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Abstract

In a mouse model nuclear transfer embryo-derived embryonic stem cell lines (ntESCs) of various genetic
backgrounds and donor cell types were compared with reference ESCs and analyzed comprehensively at
molecular level as a second part of a larger study. Expression profiles of ntESCs established by different
NT-methods (piezoelectric microinjection or zona-free) were indistinguishable. However, expression profiling
analyses identified differentially regulated genes between reference ESCs and ntESCs from different genetic
backgrounds. A number of pluripotency and stemness marker genes significantly differed at the mRNA level
between the cell lines. However, cluster and lineage analyses revealed that such differences had no effect on cell
differentiation and cell fate. Regardless of the donor cell type, gene expression profiles of ntESCs were more
similar to each other than to their counterpart fertilized embryo-derived ESCs of the same genotype. Overall, the
results indicated that expression profile differences may be related to the genotype rather than to technical

variations.

Introduction

URING THE PROCESS of somatic cell nuclear transfer

(SCNT), dramatic and broad epigenetic changes occur
in the reconstructed embryo. These alterations include
extensive changes in gene expression patterns (in the
quality and quantity of the active genes), imprinting, X-
chromosome inactivation, and telomere length (Niemann
et al.,, 2008; Yang et al., 2007). These changes occur in
a well-organized manner during embryo development.
To date, the effects of nuclear donor source or genotype
on the progress of development are mostly unknown.
Moreover, the concept of using patient-derived histo-
compatible nuclear transfer embryo-derived embryonic
stem cell lines (ntESCs) for human tissue/organ trans-
plantation therapy also raises the crucial question on how
exactly NT would affect the resulting cell lines. Thus, the

investigation of the effect of NT and reprogramming
events in embryonic and foetal development remains a
very important question.

Although, the production of cloned embryos then ntESCs
or cloned offspring by the previously published experiments
were successful (for detailed review, see Part I), most studies
revealed that this procedure is highly variable according to
both the epigenetic and genetic status of the original ge-
nomes (Inoue et al., 2007; Oback and Wells, 2007; Wakaya-
ma, 2007). The success rate for producing live offspring by
cloning is highly affected by the mouse genotype, however,
could be further enhanced by using histone deacetylase
inhibitor, trichostatin A (TSA) treatment (Kishigami et al.,
2006; Rybouchkin et al., 2006).

Previous studies have reported that murine ntESCs
possess the same characteristics for self-renewal and differ-
entiation as ESCs derived from natural (i.e., fertilized)
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blastocysts. In addition, molecular biology studies have de-
tected almost identical transcriptional-, DNA methylation-,
and DNA microarray profiles of mouse ntESCs compared to
fertilized embryo-derived ESCs (Brambrink et al., 2006;
Wakayama et al., 2006). Moreover, posttranscriptional pro-
files of ntESCs showed highly similar microRNAs (miRNAs)
and protein expression profiles compared to fertilized
embryo-derived counterparts (Ding et al., 2009).

Recently it was shown that rhesus monkey ntESCs were
transcriptionally closer to the control fertilized embryo-
derived ESCs than the rhesus-induced pluripotent stem cells
(iPSCs), both by global transcriptional cluster analysis and
stem cell-specific gene expression analysis (Byrne, 2011).

Although it is known that the used NT methodology (e.g.,
activation protocol, quiescent or nonquiescent donor cells
and passage number of donor cells) has an effect on the
mRNA expression pattern of NT embryos (Wrenzycki et al.,
2001), little is known about whether this effect could be de-
tected in ntESCs, as well.

In this part of the study, we focused on the comprehensive
molecular evaluation of ntESCs derived from different donor
cell types. We evaluated if any critical factors or differences
could be detected between ESCs and their ntESC counter-
parts of the same nuclear donor origin by comparative ex-
pression profiling analysis. The effects of the nuclear donor
cell source and the different genetic backgrounds were also
investigated. Hierarchical cluster analysis (HLC) was used to
compare the gene expression patterns across ESC lines.
Furthermore, the functional classification of the regulated
genes and their role in different biological pathways was also
analyzed.

Materials and Methods

Materials for embryo culture and manipulation, unless
specified otherwise, were purchased from Sigma-Aldrich
Chemicals, Inc. (St. Louis, MO, USA; http://www.sigmaal-
drich.com). All other materials, unless specified otherwise,
were purchased from Invitrogen (Carlsbad, CA, USA;
http: //www.invitrogen.com).

Nuclear transfer and ESC establishment

Nuclear transfer and cell line establishment was per-
formed as described in the first part of the study and as
published previously (Kobolak et al., 2010). The attributes of
cell lines used are summarized in the first part of the study
(Table 1 of Part I).

c¢DNA microarrays

Glass cDNA-chips were produced as recently described
(Horsch et al., 2008). A full description of the approximate
21,000 probes on the microarray is available in the GEO
database (GPL3697). The expression data of the 13 different
ESC comparisons of 7 ESC lines have been submitted to the
GEO database (GSE8424).

