho-
logical feature sets (M-patterns 1-6) were designed to examine
their effects on predictive performance (Fig. 5). M-pattern 1 (non-
continuous average information), 40 features: AVE of nine
morphology features at all four time points. M-pattern 2 (non-
continuous quantile information), 184 features: five quantile points
of nine morphology features at all four time points. M-pattern 3
(short continuous quantile information), 138 features: ratio of five
quantile points of nine morphological features within three
intervals between four time points. M-pattern 4 (non-continuous
distribution pattern), 148 features: MED, INT, SKEW and
KURT of nine morphological features at all four time points.
M-pattern 5 (long continuous quantile information), 46 features:
ratio of five quantile points of nine morphological features within
one interval between O h and 96 h. M-pattern 6 (short non-
continuous quantile information), 46 features: five quantile points
of nine morphological features at 24 h only.

Quantitation of osteogenic differentiation rate

Calcium accumulation of differentiated samples was determined
by Alizarin red staining [24] with some modifications. Cells were
fixed with 70% ethanol for 1 hour, washed, and stained for
10 min with 40 mM alizarin red S solution (pH: 4.2). The
quantitation of staining results was summarized by image-based
measurements of the red pixels from 18 images (3 view fields x6
replicate wells, 1600 %1200, color, RGB, jpg file) collected using a
DP21 CCD camera (Olympus). The color image measurements
were processed using MetaMorph (Molecular Devices) to extract

‘the red pixels. The count of red pixels was taken as the quantitated

value of the osteogenic differentiation rate.
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Quantitation of adipogenic differentiation rate

Samples subjected to adipogenic differentiation were stained
with Oil red S [23]. Briefly, cells were fixed with 4%
paraformaldehyde (PFA) for 1| hour, washed, and stained for
30 min with Oil red S solution. The quantitation of staining results
was summarized by image-based measurements of the area of
stained droplets from 18 images (3 view fieldsx6 replicate wells,
1600 %1200, color, RGB, jpg file) using a DP21 CCD camera. The
stained lipid droplets were identified using MetaMorph (Molecular
Devices), and their total pixel area was taken as the quantitated
value of the adipogenic differentiation rate.

Quantitation of chondrogenic differentiation rate

Pellet samples differentiated into chondrocytes cultured under
the chondrogenic differentiation condition were stained with
Alcian blue [41]. Briefly, cells were fixed with 4% PFA for 1 hour,
embedded in paraffin, and sliced into 20-pm sections. All sliced
tissue samples were stained on the same day according to a
conventional Alcian blue protocol. The quantitation of chondro-
genic differentiation rate was obtained from image-based mea-
surements of 1 image (1600x1200, color, jpg file) collected using a
DP21 CCD camera. The area of Alcian blue staining was
identified using MetaMorph (Molecular Device), and the total
number of pixels was measured. To control for pellet size, the
number of pixels staining positive for Alcian blue were normalized
against the total pellet size (in pixels), and the resultant value was
taken as the quantitated value of the chondrogenic differentiation
rate.

Quantitation of population doubling time (PDT)

At each passage, the total cell number was counted to obtain the
PDT [42].

Gene expression measurement

Total RNA was extracted using the RNAprotect Cell Reagent
(Qiagen, Hilden, Germany) from sample R at confluence. RNA
samples from P2-P9 were applied to the custom designed gene
chip GenoPerl (Mitsubishi Rayon, Kyoto, Japan) (gene list in
Table S2). The gene chip assay and analysis were carried out
according to the manufacturer’s protocols, and the data was used
for prediction modeling. For global gene-expression analysis,
expression levels of all genes were scaled by standard normaliza-
tion between arrays and genes. The clustering heat map was
created by Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/
software/cluster/software.htm#ctv) and Java Tree View (http://
jtreeview.sourceforge.net) with some modifications.

Prediction model construction

The LASSO regression model was selected for modeling the
relationships between morphological features and experimentally
determined differentiation potentials. The detailed modeling
process was previously described [17]. Briefly, the LASSO
regression model is a penalized regression model that is widely
used in the statistics and machine-learning literatures [43]. By
using LASSO, one can find the linear combination of input
features that best predict the teaching signal. LASSO tends to
induce a sparse linear model, i.e., it can also select a set of input
features that are useful for predictive purposes. The entire LASSO
model-building process is automatic, including the model-selection
process using leave-one-out cross-validation, and the relationships
between morphological features and experimentally determined
values can be represented as a simple and robust linear model. For
model training, a total of 24 samples (P2-P9 in all three lots) were
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used as the dataset. For input features, six patterns of morpho-
logical features (M-patterns 1-6) were assigned as non-invasively
obtained information for cell-quality prediction. For teaching
signal information, four types of experimentally determined
differentiation potentials were used to train models: Potential I,
osteogenic differentiation potential (Osteo), osteogenic differenti-
ation rate determined by Alizarin red; potential II, adipogenic
differentiation potential (Adipo), adipogenic differentiation rate
determined by Oil red staining; potential III, chondrogenic
differentiation potential (Chondro), chondrogenic differentiation
rate determined by Alcian blue staining; and potential IV,
population doubling time (PDT)[42] from the growth rate over
continuous passages. For the relative comparison of prediction
performance, a NULL prediction model (NULL model) was
constructed. The NULL model is defined as the prediction model
that sets the average value of all experimentally determined values
as the threshold. This imitates the case of a poor prediction, and is
easily established in practical experiments. Simply put, the NULL
model is a negative-control model, similar to a random-guessing
model restricted to one threshold value. Furthermore, gene-
expression data were also assigned in the prediction model, as
rivals of morphology-based cell-quality prediction models. From
the custom microarray measurements, 69 gene-expression profiles
were used as additional input features in the prediction modeling.
Two types of prediction models were constructed: expression data
for 69 genes in combination with the M-pattern 1 feature set, and
the other was the expression data for 69 genes without
morphological features. In total, 36 prediction models (9 types of
input feature sets x4 types of differentiation potential predictions
[3 lineages and population doubling time]) were constructed
(Fig. 5).

Supporting Information

Figure 81 Conceptual illustration of usage and techno-
logical achievements of label-free morphology-based
prediction of multiple differentiation potentials. A user
can obtain three advantageous profits from our investigated
method; (1) An early prediction, even from the images from the
undifferentiation period to predict the final result after differen-
tiation. Such prediction timing is designed to be fastened in this
work, by the examination of the effect of early and sparse cellular
images for future prediction. (2) An effective morphological feature
conversion method, which can maximize the objective prediction
of certain potential. Such morphological feature conversion
method is comprehensively examined in this work, to reflect the
meaning of heterogeneous nature of cells and their time-course
changes by various ideas of morphological feature calculations. (3)
A multiple simultaneous prediction for same image. In our
method, four types of potential prediction model are constructed,
and provide results at the same time for one image. Such
paralleled prediction concept enables “overlapping” multiple
evaluations of cells with non-invasive manner.

(TIF)

Figure S2 Schematic procedure of image processing
and data processing. (A) The procedure listed as Filter 14 in
Table S3 is illustrated. (B) The procedure listed as Filer 5-6 in
Table S3 is illustrated. Especially, the illustration describes the
detail of cell measurement and their data processing scheme
followed by Filter 6 processing. As shown in the figure, all cells in
the images are measured as data consist of “group of cells”, and
their distribution is used to calculate statistic values to describe
such “group of cells”. Through the process, ells are measured
individually by morphological indices; however our final morpho-
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logical features reflect the information of “group of cells”. In other
words, our morphological features contain the information of
“heterogencity” of “group of cells”, which strengthen our
prediction model.

(TIF)

Figure S3 Detailed definition of the basic nine morpho-
logical features used for cell measurements. Formulas and
schematic illustration of morphological features are presented in
detail. The nine features are carefully sclected to represent
independent information, with the aspect of low-correlating
parameters, for stabilizing prediction models which utilize
morphological features from label-free phase contrast images.
(TIF)

Figure S4 Low-magnification images of cells in
Figure 2A. The low-magnification images provides overall image
of cellular morphological profile and its distribution.

Y

Table S1 Dataset profile used for prediction model
construction.

(XLSX)

Table S2 Gene list in custom designed gene chip
microarray.

(XLSX)

Table $3 Image processing scheme.
(XLSX)
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‘ Abstract

proliferation of hMSCs.

Background: Human mesenchymal stem cells (hMSCs) hold promise for use in cell-based therapies and tissue
engineering. Although hMSCs are thought to be stable ex vivo, itis possible that they undergo an undesirable transformation
to a phenotype of unlimited proliferation during ex vivo. In this study, we searched for the factor required for unlimited

Methods: Changes in gene expression were evaluated between hMSCs and Ewing’s sarcoma cell lines, which may
be derived from hMSCs, using GeneChip Human Genome U133 plus 2.0 Array. A gene up-regulated by at ieast 10-fold in
Ewing's sarcoma cell lines, Cyclin D2, was overexpressed in hMSCs by a lentiviral vector.

Results: Overexpression of Cyclin D2 in hMSCs altered cell morphology and promoted cell proliferation. Expression
| of transforming growth factor-B2 (TGF-B2), which induces senescence in hMSCs, was down-regulated in Cyclin D2- |
overexpressing hMSCs. Furthermore, Gene Ontology analysis revealed that Cyclin D2 overexpression activated |
expression of genes associated with proliferation and interphase. i

Conclusions: Cyclin D2 promotes hMSC proliferation and is a candidate biomaker for hMSC transformation.