Total cellular RNA of each ESC line was obtained ac-
cording to the manufacturer’s protocols using RNeasy Midi
Kits (Qiagen, Disseldorf, Germany; http://www.qiagen
.com). The RNA concentration was calculated from OD260/
280 readings and 1-ug RNA aliquots were run on formal-
dehyde agarose gels to check for RNA integrity. Four inde-
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pendent dual color hybridizations including two dye swap
experiments were performed for each of the 13 RNA sample
comparisons (in total, n=>52). All experiments were done
according to a modified TIGR protocol (Hegde et al., 2000;
Horsch et al., 2008). Slides were scanned with a GenePix
4000A microarray scanner and the images analyzed with
the GenePix Pro 6.1 image processing software (Molecular
Devices, Sunnyvale, CA, USA; http://www.molecular
devices.com).

Statistical analysis of microarray data

Statistical analysis were performed using the TIGR Mi-
croarray Data Analysis System including MIDAS (Quack-
enbush, 2002) for normalization and SAM (Tusher et al.,
2001) for identification of genes with significant differential
regulation. Cluster analysis was employed using HCL (Eisen
et al.,, 1998). Expression data were processed (MIDAS) ap-
plying a total intensity normalization as recently described
(Horsch et al., 2008). First, a one-class analysis for the iden-
tification of significantly regulated genes was performed for
each of the 13 sample comparisons. Second, for the detection
of differentially expressed genes across the multiple cell line
comparison a multiclass SAM analysis was performed.
Therefore, 13 groups of experiments were specified: four chip
hybridizations of each sample comparisons built a separate
group. Genes were considered as significant if they were
differentially regulated in at least two of the 13 specified
groups. The percentage of genes identified by chance is the
false discovery rate (FDR), which was estimated by the cal-
culation of 1000 permutations. For HCL of those genes
identified by the multiclass analysis, the average-linkage
method was applied and as distance metric, the Euclidean
Distance was chosen.

In silico pathway analysis

For in silico analysis of differentially expressed genes,
EASE, a module of the DAVID database (Dennis et al., 2003)
assigning genes to Gene Ontology (GO) functional cate-
gories, was employed. EASE analysis including a Bonferroni
multiplicity correlation evaluated the set of differen-
tially expressed genes for overrepresentation of biological
processes.

Validation of the differentially expressed genes

To validate microarray identified differentially regulated
genes from the various hybridization groups, two ap-
proaches were used. The TagqMan array where 14 differen-
tially expressed genes from the microarray analysis were also
subsets of the 96 genes of the Mouse Stem cells Pluripotency
array panel (Applied Biosystems Inc, Foster City, CA, USA;
www.appliedbiosystems.com), and a quantitative real-time
PCR for an additional randomly selected nine individual
genes from the differentially regulated genes list.

TagMan assay

The TagMan Mouse Stem cells pluripotency array panel
consists of 96 genes in total, of which 40 genes related to
stemness and pluripotency, 50 differentiation marker genes,
and 6 controls (for gene list see Supplementary File 1; see
online supplementary data at www.liebertonline.com/cell).
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Total RNA was isolated from the ESC lysates using RNeasy
Midi kit (Qiagen) with an on-column DNase digestion step,
following the manufacturer’s procedure. The total RNA
concentration and the quality of all samples were evaluated
using a NanoDrop (Thermo Fisher Scientific Inc., Wilming-
ton, DE, USA; http://www.nanodrop.com) and a Bioanaly-
zer (Agilent, Santa Clara, CA, USA; http://www.agilent
.com). One microgram of total RNA from each of the ESCs
were reverse transcribed simultaneously.

The TagMan arrays used the Applied Biosystems micro-
fluidics technology (Applied Biosystems), in which eight
sample loading ports were used to simultaneously analyze
gene expression levels by quantitative PCR. After loading the
panel, the samples were run on an Applied Biosystems 7900
HT Fast Real-Time PCR system (Applied Biosystems), and
the data were analyzed.

Quantitative real-time PCR (qPCR) analysis

In addition to the TagMan array, nine randomly selected
genes and two internal reference genes were quantified by
real-time PCR. All the procedures of real-time PCR were as
described in our earlier studies (Mamo et al., 2007, 2008), and
the samples for the real-time PCR assay were prepared as
described above for the TagMan array.

During quantification of the transcripts, the assay for each
gene consisted of samples from each ESC type, in five rep-
licates, together with negative controls. All quantifications
for the different genes were performed consecutively with-
out interruption. Each sample in a run consisted of a 50-ng
equivalent cDNA template, 200-500 nM of each primer (see
details in Supplementary Table S2), and 50% SYBR® Green
JumpStart™ Taq ReadyMix™ in 15-uL reaction volume. The
reaction conditions were of template denaturation and
polymerase activation at 95°C for 2min, followed by 45 cy-
cles of 95°C denaturation for 15sec, 56°C to 60°C annealing,
and extension for 45 sec. All reactions were carried out using
the Rotor-Gene™ 3000 real-time PCR machine (Corbett Re-
search, Mortlake, Australia; http://www.corbettlifescience
.com), and the results were analyzed with the integrated
Rotor-Gene software (version 6.1). At the end of the PCR
reactions, melt curve analyses were performed for all the
genes.