Keywords: hMSCs; Ewing’s sarcoma; Cyclin D2; Cell proliferation

Introduction

Mesenchymal stem cells (MSCs) self-replicate and differentiate into
a variety of cell types such as osteoblasts, chondrocytes, adipocytes, and
smooth muscle cells [1-5]. These capacities have made MSCs useful in
studies of bone and cartilage regeneration [6-8]. One of the sources of
human MSCs (hMSCs) is adult bone marrow, although they occur at
a rate of one per one-hundred-thousand nucleated cells [6], and the
available volume of bone marrow is limited. To secure the numbers
of hMSCs required for tissue regeneration, the cell must be expanded
ex vivo. Although hMSCs are stable ex vivo, it is possible that they
undergo transformation to an unlimited proliferation phenotype
during expansion.

Previous studies have demonstrated that Ewing’s sarcoma is
derived from MSCs [9-12]. Ewing’s sarcoma is a malignancy that
primarily affects children and young adults, with a peak incidence
between the ages of 14 and 20 years. It arises mainly in bone and
less commonly in soft tissues. The t(11;22)(q24;q12) chromosomal
translocation generating EWS-FLI-1 fusion gene is found in 85% of
cases [13]. EWS-FLI-1 knockdown inhibits cell proliferation in Ewing’s
sarcoma cells [14,15]. Thus, EWS-FLI-1 expression is believed to play
a key role in Ewing’s sarcoma development. However, EWS-FLI-1
expression does not transform normal murine and human fibroblasts
[16,17], suggesting EWS-FLI-1 promotes malignant transformation in
selective cells.

Several reports have demonstrated that EWS-FLI-1 expression
transforms murine MSCs; indeed, tumors form when these cells
are injected into immunodeficient mice [9,12]. In contrast, EWS-
FLI-1 expression in hMSCs does not accelerate cell proliferation and
transformation (10). EWS-FLI-1 expression in hMSCs induces a
gene expression profile that closely mimics that of Ewing’s sarcoma
[9-11] without affecting proliferation. Therefore, MSCs are thought
to be the origin of Ewing’s sarcoma, but because EWS-FLI-1 alone
cannot transform hMSCs, we believe other factors are required for
transformation.

The most important safety concern when using hMSCs in cell-

based therapies and tissue engineering is the occurrence of unlimited
proliferation during ex vivo culture. To identify the factors required
for unlimited hMSC proliferation, we compared the gene expression
profiles of hMSCs and Ewing’s sarcoma cell lines and found that
Cyclin D2 expression was extremely high in the Ewing’s sarcoma
cell lines. Overexpression of Cyclin D2 promotes proliferation of
hMSCs, suggesting that Cyclin D2 is a candidate biomaker for h(MSC
transformation.

Materials and Methods
Cell culture

hMSCs derived from bone marrow were purchased from Lonza
(Walkersville, MD) and cultured in MSCGM BulletKit, a mesenchymal
stem cell basal medium with mesenchymal cell growth supplement,
L-glutamine, and gentamycin/amphotericin-B (Lonza Walkersville,
MD). Ewing’s sarcoma cell lines (Hs 822.T, Hs 863.T, RD-ES, and
SK-ES-1) were purchased from American Type Culture Collection
(ATCC; Manassas, VA). Hs 822.T and Hs 863.T were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM; Gibco) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Intergene). RD-
ES was cultured in RPMI-1640 medium (Gibco) supplemented with
10% FBS. SK-ES-1 was cultured in McCoy’s 5a medium modified
(Gibco) supplemented with 15% FBS. 293T (human kidney; ATCC)
was cultured in DMEM supplemented with 10% FBS.
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Microarray analysis

Total RNA was extracted from hMSCs and Ewing’s sarcoma cell
lines with the RNeasy Mini Kit (QIAGEN, Valencia, CA). Total RNA
quantity and quality were assessed on an Agilent 2100 Bio-analyzer
(Agilent, Santa Clara, CA); 100 ng total RNA was used to generate
biotin-modified amplified RNA (aRNA) with GeneChip 3'IVT Express
Kit (Affymetrix, Santa Clara, CA). Reverse transcription (RT) of first-
strand complementary DNA (cDNA) with the T7 promoter sequence
was performed with the T7 oligi(dT) primer. Second-strand ¢cDNA
synthesis was used to convert the single-stranded cDNA into a double-
stranded DNA template by using DNA polymerase and RNase H to
simultaneously degrade the RNA and synthesize second-strand cDNA.
In vitro transcription of biotin-modified aRNA with IVT Labeling
Master Mix generated multiple copies of biotin-modified aRNA from
the double-stranded cDNA templates. The aRNA was purified and
quantified; after fragmentation, it was hybridized to GeneChip Human
Genome U133 Plus 2.0 Array (Affymetrix). The arrays were stained
with phycoerythrin and washed at the GeneChip Fluidics station 450
(Affymetrix). The microarrays were scanned and data extracted using
GeneChip scanner 3000 7G (Affymetrix); image analysis was performed
using the Affymetrix GeneChip Command Console Software and
digitized with the Affymetrix Expression Console.

Data processing and pathway analysis

Data analysis was performed with GeneSpring GX 11.0 software
(Agilent Technologies, Santa Clara, CA). Raw data were normalized
to the 50™ percentile per chip and the median per gene. Differentially
expressed genes were analyzed using Ingenuity Pathway Analysis (IPA)
9.0 (Ingenuity Systems, Redwood City, CA). Fisher’s exact test was used
to calculate a P-value. Activation z-score was calculated as a measure
of functional and translational activation in Networks and Upstream
regulators analysis. An absolute z-score >2 was considered significant.

Real-time RT-PCR

Total RNA was reverse-transcribed with SuperScript III First-
Strand Synthesis System for RT-PCR (Life Technologies Co., Carls-
bad, CA). Real-time RT-PCR was performed with LightCycler Fast
Start DNA Master SYBR Green I (Roche Applied Science, Basel, Swit-
zerland) in a Roche LightCycler instrument (software version 4.0).
mRNA expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The primers for Cyclin D2 and pl6 were
5"-TACTTCAAGTGCGTGCAGAAGGAC-3" and 5'-TCCCA-
CACTTCCAGTTGCGATCAT-3" (Cyclin D2) and 5'-CACTCAC-
GCCCTAAGC-3" and 5'-GCAGTGTGACTCAAGAGAA-3" (pl16).
The primers for transforming growth factor-$2 (TGF-p2) and GAPDH
were from Light Cycler Primer Sets (Search LC GmbH, Heidelberg,
Germany).

Cloning and expression of Cyclin D2

Cyclin D2 ¢cDNA was amplified by RT-PCR of mRNA extracted
from SK-ES-1 using 5'-GAATTCGCCACCATGGAGCTGCTGT-
GCCACGAGG-3" (forward; EcoR I site underlined) and 5'-CTC-
GAGTCACAGGTCGATATCCCGCACG-3’ (reverse; Xho I site un-
derlined). The amplified products were cloned into pTA2 (ToYoBo,
Osaka, Japan) and verified by sequencing. The verified Cyclin D2
¢DNA was cloned into the EcoR I and Xho 1 sites of pLVSIN-CMV
Pur (TaKaRa, Shiga, Japan). Lentiviral vector was prepared with the
Lenti-XTM Packaging System (TaKaRa) according to manufacturer
protocols.

Viral infection

hMSCs were infected with the lentiviral vector containing Cyclin
D2 (hMSCs/CyclinD2) or empty vector (hMSCs/Empty) at 37°C for
24 h. Infected cells were selected with 1 pg/mL puromycin for 14 days
and the bulk of the resistant cells was used in subsequent experiments.

Western blotting

hMSCs/CyclinD2 and hMSCs/Empty were lysed in RIPA
buffer (Wako, Osaka, Japan). Cyclin D2 was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a membrane (Immunobilon-P5% Millipore, Billerica,
MA). Blots were blocked and probed overnight at 4°C with a mouse
monoclonal antibody against Cyclin D2 (MBL, Nagoya, Japan). Blots
were incubated with peroxidase-conjugated anti-mouse IgG (Abcam)
and bound antibodies were visualized with Chemi-Lumi One Super
Chemiluminescence (Nacalai Tesque, Kyoto, Japan).

Cell proliferation

Proliferation of hMSCs/CyclinD2 and hMSCs/Empty was
measured with the TetraColor ONE reagent (Seikagaku Co., Tokyo,
Japan). Cultures were incubated for 2 h in medium containing the
reagent. Absorbance was read at 450 nm (reference at 600 nm) on a
plate reader (SH-9000, Corona Electric Co., Ibaraki, Japan).