Comparison of published microarray data

The list of 171 genes, identified as significantly regulated
across all ESC comparisons with SAM multiclass analysis
(see the list of genes in the first datasheet of Supplementary
File 2) was compared with the data of previously published
microarray results. Our significantly regulated gene list was
compared with the differentially expressed gene lists gener-
ated from mouse ntESC lines from the following publica-
tions: Wakayama et al., 2006, and Bambrink et al., 2006;
mouse NT embryos: Fukuda et al., 2010, and Jincho et al,
2010; bovine NT embryos: Aston et al, 2009, Pfister-
Genskow et al., 2005, Rodriguez-Osorio et al., 2009, Smith
et al., 2005, and Somers et al., 2006; pig NT embryos: Tian
et al., 2009; and rhesus monkey ntESCs: Byrne 2011. Data
were compared based on the GeneBank codes and gene
names to ensure the accurate comparison of different species
and platforms. When not available, the array IDs were
transformed into Gene Bank codes. Due to the high varia-
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tions in the format of the differentially expressed gene data
published, a manual comparison was performed between the
known genes.

Results
Description of the cell lines analyzed

Details of NT, ntESC establishment, and primary charac-
terization of the established cell lines were published recently
(Kobolak et al., 2010) and furthermore are summarized in
Part I of the study (Table 1 of Part I).

TagMan® Array Mouse Stem Cell Pluripotency Panel

The TagMan® Mouse Stem Cell Pluripotency Array, con-
taining pluripotency, stemness (Ramalho-Santos et al., 2002)
and early differentiation markers, was performed to analyze
the competence of the cell lines using the HM1 cell line as
reference (value 1.0). Gene expression differences were con-
sidered significant reaching a fold change of at least 2.5 (see
details in Supplementary File 1).

First, we analyzed the mRNA expression patterns of genes
that were studied previously at the protein level in our flow
cytometry and immunocytochemistry (ICC) experiments
(Poubf1, Nanog, Fgf4, and Sox2), as reported in Part I of the
study. Additionally, several other important marker genes,
expressed mainly in undifferentiated cells (including Tdgf1,
Dnmt3b, Gabrb3, Gdf3, Utfl, and Zfp42) were investigated.
Our analysis identified significant differences (p<0.05) in
the expression of Gabrb3 and Dnmt3b. High expression
levels of Gabrb3 were observed in all B6D2 genotype cell
lines compared to the HM1 ESC (Fig. 1 and Supplementary
File 1). Similarly, the expression of Dnmt3b was signifi-
cantly increased in the B6D2 and B6D2 CUM NT cell lines
(2.93 and 3.23, respectively). Pou5f1, Nanog, Utfl, and Gdf3
were not significantly different (p<0.05) at the gene ex-
pression level compared to the HM1 control. The relative
gene expression levels of Zfp42 were significantly lower
(p<0.05) in B6D2 genotype ESCs, both in the control and
the ntESCs, compared to the HM1 (Fig. 1 and Supplemen-
tary File 1). In all cell lines, Sox2 mRNA levels were rela-
tively low (ranging between 0.92 and 0.24) compared to the
HM]1, reaching significance only for the B6D2 (0.24). The
expression of Fgf4 was significantly downregulated
(p<0.05) in the B6D2 cell line (0.2). When the HM1 and the
HM1 NT ESCs were compared, no significant difference
(p<0.05) was observed for this group of genes (Fig. 1 and
Supplementary File 1).

When pluripotency-related genes were analyzed, 86% of
the signals varied more than threefold (both up- and
downregulated genes), compared to the HM1 standard. The
relative expression levels of Xist and Sema3a transcripts were
significantly (p <0.05) increased in all cell lines, when com-
pared to the levels of the HM1. Similarly, the relative ex-
pression levels of Gal, Fgf5, Gbx2, Commd3, and Crabp2 for
some cell lines were also significantly (p<0.05) different,
compared to HM1. Leftyl and Lefty2 showed significantly
lower expression in two samples, B6D2 PGA and B6D2 CUM
NT (PEM), when compared to the expression level of the
HM1.

When the differentiation-related markers were compared,
76% of the genes varied more than threefold compared to the
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FIG. 1. Relative gene expression levels of pluripotency mediating genes. Diagram represents the relative gene expression
values of pluripotency genes. The gene expression levels of the HM1 as a standard was postulated to 1.0; thus, the relative
expression values of further cell lines refer to the HM1. Gene expression differences were considered as significant at 2.5-fold
change, labeled with an asterisk. +SD values are indicated on each column.

HM1 expression. Significant differences (p<0.05) were ob-
served in the relative expression of Col2a1, Collal, Cdx2, Fit1,
Ins2, Nppa, Olig2, and Runx2. Similarly, the relative levels of
Afp, Cd34, Eomes, Geml, Hbz, lapp, Nes, T, and Wt1 were
significantly different for some cell lines (see Supplementary
File 1). In summary, the TagMan array did reveal significant
differences among the cell lines of the same genotype (e.g.,
B6D2 cell lines); however, significant differences were even
more prominent between the different genotypes (129/5V
and B6D2).

Gene expression analysis

A genome-wide expression profiling approach was ap-
plied to analyze the differences in gene expression levels
between NT embryo- and control embryo-derived ESC lines.
SAM one-class analysis detected significantly differentially
expressed genes in 11 of the total 13 sample comparisons
(Fig. 2, see also Supplementary File 2). Significance was
assigned using an FDR <10% in conjunction with a fold
change threshold of >1.5. Changes in the gene expression
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levels were identified among cloned and noncloned cell lines
of both genetic backgrounds (Fig. 2: HM1 NT vs. HM1 and
B6D2 MEF NT vs. B6D2). Additionally, the parthenogenetic
embryo-derived (B6D2 PGA), as well as cumulus-derived
ESCs [B6D2 CUM NT and B6D2 CUM NT (PEM)] showed
large numbers of regulated genes, compared to the non-
cloned controls (Fig. 2 and Supplementary File 2). However,
significant changes were not observed between the cumulus
cells from the B6D2 strain cloned with the piezoelectric
drilling [B6D2 CUM NT (PEM)] or the zona-free (B6D2 CUM
NT) method.

As expected, the comparison of control embryo-derived
ESCs of different genetic backgrounds (HM1 and B6D2) re-
vealed a large number (109) of significantly regulated genes
(p<0.05) (Fig. 2). Furthermore, prominent changes were

B6D2 vs HM1

109

FIG. 3. Venn diagrams of ESC
line comparisons. Venn diagrams
indicate the overlap of differentially
expressed genes across the sample
comparisons, where HM1 ESC was

HM1 NT vs HM1
used as reference.
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found among gene expression patterns of the cloned B6D2
MEF NT and the control HM1 cells (136). However, these
differences were reduced following NT of cells from both
genetic backgrounds (B6D2 MEF NT vs. HM1 NT and B6D2
CUM NT versus HM1 NT) (Fig. 2). Genes that were differ-
entially expressed in more than one cell line compared to the
reference cell line HM1 are represented in Venn diagrams
(Fig. 3).

Hierarchical cluster analysis of gene
expression profiles

To identify genes significantly regulated across all ESC
comparisons, a SAM multiclass analysis was performed. Sig-
nificance was again assigned using an FDR threshold <10% in

B6D2 MEF NT vs HM1
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conjunction with a fold change threshold >1.5. A set of 171
genes were identified as significantly differentially expressed
in at least 2 out of 13 sample comparisons. We detected no
single gene significantly regulated in all cell line comparisons.
Nevertheless, based on similarities in gene expression patterns
across the sample comparisons, the 171 regulated genes were
classified using hierarchical cluster (HCL) analysis (see Sup-
plementary File 3). Additionally, all sample comparisons were
clustered for the identification of similarities between the cell
lines (Fig. 4 and Supplementary File 3). As expected, sample
comparisons with the same genetic background were more
similar in their expression patterns (Fig. 4, indicated as “A”)
than those comparisons of different genetic background (Fig.
4, indicated as “B” and “C”) in comparison to the noncloned
ESCs. In group A and B the parthenogenetic embryo-derived
ESC lines showed the largest difference compared to the other
samples. The cluster analysis also revealed that the expression
pattern of the control ESCs of both genetic backgrounds is
closest to that of the HM1 NT versus HM1 comparison (Fig. 4,
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FIG. 4. Hierarchical clustering of ESC line comparison. The
dendrogram reflects the process of clustering microarray
samples according to the similarity of their gene expression
profiles as measured by the Pearson correlation coefficient.
Distances between array sample clusters are approximated.
ESC line comparisons clustered by genetic background (oc-
tagons) and by the type of donor blastocysts (squares). NT,
nuclear transfer; NC, noncloned; MEF, mouse embryonic fi-
broblast; CUM, cumulus; PEM, piezoelectric micromanipu-
lation; PGA, parthenogenetic activation.
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indicated as “C”). The samples in group D represents the
comparisons with unaffected gene expression levels (Fig. 4,
indicated as “D”). Furthermore, a principal component anal-
ysis (PCA) was performed using (1) the whole dataset in-
cluding all 13 sample comparisons; (2) those experiments
compared to HM1 as reference, and (3) those experiments
compared to B6D2 as reference. The PCA analysis revealed
the same four clusters as the HLC analysis did (data not
shown). In conclusion, the cluster analysis revealed no simi-
larities in the expression patterns between the cloned and
noncloned cell line comparisons of the different genetic
backgrounds.

Validation of the results with quantitative real-time
PCR (gPCR)

To verify the microarray results, nine selected genes
(Tagln, Gas5, Ktnl, S100a6, S100a10, Sparc, Peg3, Femlb, and
Dppab) were validated using quantitative real-time PCR. The
individual qPCR results can be found in Supplementary
Table S1.