Results

Cyclin D2 expression in Ewing’s sarcoma cell lines versus
hMSCs

To identify the factors required for proliferation of hMSCs, we
compared the gene expression profiles of hMSCs and four Ewing’s
sarcoma cell lines (Hs 822.T, Hs 863.T, RD-ES, and SK-ES-1)
(Figure 1a). Hs 822.T and Hs 863.T had similar expression profiles,
as did RD-ES and SK-ES-1. The expression profiles of Hs 822.T
and Hs 863.T were more similar to those of hMSCs than to those
of the other Ewing’s sarcoma (RD-ES and SK-ES-1). Therefore, we
first compared the expression profiles of hMSCs, Hs 822.T, and Hs
863.T. We identified 44 genes that differed by at least 10-fold between
hMSCs and Ewing’s sarcoma cell lines (data not shown). These were
narrowed to 9 genes by selecting genes that also differed from hMSCs
by more than 10-fold in RD-ES and SK-ES-1 (Table 1). CCND2
(Cyclin D2) stood out in this group of 9 genes, because it represents
a family of key cell-cycle regulators. Indeed, aberrant expression of

a8 Ex kA

Figure 1a: Expression of Cyclin D2 was higher in Ewing’s sarcoma cell
lines than in hMSCs. Global gene expression was measured in hMSCs
and Ewing's sarcoma cell lines. The whole-genome expression pattern is
displayed in hierarchical cluster format. The color key shown at the bottom
is in Log, scale.
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Figure 1b: Expression of Cyclin D2 was higher in Ewing's sarcoma cell lines

than in hMSCs. Cyclin D2 expression in hMSCs and Ewing’s sarcoma cell

lines was determined by real-time RT-PCR with values normalized to GAPDH.
Results are plotted relative to hMSCs. Data from triplicate samples (means %
SD) are shown.
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Figure 2a: Over expression of Cyclin D2 promoted hMSC proliferation. At
14 days after infection when puromycin selection was completed, Cyclin D2
mRNA in hMSCs/CyclinD2 and hMSCs/Empty was determined by real-time
RT-PCR and normalized to GAPDH. Results are plotted relative to hMSCs/
Empty.
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Figure 2b: Overexpression of Cyclin D2 promoted hMSC proliferation. Cyclin
D2 protein expression was visualized by western blotting at the indicated
© days after infection. Equal amounts of protein were loaded in each lane.

Cyclin D2 has been associated with tumor progression in many tumor
types [18-21]). We measured Cyclin D2 mRNA expression in hMSCs
and Ewing’s sarcoma cell lines by real-time PCR and confirmed its
extreme induction in Ewing’s sarcoma (Figure 1b). Hs 822.T and Hs
863.T exhibited similar Cyclin D2 expression levels; expression was
higher in RD-ES and SK-ES-1.

Overexpression of Cyclin D2 promoted hMSC proliferation

We transduced the Cyclin D2 gene into hMSCs by using a lentiviral
vector; an empty vector served as a negative control. At 14 days after
infection when puromycin selection was completed, Cyclin D2 mRNA
expression in hMSCs infected with lentiviral vector containing Cyclin
D2 (hMSCs/CyclinD2) was about 10,000-fold higher than in hMSCs
infected with empty vector (hMSCs/Empty) (Figure 2a). Cyclin D2 was
stably expressed in hMSCs at least 56 days after infection (Figure 2b).
Next, we observed the cell morphology of the hMSCs/CyclinD2. Phase
contrast microscopy revealed the normal fibroblast-like morphology
of hMSCs/Empty (Figure 2c) and smaller spread areas in hMSCs/
CyclinD2 (Figures 2¢ and 2d). Furthermore, proliferation of hMSCs/
CyclinD2 was faster than that of hMSCs/Empty, indicating that
overexpression of Cyclin D2 promoted hMSC proliferation. However,
the proliferation slowed over time and did not result in unlimited
proliferation (data not shown).

TGF-B2 expression was down-regulated in hMSCs/CyclinD2,
but p16 expression was not

To investigate the effects of overexpression of Cyclin D2 on the cell
cycle, we examined the change in cell cycle-associated gene expression
over time (p16, p21, Bmil, TGF-$1, and TGF-PB2). We did not detect
significant differences in expression of p21, Bmil, and TGF-B1 between
hMSCs/CyclinD2 and hMSCs/Empty (data not shown). However,
TGF-f2 expression was lower in hMSCs/CyclinD2 than in hMSCs/
Empty (Figure 3a). In addition, the increase in TGF-P2 expression
during culture was suppressed in hMSCs/CyclinD2 compared with
hMSCs/Empty. In contrast, the increasing rate of plé expression
in hMSCs/CyclinD2 was higher than in hMSCs/Empty, although
expression in both cell types was comparable 14 days after infection
(Figure 3b).

Overexpression of Cyclin D2 altered the expression of genes
associated with cell proliferation and interphase

Total RNA was extracted from hMSCs/CyclinD2 and hMSCs/
Empty 14 days after infection and analyzed by DNA microarray,
which identified 690 genes that were differentially expressed
by at least 2-fold between hMSCs/CyclinD2 and hMSCs/Empty

; Fold Change
Gene Symbol Entrez Gene Name -

Hs822.1 Hs863T | RD-ES SK-ES-1

BIEND5 ~ BEN domain containing 5 -16.720 -14.819 27.302 26.690
CCND2 Cyclin D2 38.078 37.702 67.745 . 247.690
FBLN1 Fibulin1 -18.992 -24.363 ) -36.755 -198.523
HAPLN 1 Hyaluronan and and proteo glycan link protein 1 -22.460 ‘ -11.738 -26.674 -110.084
1GF2BP1 Insulin-Re growth factor 2 mRNA binding protein 1 ; 22.847 i 22.358 288.588 207.475
SLC24A3 Solute carrier may 24 (sodium/potassium calcum éxéhanger), member 3 38.867 75.637 324.331 173.842
SSTR1 -Somatostain receptor 1 : 79.594 14.840 22.406 28.783
'STEAP4 ~ STEAP family memberd | 24490 18837 | -21.747 -33.153
‘TMEFF2 ‘Transmembrane protein with EGF-like and two follistatin-ike domain2 37.577 10.463 34.418 197.834

Table 1: Expression of Cyclin D2 was higher in Ewing's sarcoma cell lines than in hMSCs. The nine genes differentially expressed by at least 10-fold between hMSCs and

the four Ewing’s sarcoma cell lines.
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Figure 2c: Overexpression of Cyclin D2 promoted hMSC proliferation.
At 14 days after infection, cells were observed by phase contrast
microscopy.
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Figure 2d: Overexpression of Cyclin D2 promoted hMSC proliferation.

Fifteen random hMSCs/Empty and hMSCs/CyclinD2 cells were measured
 with Image J 1.43t software (NIH, USA). Values were plotted relative to the
- averaged area of hMSCs/Empty.
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Figure 2e: Overexpression of Cyclin D2 promoted hMSC proliferation. At 14
days after infection, equal numbers of cells were seeded in 24-well plates
and proliferation was determined with Tetra Color One 1, 6, and 12 days
after seeding. The optical density (Cyclin D2/Empty) of triplicate samples
is shown.
(Figure 4a). Gene ontology (GO) analysis revealed these genes are
associated with movement, development, growth and proliferation,
cell cycle, and intercellular signaling and interactions (Table 2).
Specific predictions indicated that proliferation and interphase
are activated in hMSCs/CyclinD2. The induced genes that are
associated with proliferation and interphase are listed in tables 3
and 4; in summary, 94 of 186 genes and 19 of 50 genes exhibited
expression shifts consistent with increased in proliferation and
interphase, respectively.

Discussion

Although EWS-FLI-1 expression transformed murine MSCs,
expression in hMSCs did not promote cell proliferation. In this study,
we found that Cyclin D2 expression was extremely high in the Ewing’s
sarcoma cell lines and overexpression of Cyclin D2 in hMSCs promoted
cell proliferation. GO analysis also predicted that cell proliferation and
interphase were activated by overexpression of Cyclin D2.

Cyclin D2 is a member of the family of D-type cyclins that
mediate cell cycle regulation, differentiation, and oncogenic
transformation [22,23]. D-type cyclins inactivate retinoblastoma (Rb)
by phosphorylation, inducing release of E2F. Free E2F activates genes
involved in the activation and maintenance of DNA synthesis. Thus,
overexpression of Cyclin D2 generally has growth-promoting effects.
Consistent with this notion, overexpression of Cyclin D2 in Hela
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Figure 3a.TGF-32 expression over time. TGF-32 mRNA expression was
determined by real-time RT-PCR at 14, 28, and 42 days after infection.

. Results are plotted relative to hMSCs/Empty at 14 days after infection. A
representative of three independent experiments is shown
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Figure 3b. p16 expression over time. p16 mRNA expression was
determined by real-time RT-PCR at 14, 28, and 42 days after infection.
Results are plotted relative to h(MSCs/Empty at 14 days after infection. A
representative of three independent experiments is shown.
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Figure 4a. Global gene expression in hMSCs/CyclinD2. Global gene
expression patterns were compared in hMSCs/CyclinD2 and hMSCs/
Empty. Genes differentially expressed by at least 2-fold are shown (690
genes). The color key shown at the bottom is in Log, scale

J Bone Marrow Res
ISSN: 2329-8820 BMRJ, an open access journal

Volume 2 - Issue 1+ 1000136

— 227 —



Citation: Kono K, Niimi S, Sawada R (2013) Cyclin D2 Promotes the Proliferation of Human Mesenchymal Stem Cells. J Bone Marrow Res 2: 136.
doi: 10.4172/2328-8820.1000136

Page 5 of 8
" fop 5functional category ~~ Functionannotaton ~ pValue  Activation z-score
cell movement of prostate cancer | 7. 94Ek 06 / k '04918 o
Cellular Movement : miygrétikekn of broététe cancer cells 1. 54E 05 ) ' 1.339 )
~ recuitment of cells  BSTE05 1.55 28
prohf@rauon of lumor cel! lines 9.04E-06 115 92
prohferat&on of cancer cells o k1 96E-05 k 1.302 a 30
CellularDeveiopment . v o : e - [ U SO
dlfferentlataon of connective tissues 4 35E—05 -0. 379 41
proliferation of tumor cells | 461E05 1036 - A
) proltferatton oftumor cell hnes 9. 04E 06 - 1 15 - 92
o proliferation of cancer cells " 1.96E-05 - 1302 a0
proliferation of tumor cells 4. 61E 05 1.036
prohferatlon of cells 9. 27E 05 e 3 142 '
. CeIlecle B R S unterphase B e | . 219
Cell ToCelI Stgnalmg and lnteract}on recm(tment !eukoéykes ) 7. 13E-05k ‘ k ) 1 159' -

Table 2: Global gene expression in hMSCs/CycImDZ Gene ontology (GO) analys‘s of the 690 genes was perforrned wnth Ingenuity Pathway Analysis (IPA) 9. 0 Top five
functional categories and the specified categories are listed. An absolute z-score >2 was considered as significant.

D sin  Fold  Prediction Genesin  Fold L. : o _Prediction
dataset Change (basedon | . dataset Change (based on D - Genes in Fold ; (based on
ex'pression 7 expression dataset | Change Ex.pres‘smn
direction) J ¢ direction)
| 209292 at D4 3609 Increased 201195_s at  SLC7A5 2083 direction) 203083_at  THBS2 =~ 2096  Decreased
| 206271_at  TLR3 2023 Increased 222749 at  SUFU | 3251  Increased 203468 at  CDK10 2228  Decreased
203373_at  SOCS2 3513  Increased 204508_s at  CA12  3.237  Increased 1552721 aat FGF1 2054  Decreased
2066495 at TFE3 2069  Increased 203764 at  DLGAPS 2188  Increased  204052_s_at  SFRP4  2.249 Decreased
201202 at  TOP2A = 2434  ERAP1 5288  Increased  205548_s at  BTG3 2073  Decreased
204766_s_at NUDT1 =~ 2158 Increased  204614_at SERPINB2 = -2.048  Increased 242989 at  STRN 2145 Decreased
209321 s at ADCY3 = 2320 Increased  201416_at  SOX4 311  Increased 213905 x at  BGN 209  Decreased
206693 _at  IL7 2399  Increased 214581 _x_at TNFRSF21 2049  Increased  228780_at ~ POU3F3  -2721  Decreased
205345 at  BARD1 2029 Increased  223570_at  MCM10  2.545 Increased 205016_at TGFA  -3032  Decreased
226377_at | NFIC 2026 Increased 219743 at  HEY2 213 Increased  1569791_at  STK4 2396 Decreased
212148 at  PBX! 2514 Increased 209970 x_at  CASP1 3111  Increased 216008 s at  ARIH2 2331  Decreased |
202213_s at CUL4B 2093 Increased 2026845 at  RNMT 2503 Increased 221577 x at  GDF15 2143 | Decreased
224954 at  SHMT1 = 2.105 Increased 242079 at  IRS1 2320  Increased 202153 s at  NUPE2 2009 Decreased
209960_at HGF 2732 Increased . 225141_at = NFATC3 | 2553 | Increased 202556_s_at = MCRS1 | 2165 . Decreased
217371 at IL15W | 2.953' Incr ‘ 218030 _at GIT1 . 3.032 Increased 203395 s_.at HES1 = 2898 Decreased
205887 x_at. MSH3 21 Inc 218750_at | TAFID | 2304  Increased | 203184 _at FBN2 = 2.145 Decreased
1568865 at FNTB = 2566  Increased 201795 at LBR 2383  lIncreased 203904 x at  CD82 2382  Decreased
208296 x_at TNFAIP8 2118  Increased 210045 at  IDH2 | 2018 Increased | 206558 at  SIM2 2745 | Decreased
226534 at  KITLG ~ 222 Increased 15532\10—3— KIAA1524 | 2457  Increased 203665 at ~ HMOX1 2358  Decreased
214981_at = POSTN  2.095  Increased : 209160_at . AKR1C3 | 2281  Increased | 203543_s at  KLF9 2577  Decreased
206026;s_at TNFAIPE 2008 Increased | 232424 at =~ PRDM16 2.334 Increased 1557729_at GRKS o 2.098 Decreased
2101355 at SHOX2 2194  Increased C>'o--  FAM188A 2494  Increased 236028 at IBSP 3450 Decreased
204457 S_ at.  GAS1 21'34 Increased f217494_s_atf PTENP1 -2.849 Increased 221539_at EIF4EBP1 2‘487 Decreased
221884_at MECOM = 2004  Increased 216205_s_at  MFN2 234 Increased = 202430 s at = PLSCR1 = 2324  Decreased
209919 x_at GGT1 = 263  increased . 200644 at MARCKSL1 = 3.121 | Increased 204054 at =~ PTEN 2145  Decreased
229468 _at CDK3 2022 Increased  217991_x_at.  SSBP3 3.21 Increased 209617_s at | CTNND2 = -2.01 Decreased
1663182_at ACVRIC 2241 Increased 211653 x_at S0 2791  Increased  231697_s.at  VMP1 2741  Decreased
227404 s_at. EGR1 ~ 2543  Increased 228302 x_at CAMK2N1 = -33 Increased 210143 at ~ ANXA10 2124  Decreased
210933 s at FSCN1 2227 Increased  234040_at  HELLS 2476 Increased 206233 at  B4GALT6  -2767  Decreased
205357_s at AGTR1 = 2987 Increased 218413_s at ZNF639 2019 Increased 209705_at MTF2 2504  Decreased
209925 _at OCLN -2. 024 Increased @ 242907_at GBP2 2.488 Increased 209802_at = PHLDAZ | 217 Decreased
205732_é_at NCOA2 2.484 Increased © 219377_at | GAREM 2.237 Increased 219685_at TMEM35 -2.404 . Decreased
215404_x_at, FGFR1 = 2421  Increased 212865_s_at: COL14A1 2516 Increased  219047_s at  ZNF668 2244  Decreased
235521_at HOXA3 = 205 Increased  203572_s_at TAF6 C 279 Decreased 64474 _g_at =~ DGCR8 2201 Decreased
218807_at  VAV3 . 2555 Increased = 232231 _at  RUNX2 212 | Decreased 205159_at  CSF2RB = -4605  Decreased
202202_s_at. LAMA4 3.771 Increased  202931_x_at BIN1 2.056 Decreased 236012_at =~ PSMF1 2172 Affected
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| 205500_.at G5 2375 Increased 214433 s at SELENBP1 2103  Decreased 235833 _at PPAT 3.266 Affected
204128 s at  RFC3 206 Increased 228766t CD36 4325  Decreased 221261 x_at o 3204 Affected
200951_s_at. CCND2 . 18.529 = Increased §235300‘_x_at; RCHY1 = 2569 ~ Decreased 204983 s at  GPC4 -2.902 Affected
- 222073_at - COL4A3 = -2.278 ' Increased $222099 s at CCNL2 2019  Decreased 231837_at uspP28 2.365 Affected
. 226731_at  ITGA1  2.816  Increased = 208791_at cLu 2492  Decreased = 1554606_at  CEP120 = 2141 | Affected
- 227125_at IFNAR2 2.053 Increased 203973 s _at CEBPD | 2.099 @ Decreased 224325_at FZD8 = 2488 Affected
222036_s at MCM4 231  Increased  209383_at DDIT3 2065  Decreased . 217650 x_at = ST3GAL2 . 2003  Affected
| 204061_at = PRKX 2226 Increased 219266 _at ZNF350 . 2143  Decreased 224022 x_at = WNT16 -3.268 Affected

228962 _at . PDE4D 2.562 Increased 206825_at OXTR | -2.396 Decreased 208962_s_at FADS1 3.311 Affected
212672_at ATM 2.024 Increased  205027_s_at  MAP3K8 2141 = Decreased 202948 _at IL1R1 2512 Affected
225572 _at . CREB1 2.243 . increased = 205891_at ADORA2B 2.166 Decreased 50277_at GGA1 = 2292 Affected
_f203046_s_at:TlMELESS 2.156 Increased 231947 _at MYCT1 -2.144 Decreased 1555843 _at  HNRNPM 2.611 Affected
- 213943_at = TWIST1 2.021 = Increased = 212430_at RBM38 = 2254 = Decreased : 214157_at =~ GNAS | -2.307 Affected
:1209465_x_at PTN = 2357 Increased 204159_at CDKN2C | 2004  Decreased . 215987_at  RAPGEF2 | 2.046 | Affected
213506_at | F2RL1 4.829  Increased :212401_s_at %DDﬁngl 2.086 Decreased 216237_s_at MCM5 2.753 Affected
231559 _at NNMT 2.208  Increased 205080_at RARB 2,058 = Decreased 206086_x_at HFE 2.218 Affected
1 225740_x_at: MDM4 2283  Increased 214727 _at BRCA2 2489  Decreased | 220807_s_at ¢ MAZ 2 Affected
. 226636_at PLD1 2.022  Increased 202718_at IGFBP2 -2.099 Decreased 231002_s_at = RABEP1 = 2266 Affected
227048 at  LAMA1 = 2.296 | Increased 213811_x at.  TCF3 2395 | Decreased | 209753.s at  TMPO = 2116 Affected
| 230462_at NUMB 2.763 Increased 202526_at SMAD4 2.16 Decreased 201627_s at = INSIG1 . 3.156 Affected
201727_s_at: ELAVL1 2.216 Increased | 1567013_at NFE2L2 3.005 Decreased 218019_s at PDXK 2."152 Affected
205204 _at NMB 209 . Increased 234339_s_at GLTSCR2 2.573 Decreased = 204639 at =~ ADA = 2051 Affected
232044 at  RBBP6 2324  Increased 206332 s at FM6 224 Decreased ~ 236223_s at . RIT1 | 2823 | Affected
. 205394 _at CHEK1 2.071 . Increased 228967 _at EIF1 2.161 Decreased 208913 _at GGAZ 2062 | Affected
 67532.at  DVL2 203  Increased 235503 at  ZEB2 2106  Decreased ~ 201286_at ~ SDC1 = 2.164 Affected
1208937_s at.  ID1 2256  Increased 1556583 a at SLC8A1  -2.156  Decreased = 201106_at = GPX4 = 2.087 Affected

‘Increased’ means the genes up- or down-expression is predicted to promote proliferation of cells. ‘Decreased’ means the up- or down-expression is predicted to inhibit.
‘Affected’ means IPA could not predict whether the expression change promote or inhibit.