Additionally, several regulated genes (up- or down-
regulated in pairwise comparisons) identified by the micro-
array experiments (e.g., Actcl, Cd34, Cdh5, Cdx2, Collal,
Crabp2, Fit1, Gabrb3, etc) were also differentially expressed in
the TagMan assay (Fig. 1, Supplementary File 1 and 2).
Furthermore, five of them (Lefty2, Lin28, Nanog, Utfl, and
Zfp42) were among the 171 differentially expressing genes
across the ESC lines identified in the microarray, were also
present on the TagMan array and showed the same tendency
of expression changes. In conclusion, the tendencies of gene
regulation identified in the microarray experiments were
confirmed by two independent techniques.

Despite the similarities of results in the tendencies of ex-
pression (trend and patterns) among the different transcript
analysis techniques, a closer observation to the fold change
values of some genes revealed slight ratio variations between
the methods. The existence of inherent variations in the
sensitivity of these techniques affecting their dynamic range
is considered to cause such ratio variations, as reported by
our earlier study (Mamo et al, 2006) and several other
studies (Bae et al., 2003; Carter et al., 2003; Liu et al., 2004;
Palmqvist et al., 2005).

Functional classification of differentially
regulated genes

In order to analyze whether specific functional annota-
tions were overrepresented among the 171 regulated genes
across the distinct sample comparisons, Expression Analysis
Systematic Explorer (EASE) was used and the genes were
classify based on the molecular functions and biological
processes.

Generally, 15 biological processes, including cell growth
and communication, development, neurogenesis, DNA
methylation as well as metabolism of proteins, alcohol, lip-
ids, steroids, or nucleotides were overrepresented (Table 1).
Several of the genes annotated with the same Gene Onthol-
ogy (GO) term either shared similar expression patterns
across the sample comparisons (e.g., Anxal, App, Colla2, Cd5,
and Igfbp3 associated with cell communication), or had dis-
tinct expression patterns (e.g., Dnmt3a, Dnmt3l, and Fos an-
notated with DNA methylation; see Supplementary File 3).
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TaBLE 1. GENE ONTOLOGY: BroLOGICAL PROCESSES

GO-term

Gene symbol

Cell growth and/or maintenance Apoc2, Apoe, App, Betl, Cbx2, Cd5, Colec12, Crabpl, Fos, Fxyd6, G3bp2, Gabarapl2, Gria4,

Development/morphogenesis
Cell communication

Nucleotide and nucleic acid
metabolism
Protein metabolism

Macromolecule biosynthesis
Alcohol metabolism

Lipid metabolism

Response to external stimulus

Cell motility
Steroid metabolism
Cell adhesion
Neurogenesis
Apoptosis

DNA methylation

Hspd1, Igfbp3, KIf4, Ltbp2Mid1, Myl6, Septl, Sfn, Slc6a8, Smc1l2, Tmsb4x

Ahnak, Apoe, Cald1, Colla2, Col3al, Crabpl, Dnmt3a, Dnmt3l, Fos, Itgb1, KIf4, Mid1, Myl6,
Myef2, Nnat, NrOb1, Pax1, Sema7a, Tbx3, Tmsb4x, Tpm1, Usp9x, Wnt11

Anxal, Apoe, App, Cd5, Colla2, Crabpl, Gria4, Igfbp3, Jam2, Lphn2, Map2k4, Ogt, Sfn,
$100a10, Slc6a8, Tnc, Wntll

Adssl1, Atr, Cbx2, Colec12, Dnmt3a, Dnmt3l, EQr1, Fos, Kif4, Mid1, NrOb1, Nr1h3, Peg3,
Prkcbp1, Tbx3, Ube2a, Utf1

Apoe, Casp9, Colec12, Eif2s2, Epha8, G3bp2, Hspbl, Hspdl, Lox, Map2k4, Nnat, Ogt,
Pind, Sfn, Tmsb4x, Ube2a, Usp9x

Adssl1, Dher7, Eif2s2, Hmgces1, Hspbl, 1dil, NrOb1, Ogt

Apoe, Dher7, Hmgcs1, 1dil, Ldha, Pecr, Pfkp

Anxal, Apoc2, Apoe, Dher7, Hmgcs1, Idil, NrOb1

Anxal, Apoe, B2m, Colec12, Ephx2, Fos, Ifitm3, Itgbl, Ogt, Ppp1r13b, Sema7a, Timeless,
Timp3, Tmsb4x

Anxal, Apoe, Cald1, Slc6a8, Tpm1

Apoe, Dher7, Hmgces1, 1dil, NrOb1

App, Cdb, Colla2, Jam2

Ahnak, Apoe, Nnat, Sema7a

Apoe, App, Bnip3, Casp9, Pecr, Ppp1r13b

Dnmt3a, Dnmt3l, Fos

In molecular functions nucleic acid binding, cytoskeletal
proteins, and transcription factors were overrepresented
most among the sample comparisons; however, about one-
third of the differentially regulated genes were classified
as “miscellaneous” or “unclassified” (see Supplementary File
3). Little overlap was found at the functional level: con-
cerning the 129/0la genetic background, the cellular pro-
cesses of differentially regulated genes includes apoptosis,
neurogenesis, and immune response, whereas the differen-
tially regulated genes of the B6D2 background consists of
different signalling pathways (e.g., integrin and dopamine).
In summary, a wide range of biological processes was af-
fected by gene regulation changes in ntESCs, whereas
no specific functional group could be correlated with the
nuclear transfer.