Table 3: ‘Proliferation of cells’ genes differentially expressed by at least 2-fold between hMSCs/CyclinD2 and hMSCs/Empty.

ID Genes in dataset i Fold Change Prediction (based on expression direction)
206649_s_at TFE3 2.069 Increas -
200960 at HGF 2732 Increased
217371_s at IL15 2.953 Increased
232231_at RUNX2 212 Increased
235300_x_at RCHY1 2.569 Increased
226534 _at KITLG 222 Increased
235423_at ORC2 3145 Increased
203973_s_at CEBPD 2.099 Increased
227404 _s_at EGR1 2.543 Increased
205027_s_at ] MAP3K8 2.11 Increased
212401_s_at CDK11A/CDK11B 2086 " Increased
213811_x_at TCF3 - 2395 Increased ‘
206332_s_at ) IFI16 B 2.24 Increased o
212672_at ATM 2.024 Increased
235593_at ZEB2 2.106 Increased
205394 _at CHEK1 2.071 increased
208937_s_at ) D1 2.256 Increased
223570_at ; MCM10 ' 2545 Increased
242979_at é IRS1 2329 Increased
212148_at PBX1 2514 Decreased
204159_at CDKN2C 2004 ; ~ Decreased
1552721_a_a FGF1 ' -2.054 - Decreased
205016_at TGFA -3.032 ' Decreased
201727_s_at ELAVL1 2216 Decreased
203395_s_at HES1 | 2.898 ~ Decreased
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203665 _at HMOX1 2358 Decreased
" 204054 _at PTEN 2145 : Decreased
219312 s _at ZBTB10 2171 o . Affected
220861 _at RFFL 2017 -  Affected :
 228302_x_at CAMK2N1 33 ' Affected
235764 _at PRDM5 2205 Affected
1554509 _a_a FAM188A 2,494 Affected
232424 at PRDM16 2.334 Affected
| 221539 _at EIF4EBP1 2.487 Affected
) 204986_s_at TAOK2 203  Affected
21577_x_at GDF15 2143 Affected |
prasico o e e
~ 203046_s_at TIMELESS 2.156  Affected
200951 s at B CCND2 18.529 Affected
© 1567013_at - NFE22 3005 Affected
3at rorm 208 Afeced
o AL AT
209383 _at DDIT3 2065 Affected
| 220468 _at ~ CDK3, 2022 Affected
204457 s @t . GAst 2134 Affected
21883320 A 2125 Affected
e , B e P
205345_at ;f ~ BARD1 2.029 Affected
e e o 2 o Al
L R — 25 e

‘Increased’ means the genes up- or down-expression is predicted to increase the function of interphase. ‘Decreased’ means the up- or down-expression is predicted to
decrease. ‘Affected’ means IPA could not predict whether the expression change increase or decrease

Table 4. ‘Interphase’ genes differentially expressed by at least 2-fold between hMSCs/CyclinD2 and hMSCs/Empty.

cells, in which Rb is inactivated by human papillomavirus E6 and E7
proteins [24], did not promote cell proliferation (data not shown). On
the other hand, increased expression of Cyclin D2 inhibits proliferation
of primary human fibroblasts [25], indicating that Cyclin D2 has both
positive and negative roles in the cell cycle, depending on cell type.
We found that Cyclin D2 in hMSCs has a positive role in the cell cycle
(Figure 2e).

TGEF-f2 expression was suppressed in hMSCs/CyclinD2 compared
with hMSC/Empty during culture (Figure 3a). We previously
demonstrated that hMSC growth is reduced and TGF-B2 expression
increases during long-term culture [26]. We also reported that fibroblast
growth factor-2 (FGF-2) stimulates hMSC growth by suppressing the
up-regulation of TGF-B2 [27]. It is unclear how overexpression of
Cyclin D2 suppresses the TGF-B2 increase, but this suppression may
be involved in the acceleration of hMSCs/CyclinD2. In contrast, the
expression of p16, which is up-regulated with aging [28], was increased
in both cell types during culture, indicating that not only hMSCs/Empty
but also hMSCs/CyclinD2 were aging normally. The rate of increase
in hMSCs/Cyclin D2 was higher than in hMSCs/Empty (Figure 3b),
suggesting that the promotion of cell proliferation in hMSCs/CyclinD2
induced cellular senescence and enhanced pl6 expression. pl6 is a
tumor suppressor gene [29]; thus, this increase in pl6é expression
probably prevented unlimited proliferation. Consistent with this
notion, some Ewing’s sarcomas contain a homozygous deletion of the
pl6locus [16], possibly facilitating subsequent transformation.

In this study, overexpression of Cyclin D2 promoted proliferation
of hMSCs but did not lead to unlimited proliferation. Other factors
are required for the unlimited proliferation of hMSCs. IGF2BP1
was aberrantly expressed in Ewing’s sarcoma (Table 1), consistent
with a previous report of an association between increased IGF2BP1

expression and tumor progression in patients with lung cancer [30].
Thus, we attempted to transduce the IGF2BP1 gene into hMSCs, but
IGF2BP1 expression was up-regulated by only 2-fold and transduction
efficiency was low (data not shown). The cause for this inefficiency is
unclear. Because the growth kinetics of IGF2BP1-transformed E. coli is
quite slow (data not shown), it is likely that overexpression of IGF2BP1
is deleterious for hMSCs.

We did not tested whether the other genes listed in Table 1 affect
proliferation of hMSCs, because these genes were not thought to directly
affect the proliferation. Furthermore, not all Ewing’s sarcomas express
EWS-FLI-1: indeed, EWS-FLI-1 mRNA was not detected in Hs 822.T
and Hs 863.T (data not shown). Thus, we did not transduce the EWS-
FLI-1 gene into hMSCs. However, it is possible that the cooperation of
these proteins is important for the development of Ewing’s sarcoma.
Thus, it would be interesting to transduce these genes into hMSCs in
addition to Cyclin D2.

Conclusion

Cyclin- D2 promotes hMSC proliferation and is a candidate
biomaker for hMSC transformation.

Acknowledgements

The authors would like to thank Atsuko Matsuoka for helpful discussions.
This work was supported by the Health and Labor Sciences Research Grants for
Research on Regulatory Science of Pharmaceuticals and Medical Devices (H23-
I'YAKU-SHITE!-027) from the Ministry of Health, Labor and Welfare of Japan.

References

1. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)
Multilineage potential of adult human mesenchymal stem cells. Science 284:
143-147.

J Bone Marrow Res
ISSN: 2329-8820 BMRJ, an open access journal

Volume 2 « Issue 1+ 1000136

— 230 —




Citation: Kono K, Niimi S, Sawada R (2013) Cyclin D2 Promotes the Proliferation of Human Mesenchymal Stem Cells. J Bone Marrow Res 2: 136.

doi: 10.4172/2329-8820.1000136

Page 8 of 8

. Caplan Al, Bruder SP (2001) Mesenchymal stem cells: building blocks for
molecular medicine in the 21st century. Trends Mol Med 7: 259-264.

. Gojo S, GojoN, Takeda Y, Mori T, Abe H, etal. (2003) In vivo cardiovasculogenesis
by direct injection of isolated adult mesenchymal stem cells. Exp Cell Res 288:
51-59.

. Wakitani S, Saito T, Caplan Al (1995) Myogenic cells derived from rat bone
marrow mesenchymal stem cells exposed to 5-azacytidine. Muscle Nerve 18:
1417-1426.

. Prockop DJ (1997) Marrow stromal cells as stem cells for nonhematopoietic
tissues. Science 276: 71-74.

. Ohgushi H, Caplan Al (1999) Stem cell technology and bioceramics: from cell
to gene engineering. J Biomed Mater Res 48: 913-927.

. Petite H, Viateau V, Bensaid W, Meunier A, de Pollak C, et al. (2000) Tissue-
engineered bone regeneration. Nat Biotechnol 18: 959-963.

. Ochi M, Adachi N, Nobuto H, Yanada S, lto Y, et al. (2004) Articular cartilage
repair using tissue engineering technique-novel approach with minimally
invasive procedure. Artif Organs 28: 28-32.

. Riggi N, Cironi L, Provero P, Suva ML, Kaloulis K, et al. (2005) Development of
Ewing’s sarcoma from primary bone marrow-derived mesenchymal progenitor
cells. Cancer Res 65: 11459-11468.

10. Riggi N, Suva ML, Suva D, Cironi L, Provero P, et al. (2008) EWS-FLI-1
expression triggers a Ewing’s sarcoma initiation program in primary human
mesenchymal stem cells. Cancer Res 68: 2176-2185.

11. Miyagawa Y, Okita H, Nakaijima H, Horiuchi Y, Sato B, et al. (2008) Inducible
expression of chimeric EWS/ETS proteins confers Ewing's family tumor-like
phenotypes to human mesenchymal progenitor cells. Mol Cell Biol 28: 2125-
2137.

12. Castillero-Trejo Y, Eliazer S, Xiang L, Richardson JA, llaria RL Jr (2005)
Expression of the EWS/FLI-1 oncogene in murine primary bone-derived cells
Results in EWS/FLI-1-dependent, ewing sarcoma-like tumors. Cancer Res 65:
8698-8705.

13. Delattre O, Zucman J, Plougastel B, Desmaze C, Melot T, et al. (1992) Gene
fusion with an ETS DNA-binding domain caused by chromosome transiocation
in human tumours. Nature 359: 162-165.

14. Toretsky JA, Connell Y, Neckers L, Bhat NK (1997) Inhibition of EWS-FLI-1
fusion protein with antisense oligodeoxynucleotides. J Neurooncol 31: 9-16.

15. Tanaka K, lwakuma T, Harimaya K, Sato H, lwamoto Y (1997) EWS-Fli1
antisense oligodeoxynucleotide inhibits proliferation of human Ewing’s sarcoma
and primitive neuroectodermal tumor cells. J Clin Invest 99: 239-247.

16. Deneen B, Denny CT (2001) Loss of p16 pathways stabilizes EWS/FLI1
expression and complements EWS/FLI1 mediated transformation. Oncogene
20: 6731-6741.

Citation: Kono K, Niimi S, Sawada R (2013) Cyclin D2 Promotes the
Proliferation of Human Mesenchymal Stem Cells. J Bone Marrow Res 2: 136. -
doi: 10.4172/2329-8820.1000136

J Bone Marrow Res
ISSN: 2329-8820 BMRJ, an open access journal

17. Lessnick SL, Dacwag CS, Golub TR (2002) The Ewing's sarcoma oncoprotein

EWS/FLI induces a p53-dependent growth arrest in primary human fibroblasts.
Cancer Cell 1: 393-401.

18. Takano Y, Kato Y, Masuda M, Ohshima Y, Okayasu | (1999) Cyclin D2, but not

cyclin D1, overexpression closely correlates with gastric cancer progression
and prognosis. J Pathol 189: 194-200.

19. Takano Y, Kato Y, van Diest PJ, Masuda M, Mitomi H, et al. (2000) Cyclin D2

2

2

2
2

o

-

w N

overexpression and lack of p27 correlate positively and cyclin E inversely with a
poor prognosis in gastric cancer cases. Am J Pathol 156: 585-594.

. Mermelshtein A, Gerson A, Walfisch S, Delgado B, Shechter-Maor G, et al.
(2005) Expression of D-type cyclins in colon cancer and in cell lines from colon
carcinomas. Br J Cancer 93: 338-345.

. Dhillon VS, Shahid M, Husain SA (2004) CpG methylation of the FHIT, FANCF,
cyclin-D2, BRCA2 and RUNX3 genes in Granulosa cell tumors (GCTs) of
ovarian origin. Mol Cancer 3: 33.

. Sherr CJ (1993) Mammalian G1 cyclins. Cell 73: 1059-1065.

. Bartkova J, Rajpert-de Meyts E, Skakkebaek NE, Bartek J (1999) D-type cyclins
in adult human testis and testicular cancer: relation to cell type, proliferation,
differentiation, and malignancy. J Pathol 187: 573-581.

24. Goodwin EC, DiMaio D (2000) Repression of human papillomavirus oncogenes

in Hel.a cervical carcinoma cells causes the orderly reactivation of dormant
tumor suppressor pathways. Proc Natl Acad Sci U S A 97: 12513-12518.

25. Meyyappan M, Wong H, Hull C, Riabowol KT (1998) Increased expression of

cyclin D2 during multiple states of growth arrest in primary and established
cells. Mol Cell Biol 18: 3163-3172.

26. Sawada R, Ito T, Tsuchiya T (2006) Changes in expression of genes related

to cell proliferation in human mesenchymal stem cells during in vitro culture in
comparison with cancer cells. J Artif Organs 9: 179-184.

27.lto T, Sawada R, Fujiwara Y, Seyama Y, Tsuchiya T (2007) FGF-2 suppresses

cellular senescence of human mesenchymal stem cells by down-regulation of
TGF-beta2. Biochem Biophys Res Commun 359: 108-114.

28. Krishnamurthy J, Ramsey MR, Ligon KL, Torrice C, Koh A, et al. (2006)

p16INK4a induces an age-dependent decline in islet regenerative potential.
Nature 443: 453-457.

29. Liggett WH Jr, Sidransky D (1998) Role of the p16 tumor suppressor gene in

cancer. J Clin Oncol 16: 1197-1206.

30.Kato T, Hayama S, Yamabuki T, Ishikawa N, Miyamoto M, et al. (2007)

— 231 —

Increased expression of insulin-like growth factor-ll messenger RNA-binding
protein 1 is associated with tumor progression in patients with lung cancer. Clin
Cancer Res 13: 434-442.

Group submissions
Unique features:

. User friendly /feasible website-translation pf your paper to 50 world's leading languages
¢ Audio Version of published paper S
*  Digital articles to share and explore. - - -

Special features:

300 Open Access Journals
25,000 editorial team

21 days rapid review process B Mg e
Quality and quick editorial, review and publication processing

Indexing at PubMed (partial), Scopus, EBSCO, Index Copernicus and Google Scholar etc
Sharing Option: Social Networking Enabled

Authors, Reviewers and Editors rewarded with online Scientific Credits

Better discount for your subsequent articles

P Y

Submit your manuscript at: hitp:/ /www.omicsonline.org /submission/

Volume 2 « Issue 1+ 1000136



journal homepage: www.alsevier.com/locate/biclogicals

Contents lists available at SciencelDirect

Biologicals

Short paper

Characterization of the cell growth analysis for detection of immortal
cellular impurities in human mesenchymal stem cells

Ken Kono * ', Nozomi Takada ™', Satoshi Yasuda ¢, Rumi Sawada ?, Shingo Niimi ?,

Akifumi Matsuyama °, Yoji Sato

b.ode f g *

=

2 Division of Medical Devices, National Institute of Health Sciences, 1-18-1 Kami-yoga, Setagaya, Tokyo 158-8501, Japan

b pivision of Cellular & Gene Therapy Products, National Institute of Health Sciences, 1-18-1 Kami-yoga, Setagaya, Tokyo 158-8501, Japan

€ Research on Disease Bioresources, Platform of Therapeutics for Rare Disease and Health Policy, National Institute of Biomedical Innovation, Kobe
International Business Center Rm#602, 5-5-2 Minatojima-Minami-Machi, Chuo-ku, Kobe, Hyogo 650-0047, Japan

4 Foundation for Biomedical Research and Innovation, Hyogo, Japan

€ Department of Quality Assurance Science for Pharmaceuticals, Graduate School of Pharmaceutical Sciences, Nagoya City University, Aichi, Japan
f Department of Celtular & Gene Therapy Products, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, japan

& Department of Translational Pharmaceutical Sciences, Graduated School of Pharmaceutical Sciences, Kyushu University, Fukuoka, Japan

ARTICLE INFO

Article history:

Received 1 October 2014

Received in revised form

13 November 2014

Accepted 24 November 2014
Available online 16 December 2014

Keywords:
Regenerative medicine
Cellular therapy
Tumorigenicity
Mesenchymal stem cell

ABSTRACT

The analysis of in vitro cell senescence/growth after serial passaging can be one of ways to show the
absence of immortalized celis, which are frequently tumorigenic, in human cell-processed therapeutic
products (hCTPs). However, the performance of the cell growth analysis for detection of the immortal~
ized cellular impurities has never been evaluated. In the present study, we examined the growth rates of
human mesenchymal stem cells (hMSCs, passage 5 (P = 5)) contaminated with various doses of HeLa
cells, and compared with that of hMSCs alone. The growth rates of the contaminated hMSCs were
comparable to that of hMSCs alone at P = 5, but significantly increased at P = 6 (0.1% and 0.01% Hela) or
P =7 (0.001% Hela) within 30 days. These findings suggest that the cell growth analysis is a simple and
sensitive method to detect immortalized cellular impurities in hCTPs derived from human somatic cells.

© 2014 The Authors. Published by Elsevier Ltd on behalf of The International Alliance for Biological
Standardization. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

Quality
Safety

orgflicenses/by-nc-nd/3.0/).

1. Introduction

Human cell-processed therapeutic products (hCTPs) are ex-
pected to provide novel breakthrough therapies for currently life-
threatening or incurable diseases. In the clinical applications of
hCIPs to patients, however, one of the major concerns is the
tumorigenic cellular impurities in the products. Since pluripotent
stem cells (PSCs), such as embryonic stem cells and induced
pluripotent stem cells, are tumorigenic [1-3], there is a risk of tu-
mor formation if the products contain the residual undifferentiated
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PSCs {4]. On the other hand, somatic cells are considered to have
little tumorigenic potential even after substantial manipulations
like in vitro expansion, because they consistently pass into senes-
cence |5]. Malignant transformation of the cells is believed to occur
through multiple processes involving the accumulation of muta-
tions in key regulatory genes that promote cell survival and pro-
liferation {5,7]. Although a few individual groups reported the
spontaneous transformation of human mesenchymal stem cells
(hMSCs) during in vitro culture [8-11], two of them retracted their
papers because the results appeared to be attributable to contam-
ination with tumorigenic cells (fibrosarcoma, osteosarcoma, or
glioma cell lines) {12,13]. The rest of the groups found the immor-
talization of the cells, which is closely associated with tumorige-
nicity, during in vitro culture, indicating that the good practices to
avoid contamination with tumorigenic cells and the monitoring of
cell growth are critical for the quality control of hCTPs derived from
human somatic cells.