Imprinted genes were selected and their expression pat-
terns represented in a heat map (see Supplementary Fig. S1)
in order to determine if gene expression changes might be
attributed to the process of NT. Three of the imprinted genes,
namely, Dcn (Decorin), Nnat (Neuronatin), and Peg3 (Pater-
nally expressed 3) were detected among the regulated group
of genes. These three genes were upregulated in several
B6D2 genotype cell lines (both in NT and control ESCs)
compared to HM1 (see Supplementary Fig. S1). In total, the
expression patterns of the imprinted genes that were present
on the array are heterogeneous and revealed no common
gene regulation between the sample comparisons.

Those genes analyzed in the in vitro differentiation studies
by RT-PCR were also present on the microarray but without
differential regulation in the undifferentiated states of all cell
lines (see Supplementary Fig. S2).

Comparison with previously published microarray
data sets

We compared the group of differentially regulated genes
(171 genes) of our study to available data sets from previ-

ous studies in mouse ntESC lines (Brambrink et al., 2006;
Wakayama et al., 2006), mouse NT embryos (Aston et al.,
2009; Fukuda et al., 2010; Jincho et al., 2008), bovine NT
embryos (Pfister-Genskow et al., 2005; Rodriguez-Osorio
et al., 2009; Smith et al., 2005; Somers et al., 2006), pig NT
embryos (Tian et al., 2009), and recently on rhesus monkey
ntESC (Byrne, 2011). A comparison of the published data
sets of mouse ntESCs (Brambrink et al., 2006; Wakayama
et al., 2006), revealed only an overlap of three genes Krt8
(keratin 8), Myl6 (Myosin light polypeptide, 6), and Zfp42
(formerly Rex1, Zinc-finger protein 42) with our data. An-
other four genes (App, Dnmt3a, Eif2s2, and Ube2a) were
identified when comparing our data set with a list of pre-
viously published genes observed to be differentially ex-
pressed in mouse NT embryos (Fukuda et al., 2010; Jincho
et al., 2008).

Interspecies comparison of our data with the recently
published data set of rhesus monkey ntESCs (Byrne, 2011)
identified three overlapping genes Crabp1, Lin28, and Nanog,
as differentially expressing in both species. Interestingly, in
this group Dnmt3b but not Dnmt3a was also differentially
expressed in rhesus ntESCs (Byrne, 2011).

Further interspecies comparisons of bovine (Aston
et al.,, 2009; Pfister-Genskow et al., 2005; Rodriguez-Osorio
et al., 2009; Smith et al., 2005; Somers et al., 2006) and pig
(Tian et al., 2009) NT embryos identified a common set of
genes regulated differentially, included: genes associated
with binding proteins, extracellular matrix proteins ABC-
transporters, translation initiators, Slc-transporters, ribo-
somal proteins, pro-collagens, some heat-shock protein
genes, and cytokeratins. At the transcript level, an overlap of
21 genes in at least two studies was found (Actb, Anxal, App,
Caldl, Cd81, Cdc42, Dnmt3a, Dnmt3L, Eif2s2, Igf2r, Krt2-8,
Maprel, Myl6, Nid2, Prpsl, Ptgs2, Set, Tmsbdx, Tsr2, Ube2a,
Vim, and Zfp42) (Aston et al., 2009; Pfister-Genskow et al,,
2005; Rodriguez-Osorio et al., 2009; Smith et al., 2005; Somers
et al., 2006; Tian et al., 2009). In comparison with our ntESC
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dataset, 13 genes of the previous list overlap (Anxal, App,
Cald1, Dnmt3a, Dnmt3L, Eif2s2, Krt2-8, Myl6, Tmsb4x, Tsr2,
Ube2a, Vim, and Zfp42). Overall, there was a small overlap
between the differentially regulated genes from our data and
genes identified as differentially regulated either in mouse
ntESC or mouse NT embryos in other data sets, despite the
variations among the experimental designs. There was
greater similarity between the lists of regulated genes of NT
embryos within or among species and the numbers of af-
fected genes were higher.

Discussion

Recently, we have successfully established ntESCs derived
from different nuclear donor cell types using either zona-free
(ZF) or piezoelectric microinjection (PEM) technology
(Kobolak et al., 2010) . In this study we demonstrated that
the efficiency of ntESC derivation was not related to the NT
method used. Furthermore, the zona-free NT technique re-
sulted in cell lines with the same potential as ntESCs pro-
duced from PEM.

Although several studies reported the efficient establish-
ment and characterization of ntESCs in different species only
two studies (Brambrink et al., 2006; Wakayama et al., 2006)
focused on the representative and thorough comparison of
ntESCs and fertilized embryo-derived counterpart ESCs.
Therefore, a very limited data is available about (1) the rel-
evance of the used NT technique, (2) the used nuclear donor
cell type, or (3) its genetic background. The current study
aimed to define the differences between ntESCs and control
ESC lines at molecular level by their transcriptional expres-
sion levels compliment well the previous study based on
comparative work at cellular levels.