1045-1056/© 2014 The Authors. Published by Elsevier Ltd on behalf of The International Alliance for Biological Standardization. This is an open access article under the CC BY-

NC-ND license (hitp://creativecommons.org/licenses/by-ne-nd/3.0/).
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Abbreviations

hCTP human cell-processed therapeutic product
PSC pluripotent stem cell

hMSC  human mesenchymal stem cell

STR short tandem repeat

P=n passage n

PBS phosphate buffered saline

RT room temperature

HPV human papillomavirus

Cross contamination of cells with unidentified cells is usually
evaluated by the short tandem repeat (STR) analysis | 14]. However,
the cell growth analysis which simply monitors the cell prolifera-
tion for a limited period may be adequately sensitive for the
detection of the contamination of somatic cells with immortalized/
tumorigenic cells, because somatic cells usually show slower
growth, compared with that of immortalized/tumorigenic cells, as
well as the attenuation of the growth after serial passaging | 15-—17].
In fact, the European Medicines Agency has considered that the
evaluation of in vitro cell senescence after serial passaging is suf-
ficient to prove the absence of immortalized/tumorigenic cells in a
somatic cell-based product |18]. However, the performance of the
cell growth analysis for detection of the immortalized/tumorigenic
cellular impurities in somatic cells has never been studied. In the
present study, we examined the growth of hMSCs contaminated
with various doses of HelLa cells, a well-known cancer cell line, to
determine the sensitivity of the cell growth analysis for the
detection of the immortalized/tumorigenic cells in human somatic
cells.

2. Materials and methods
2.1. Cells

hMSCs (Lonza, Walkersville, MD) at passage 2 (P = 2) were
cultured in MSCGM BulletKit, a mesenchymal stem cell basal me-
dium with mesenchymal cell growth supplement, L.-glutamine, and
gentamycin/amphotericin-B (Lonza). HeLa cells (the Health Science
Research Resources Bank, Osaka, Japan) were maintained in Eagle's
minimum essential medium (Sigma), supplemented with 10% fetal
bovine serum (FBS; Sigma), 0.1 mM non-essential amino acids (Life
Technologies), 50 U/ml penicillin, and 50 pg/ml streptomycin (Life
Technologies). Cells were cultured in a humidified atmosphere of
5% CO, and 95% air at 37 °C, and were passaged upon reaching 90%
confluence.

2.2. Cell growth analysis

At P =5 of hMSCs, 1 x 10° of hMSCs were mixed with 1000, 100,
or 10 of Hela cells and seeded into T175 flasks (Corning). The cells
were maintained in 40 ml of Dulbecco’s Modified Eagle's medium
(DMEM; Gibco) supplemented with 10% FBS, 50 U/ml penicillin,
and 50 pg/ml streptomycin. Upon reaching approximately 90%
confluence, the cells were washed with phosphate buffered saline
(PBS) and treated with 0.05% trypsin-EDTA solution (Gibco) for
detachment from the flasks. The cells were centrifuged at 450 x g
for 5 min and suspended with the fresh culture medium. Aliquots of
the suspended cells were stained with Trypan Blue solution and
counted by Countess Automated Cell Counter (Invitrogen) accord-
ing to the manufacture's protocol. One million cells in the

suspension were re-seeded into T175 flasks and cultured until the
next passage. This process was repeated by P = 10. The growth rate
(Rn) at P = n was calculated by the following equation:

Rn = [log2(Nni1 — Nn)l/(Dni1 — Dr)

where Ny and Dy are the number of accumulated cells and the date
at P = k, respectively.

2.3. Immunofluorescence microscopy

hMSCs contaminated with Hela cells were fixed with 4% para-
formaldehyde in PBS (Nacalai Tesque) for 10 min at room temper-
ature (RT) and blocked in Blocking One (Nacalai Tesque) for
30 min at RT. The cells, then, were incubated with anti-HPV18 E7
antibody (8E2) (abcam) diluted at 1:500 in the blocking solution
(PBS containing 5% Blocking One) for 1 h at RT for primary staining,
and secondarily stained with goat anti-mouse IgG Alexa Fluor 488
(1:1000; Invitrogen) in the blocking solution for 45 min at RT. The
cells were mounted with VECTASGIELD mounting medium with
DAPI (VECTOR) and observed with a fluorescence microscope (IX71,
Olympus).

3. Results and discussion

In the present study, we added 1000, 100, or 10 of HelLa cells to
1 x 108 of hMSCs of passage 5 (P = 5) and compared their growth
with that of hMSCs alone (HelLa 0) until P = 10. The growth curves
of three lots of hMSCs and the contaminated hMSCs are shown in
Fig. 1. The cell numbers of HelLa 0 and the contaminated hMSCs
were comparable at P = 5. The growth of Hela 0 was constant
during the early culture and getting slower with time (Fig. 1), while
the growth of the contaminated cells was accelerated.

To confirm that the increases in the growth were attributable to
the contamination with Hela cells, we observed the cells with
phase contrast microscopy. In the images of the contaminated
hMSCs, we found small cells clearly different from hMSCs (Fig. 2A),
and their relative abundance increased every passage. Because
Hela cells are infected with human papillomaviruses (HPV), we
performed immunofluorescence analysis using HPV18 E7 antibody
and confirmed that the cells were Hela cells not transformed
hMSCs (Fig. 2B). At P = 10, hMSCs were hardly identified in images
of HeLa 1000 (Fig. 2C), because almost all of hMSCs were exchanged
for Hela cells at the five passages.

Next, we examined the growth rates of the contaminated cells

Fig. 3A). They were comparable to that of HeLa 0 at P = 5, and got
significantly increased at P = 6 (HeLa 1000 and HeLa 100) or P =7
(HeLa 10). These results indicated that the gross proliferation rate
was not influenced by the spiked cells at P = 5 and then the pop-
ulation of HeLa cells in hMSCs increased in dose- and time-
dependent manner. Eventually, the growth rate (doubling/day) of
the contaminated hMSCs increased, and then reached plateau. The
average growth rate of the contaminated cells at P = 9 and 10 was
0.73, suggesting that the growth rate of HeLa cells was approxi-
mately 0.7 in this culture condition. The average growth rates of the
three lots are plotted along the passage number in Fig. 3B. The
growth rates of Hela 1000 and Hela 100 at P = 7 and Hela
10 at P = 8 were significantly increased compared with the growth
rates at P = 5 (*P < 0.05, two-way repeated measures ANOVA and
Student-Newman—Keulis test). These results indicate that the cell
cultures longer than P = 7 (about 20 days) and P = 8 (about 30 days)
detect cross-contaminations of 100 (0.01%) and 10 (0.001%) HeLa
cells, respectively, assuming that 106 hMSCs were contaminated at
P=5.
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Fig. 1. Cell growth analysis of hMSCs contaminated with HeLa cells. At the passage 5 (P = 5) of hMSCs, 1 x 10% of hMSCs were mixed with 0, 10, 100, or 1000 of Hela cells (HeLa 0,
Hela 10, Hela 100, or Hela 1000). Cells were passaged and counted at the indicated day from P = 5. The resuits of three lots of hMSCs are presented (Lot 1, 2, and 3).

The tumorigenicity has been evaluated by in vitro assays (e.g.,
soft agar formation assay, karyotype analysis) and/or in vivo assays
(transplantation into immunodeficient animals) [8,9,19,20]. When
these assays are performed to detect a trace amount of tumorigenic
cells in hCTPs, they need to be of high sensitivity. Recently, we
developed a highly sensitive in vivo tumorigenicity test using
severely immunocompromised mice, NOG mice, in combination
with Matrigel. Subcutaneous transplantation into NOG mice with
Matrigel allowed inoculation with 1 x 107 cells and actually ach-
ieved detection of 0.002% HelLa cells spiked into hMSCs in a half of
the mice (unpublished data). However, in vivo tumorigenicity test

A

using immunodeficient animals requires a specific facility, and
takes 3—4 months. In contrast, the cell growth analysis is not only
simple and economical, but also detects as few as 0.001% immortal
cellular impurities in hMSCs within 30 days, in case that the growth
properties of the immortal cells are comparable to those of HeLa
cells. Although immortality does not necessarily indicate tumori-
genicity, it is known to be closely associated with cell trans-
formation in many cases of tumorigenesis. Therefore, the present
study can be said to be the first scientific basis for the usefulness of
the cell growth analysis as one of tumorigenicity tests for hCTPs
derived from human somatic cells. '

C

Fig. 2. Phase contrast and immunofluorescence microscopy of hMSCs contaminated with Hela cells. (A) Representative image of the contaminated cells (HeLa 100 at P = 8) is
presented. Red arrow pointed at the small size cells which were clearly different from hMSCs. (B) Phase contrast and immunofluorescence microscopy of HeLa 1000 at day 5 was
conducted by using anti-HPV E7 antibody. Green: Alexa Fluor 488 goat anti-mouse IgG; blue: DAPI. (C) Representative image of Hela 1000 at P10 is presented.
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Fig. 3. Cell growth rate analysis of hMSCs contaminated with HeLa cells. (A) The Y-axis
indicates the growth rate (doubling per day) of hMSCs. The results of three lots of hMSCs
are presented (Lot 1, 2, and 3). (B) The growth rates of three lots of hMSCs are plotted
along the passage numbers. Data are represented as mean + S.E.M. of the three lots.
Statistical significance was determined using two-way repeated measures ANOVA and
Student-Newman—Keulis's post-hoc test (*P < 0.05 compared with the rate at P = 5).
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X-chromosome inactivation and embryogenesis
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Maintaining a single active X-chromosome by repressing Xist is crucial for embryonic
development in mice. Although the Xist activator RNF12/RLIM is present as a maternal factor,
maternal Xist (Xm-Xist) is repressed during preimplantation phases to establish imprinted
X-chromosome inactivation (XCI). Here we show, using a highly reproducible chromatin
immunoprecipitation method that facilitates chromatin analysis of preimplantation embryos,
that H3K9me3 is enriched at the Xist promoter region, preventing Xm-Xist activation by
RNF12. The high levels of H3K9me3 at the Xist promoter region are lost in embryonic stem
(ES) cells, and ES-cloned embryos show RNF12-dependent Xist expression. Moreover, lack of
Xm-XCl in the trophectoderm, rather than loss of paternally expressed imprinted genes, is the
primary cause of embryonic lethality in 70-80% of parthenogenotes immediately after
implantation. This study reveals that H3KSme3 is involved in the imprinting that silences
Xm-Xist. Our findings highlight the role of maternal-specific H3K9me3 modification in
embryo development.
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o maintain proper dosage compensation in mammals, one
of the two X chromosomes in the female is inactivated"2.
In establishment of X-chromosome inactivation (XCI), a
large non-coding RNA, Xist, is expressed and thlS non-coding
RNA then covers the entire X chromosome in cis'~3, In mice, two
types of XCI occur during female embryonic development. One
type involves random XCI, which is observed in cells derived
from epiblasts, and one of the two X chromosomes (paternal or
maternal) is randomly inactivated. The other involves imprinted
XCI (iXCI), which is observed in extra- embl;yonic tissues and
causes XCI of the paternal X chromosome (Xp)®. The initiation of
iXCI begins at early prelmplantatlon in embryos and Xp-Xist is
expressed around the four-cell stagel. A recent study showed that
a maternal factor, the E3 ubiquitin hgase RNF12, is the primary
factor respons1ble for Xp-Xist activation. Interestmgly, although
RNF12 is abundant as a maternal factor in oocytes, Xm-Xist is
not expressed. Moreover, maternal Xist (Xm-Xist)-specific
imprints, which are refractory to the Xm-Xist activation
induced by RNFI12, are imposed during oogenesis®. Xist
expression analysis using de novo DNA methyltransferase
(Dnmt3a/b) maternal knockout mice demonstrated that Xist
expression durmg preimplantation is independent of DNA
methylation”, implying that other epigenetic factors are
associated with Xm-Xist silencing. However, the nature of these
Xm-specific epigenetic modifications is unknown.

A gene-knockout study demonstrated that loss of Xp-Xist
expression critically affects postimplantation female development
due to lack of iXCI, which causes overexpression of X-linked
genes in extra-embryonic tissues®. Similar to the phenotype
observed in Xp-Xist-knockout mice, parthenogenetic embryos
(PEs) composed of two X chromosomes show increased
expression of X-linked genes, as compared w1th fertilized
females, because of the low expression of Xist’. One of
the interesting phenomena observed in PEs is the dramatic
developmental failure that occurs immediately after implantation.
Around 70-80% of embryos die before embrlyomc day (E) 9.5,
which is the limit of development for PEs!0, However, it is
unknown whether the primary cause of rapld developmental
failure in postimplantation PEs is the loss of iXCI or the loss of
expression of autosomal paternally imprinted genes!!"12.

The global epigenetic asymmetry of parental genomes in
zygotes is retained during early preimplantation phases in mice
and changes in gene expression occur in discrete stages to confer
totipotency'>!4. Interestingly, transcriptionally repressive marks,
such as histone H3 lysine 9 di-/trimethylation (H3K9me2/3), are
specifically imposed on maternal genomes at the zygote stage'>
Although the regulation of imprinted genes mostly depends on
DNA methylation, some 1mpnnted genes are regulated by these
histone modifications'™!®. Thus, Xm-Xist silencing machinery
may be associated with hxstone modifications.

Here we reveal that silencing of Xm-Xist in preimplantation
embryos involves modification of H3K9me3. By using a new
chromatin immunoprecipitation (ChIP) method that facilitates
chromatin analysis in preimplantation embryos, we show that the
Xist promoter on the Xm is highly enriched for H3K9me3 at the
four-cell stage. This enrichment is lost in the morula and in male
embryonic stem (ES) cells. Furthermore, we demonstrate that
early loss of H3K9me3 at the Xist promoter leads to precocious
Xm-Xist activation in a Rnfl2-dependent manner. Moreover, we
demonstrate that establishment of Xm-XCI in the trophectoderm
allows PEs to develop at the postimplantation stage without the
expression of paternally imprinted genes on autosomes. There-
fore, these data indicate that the primary cause of embryonic
lethality immediately after implantation in most PEs is loss of
XCI rather than loss of the expression of paternally imprinted
genes located on autosomes. Our study revealed that silencing of
Xm-Xist by imprinting to establish iXCI involves H3K9me3, and
this finding is expected to resolve the longstanding issues that
have limited our general understanding of XCI in mice.

Results

Changes in histone modifications cause Xm-Xist derepression.
Histone repressive marks, such as H3K9me2/3 and H3K27me3,
are specifically imposed on maternal genomes!3, To investigate
the role of maternal-specific modifications in imprinted Xist
expression, we focused on Kdm3a and Kdm4b, which encode
histone demethylases specific for H3K9mel/2 and H3K9me3
(refs 17,18), respectively. Reverse transcription-PCR analysis
showed that oocytes express low levels of Kdm3a and Kdm4b
(Supplementary Fig. 1). Immunofluorescence (IF) analyses
revealed that zygotes injected with polyadenylated Kdm3a and
Kdm4b messenger RNAs expressed significantly lower levels of
maternal H3K9me2 and H3K9me3, respectively (Fig. la-d).
Ectopic expression of Kdm3a and Kdm4b did not affect
H3K9me3 or H3K9me2 marks, respectively (Supplementary
Fig. 2). We reasoned that if Xm-specific modifications that
prevent Xist activation were erased by these epigenetic modifiers,
Xm-Xist would be expressed at the four-cell stage, which is when
Xp-Xist expression commences.

To facilitate analysis of Xm-Xist expression, we used PEs
(Fig. le). PEs possess two COplCS of Xm, and Xm-Xist is never
expressed at the four-cell stage!®. Xm-Xist expression in four-cell
PEs, cultured for 48h, was determined using quantitative real-
time PCR (qPCR). Consistent with a previous report'®, Xm-Xist
was not detectably expressed in most intact (not injected) PEs and
PEs injected with Egfp mRNA (Egfp-PEs; Fig. 1f). Approximately
75% of PEs injected with Kdm3a mRNA (Kdm3a-PEs) did not
detectably express Xist. However, Xm-Xist expression was
detected in all PEs injected with Kdm4b mRNA (Kdm4b-PEs;

Figure 1| Alterations in histone modifications derepress Xm-Xist expression. (a-d) Oocytes injected with Kdm3a (a,b), Kdm4b (c,d) or Egfp mRNAs
were subjected to ICSI. After 7-8 h, embryos were fixed and analysed for H3K9me2 (a) and H3K9me3 (¢) using IF. Nuclei stained with 4',6-diamidino-2-
phenylindole (DAPI) are shown in blue. Representative images are presented on the left. The box-and-whisker plot shows the ratio of maternal to
paternal signal intensities. The horizontal line indicates the median. The P-values were calculated using the Mann-Whitney U-test (U-test). Pb, polar body;
n, number of embryos analysed (b,d). (&) Schema of the generation of PEs with altered histone modifications. To examine the effects of histone
demethylation on Xm-Xist expression, either H3K9me2 demethylase (Kdm3a) or H3K9me3 demethylase (Kdm4b) mRNAs were injected into Ml
oocytes that were then activated. To assess the effects of inhibition of histone deacetylation on Xm-Xist expression, oocytes were activated and incubated
in the presence of TSA for 24 h. After 48 h, ten four-cell PEs were pooled and analysed as one biological replicate using gPCR. (f) Analysis of

Xm-Xist expression at the four-cell stage. The expression level of Xm-Xist in female embryos derived from IVF was defined as 1. One or two asterisks
indicate Xm-Xist expression in one or two replicates, respectively. The P-values were determined using Student’s t-tests. Error bars indicate the

mean * s.e.m. (g-i) Xist FISH analysis of Kdm4b- and Egfp + TSA-PEs at the four-cell stage. (g) Representative images of FISH results. (h) Ratio of cells
with Xist signal to the total number of cells. n, number of interphase cells analysed. (i) Ratio of cells with biallelic expression to total cells. The detailed

FISH results are shown in Supplementary Table 1. Scale bars, 20 pm.
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