The accurate and time-specific expression of the pluripo-
tent transcriptional regulatory system is fundamental for the
maintenance of ESC cell renewal and for their differentiation
potential. Nearby the most important in vitro pluripotency
markers (such as Pou5f1, Nanog, and Sox2) (Niwa et al., 2000),
a number of other important factors (such as Tdgfl, Dnmt3b,
Gabrb3, Gdf3, Utfl, and Zfp42) are expressed in undifferen-
tiated ESCs, and have been widely studied, although their
role in maintaining pluripotency and self-renewal is still
ambiguous (Ivanova et al., 2002; Ramalho-Santos et al., 2002;
Tanaka et al., 2002).

In the first part of the work, the most important in vitro
pluripotency markers were analyzed at cellular level by
immunocytochemistry and flow cytometry. The results of
these experiments indicated that the observed alterations
may be more correlated with the genetic background (B6D2
or 129) of the ntESC than the type of the nuclear donor cell
used (see details in Part I).

The only exception found was the HM1 ESC-derived
ntESC line, where a strong correlation was observed between
the parental HM1 ESC and its NT derivative: no significant
differences were detected in any of the examined plur-
ipotency markers at the protein level. In addition, expression
profiling analyses identified no differences in genes associ-
ated with cell pluripotency between these two cell lines.
These observations might indicate that nuclear reprogram-
ming occurs in an organized manner in ECS nuclear donor
cells, which could be due to their more plastic genome, and
their “open” chromatin structure (Azuara et al., 2006).
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A comparison of the two NT methods, using cumulus
nuclear donor origin cell lines, revealed very similar results
in flow cytometry and immunocytochemistry experiments
(see details in Part I) and showed no differences in the gene
expression patterns. Based on this data, we conclude that
differences between the cumulus-derived ntESC lines were
smaller compared to the MEF NT or B6D2 genotype control.
Cumulus-specific genes were successfully reprogrammed
and silenced immediately following SCNT (Tong et al.,
2007). Thus, the developmental competence of cumulus cell-
derived NT embryos depends on the restoration of embry-
onic gene expression, rather than the failure to silence the
somatic genes (Tong et al., 2006, 2007). This phenomenon
could probably explain the live offspring and ntESC deri-
vation rates of cumulus-derived NT embryos (Tong et al,,
2007).

Transcription profiling identified differences in gene ex-
pression levels between the ntESCs and the reference ESC
(HM1). As recently described (Brambrink et al, 2006;
Wakayama et al., 2006), the results of our expression profil-
ing analysis indicated more prominent differences between
distinct genetic backgrounds than due to the NT process
(PEM or ZF-NT). In addition, when comparing conventional,
fertilized embryo-derived stem cell lines, the differences be-
tween pluripotent lines derived from different sources (ESC
vs. EGC) were smaller than differences between cell lines
derived from different mouse strains (129 vs. C57BL/6)
(Sharova et al., 2007). Thus, these conclusions are in accor-
dance with our own results. However, we observed a de-
crease in the number of differentially expressed genes
between the two genotypes (HM1 and B6D2) following the
NT process from both genetic backgrounds (B6D2 MEF
NT vs. HM1 NT and B6D2 CUM NT vs. HM1 NT). In the
absence of published data, this observation should be
analyzed more comprehensively, for example, by compar-
ing several ntESCs of one nuclear donor cell and genetic
background (e.g., 129/SV fibroblast nuclear donor cell-
derived ntESCs). In addition, these experiments need to be
repeated using several different donor cells and different
genetic background-derived ntESCs. Indeed, efforts are on-
going in our laboratory to compare the same nuclear cell
type-derived ntESCs from mice of different genetic back-
grounds, to obtain a more detailed picture about this effect.

Transcriptional profiling has been used to determine the
difference between ntESCs and fertilized embryo derived
ESCs. A comparison of significantly regulated genes in our
analysis with previously published studies of mouse ntESC
lines (Brambrink et al., 2006; Wakayama et al., 2006) indi-
cated that only three genes overlapped with our 171 genes.
Further interspecies comparison with rhesus monkey ntESCs
(Byrne, 2011) revealed another three genes that were differ-
entially expressed in both species. However, the lack of
published ntESC microarray data makes it difficult to further
analyze or compare our results. Therefore, we decided to
widen the basis of the analysis: first, by comparing our
ntESC differentially expressed genes with published datasets
on mouse NT embryos (Fukuda et al., 2010; Jincho et al.,
2008), bovine (Aston et al., 2009; Pfister-Genskow et al., 2005;
Rodriguez-Osorio et al., 2009; Smith et al., 2005, Somers
et al., 2006), and pig (Tian et al., 2009) NT embryos. In the
case of interspecies differences, the comparison of our dif-
ferentially regulated genes and those of different species,
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revealed a more diverse picture. Similar genes were detect-
able between our gene set and the genes found from the NT
embryos of other species. A common set of genes were
identified in the interspecies comparisons that showed the
importance of binding proteins, translation initiators, and
ribosomal proteins in cell regulation and pluripotency, which
could be altered during NT (Laurincik and Maddox-Hyttel,
2007; Sanges and Cosma, 2011). Herein, we noticed that
nuclear transfer protocols (Wrenzycki et al., 2001) genetic
background differences as well as the microarray ap-
proaches, influenced the outcome of the gene expression
studies. This fact makes it particularly difficult to provide a
precise list of differentially regulated NT-specific genes from
interspecies comparisons. Previously published studies in-
dicated that the NT procedure can result in the differential
expression of a large number of genes in NT embryos (Aston
et al., 2009; Fukuda et al., 2010; Jincho et al., 2008; Pfister-
Genskow et al., 2005; Rodriguez-Osorio et al., 2009; Smith
et al., 2005; Somers et al., 2006), however, this seems to be
reduced in NT-embryo-derived ESCs (Brambrink et al., 2006;
Byrne, 2011; Wakayama et al., 2006), which we also con-
cluded in our study. The profoundly altered gene-expression
profile of mouse cloned embryos appears to be dependent on
the donor cell-type used (Gao et al., 2003; Smith et al., 2005),
which is observed in ntESCs when compared with their
nuclear donor cell type (Smith et al., 2005). This phenomenon
demonstrates that ntESCs have undergone complete nuclear
reprogramming, and the variation may be reduced or may
even disappear when comparisons are performed between
ntESCs and their fertilized embryo-derived counterparts.
Furthermore, DNA microarray profiles and HiCEP experi-
ments have shown that this “distance” is more prominent
between fertilized embryo-derived ESCs, than in other
ntESCs (Brambrink et al., 2006; Smith et al., 2005; Wakayama
et al., 2006). In contrast, gene expression profiling has re-
vealed subtle differences between human ESC lines and iPS
cells despite the ability of both cell types to self-renew and
contribute to all three germ layers during teratoma formation
(Chin et al., 2009). Furthermore, in rhesus monkey ntESCs
were transcriptionally closer to fertilized embryo-derived
ECSs than iPS cells (Byrne, 2011). These observations suggest
that ntESCs are derived from NT embryos in which nuclear
reprogramming was perhaps more successful (Brambrink
et al., 2006; Byrne, 2011, Wakayama et al., 2006). In other
words, it may be that only the most developmentally com-
petent NT embryos that have undergone complete nuclear
reprogramming may be permissive for ESC establishment.
The only gene exceptions found among the list of differ-
entially expressing genes published earlier include DNA
methyltransferase 3a (Dnmt3a) and its regulatory factor,
DNA methyltranferase 3-like protein (Dnmt3L). Both these
genes are required for de novo DNA methylation of imprinted
genes during early embryonic development (Hu et al., 2008)
and to initiate differentiation in ESCs (Jackson et al., 2004).
These two genes are often reported as differentially ex-
pressed in NT embryos of different species (Chung et al.,
2003; Giraldo et al., 2008; Ju et al., 2010; Kumar et al., 2007;
Wrenzycki et al., 2001). In our study, both genes were up-
regulated in B6D2 ntESC samples, compared to 129SV ge-
notype ESCs or the B6D2 control in the microarray
expression profiling experiments. It has also been reported
that DNA methylation patterns of imprinted genes are var-
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iable in ESCs (Chang et al., 2009; Humpherys et al., 2001).
Imprinted genes were also present among the differentially
expressed genes identified in our study (Dcn, Nnat, and
Peg3). The low number of differentially expressing imprinted
genes might be a sign of successful reprogramming in the
donor NT embryos of ntESCs. These observations confirm
our previous assumption that complete reprogramming of
NT embryos is necessary for ESC derivation.

The ESC lines were differentiated in vitro either sponta-
neously or by directed differentiation into cardiac and neural
cell lineages. Although, expression profiling analysis identi-
fied a number of differentially expressed genes across the
analyzed ESC lines, including genes associated with the de-
veloping heart (Col1a3, Colla2, Tpm1, and Tbx3) or the neural
system (Dhcr7, Gria4, App, Casp9, Nnat, and Crabp1), the di-
rected in vitro differentiation studies revealed no major dif-
ferences among the ntESC lines, which were analyzed by
immunostaining (see details in Part I) and RT-PCR. Previous
in vitro differentiation studies (Munsie et al., 2000) on ntESC
support our findings concerning lack of differences observed
in either neural or cardiac differentiation. In contrast, at the
gene expression level we identified differences in expression
of a small number of genes associated with cardiac and
neuronal differentiation. These observed differences ap-
peared to be related to differences in the genotype of the
examined cell lines.

In conclusion, expression profiling analysis of seven
cloned and noncloned ESC lines identified (1) differences
between nuclear transfer- and fertilized embryo-derived
ESCs, (2) genetic background related differences, (3) small
differences caused by different nuclear donor sources, and
(4) no differences due to the cloning methods used. Plur-
ipotency marker analysis at the protein level revealed sig-
nificant differences among the analyzed ntESCs and their
control counterparts, although the observed differences had
no effect on their in vitro cardiac and neural lineage differ-
entiation potential.
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