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Abstract

Purpose To assess the role of the genetic background, the culture medium supplements, and the presence of modulators of
signaling pathways on mouse embryonic stem cell derivation from single blastomeres from 8-cell embryos.

Methods Mice from permissive and non-permissive genetic backgrounds, different culture media supplements, knockout serum
replacement (KSR) and N2B27, and the presence or absence of 2i treatment were used to derive mouse embryonic stem cells
(mESC) from single blastomeres isolated from 8-cell embryos and from control embryos at the blastocyst stage. After the sixth
passage, the putative mESC were analyzed by immunofluorescence to assess their pluripotency and, after in vitro differentiation
induction, their ability to differentiate into derivatives of the three primary germ layers. Selected mESC lines derived from single
blastomeres in the most efficient culture conditions were further characterized to validate their stemness.

Results In control embryos, high mESC derivation efficiencies (70-96.9%) were obtained from permissive backgrounds or when
embryos were cultured in medium complemented with 2i regardless of their genetic background. By contrast, only blastomeres
isolated from embryos from permissive background cultured in KSR-containing medium complemented with 2i were moderately
successful in the derivation of mESC lines (22.9-24.5%). Moreover, we report for the first time that BOCBAF2 embryos behave
as permissive in terms of mESC derivation.

Conclusions Single blastomeres have higher requirements than whole blastocysts for pluripotency maintenance and mESC
derivation. The need for 2i suggests that modulation of signaling pathways to recreate a commitment towards inner cell mass
could be essential to efficiently derive mESC from single blastomeres.

Keywords Mouse embryonic stem cells - ESC derivation - ESC culture - Blastomere

Introduction of blastocysts [3—5] or from embryos at earlier stages of devel-
opment [6—8]. However, the use of whole embryos to establish

Embryonic stem cells (ESC) are pluripotent cells established ~ ESC in humans entails some controversy due to the need for

from preimplantation embryos, which retain their ability to
self-renew or differentiate into specific cell types [1]. Due to
these properties, ESC have a unique potential for regenerative
medicine, disease modeling, and animal engineering [2].
Traditionally, ESC have been derived from the inner cell mass
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embryo destruction. To circumvent the ethical concerns, ESC
can be alternatively established from single blastomeres [9—12].
Using this approach, autologous ESC lines could be produced
for children born from biopsied embryos in preimplantation
genetic testing programs. On the other hand, the separate use
of all the blastomeres from an embryo to initiate the ESC der-
ivation process, though still involving embryo destruction,
could increase the probability of obtaining an ESC line from a
particular embryo [13]. This, in turn, could also lead to a reduc-
tion in the number of embryos used for ESC derivation, a rel-
evant point not only for human embryos but also for highly
valuable embryos from other mammalian species.

Although ESC lines have been successfully derived from
both mouse and human single blastomeres, the derivation
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efficiencies are typically much lower than those achieved from
whole embryos [8, 14-17]. In the mouse, where the majority
of studies have been performed, derivation of ESC from single
blastomeres biopsied from embryos at the 2-, 4-, and 8-cell
stages indicated that the derivation efficiency gradually de-
clines with increasing embryo developmental age, due to a
progressive reduction in cytoplasmic volume and/or increase
in the degree of cell fate commitment [ 14]. The best derivation
efficiencies obtained so far from a single blastomere from an
8-cell embryo (1/8 blastomere) cultured under standard con-
ditions have reached only 14% [14]. Therefore, derivation of
ESC lines from single blastomeres must be optimized.

ESC derivation is a complex process depending on several
factors, which have been extensively studied in the derivation
of mouse ESC (mESC) from whole blastocysts [18]. Among
them, the genetic background (strain) of the embryos, the
supplements added to the culture media and the use of mod-
ifiers of signaling pathways seem to play a major role, aside
from the use of feeder cells.

According to their ability to yield mESC, mouse strains can
be classified into permissive strains, such as 129S2 and
C57BL, and non-permissive strains, like CBA, NOD, and
FVB [19, 20]. Despite the wide use of hybrid strains like
B6D2F1 and B6CBAF1 in procedures such as somatic cell
nuclear transfer [21-23], these strains have seldom been used
for mESC derivation [24-26] and their permissiveness for
mESC derivation is yet unclear.

Regarding culture media supplements, the addition of se-
rum or a serum substitute is required to efficiently support
mESC derivation. Fetal calf serum (FCS) contains growth
factors that support self-renewal [19, 26]. However, it may
also contain potential differentiation factors and, consequent-
ly, only validated batches of FCS can be used for stem cell
culture [18, 26]. Knockout serum replacement (KSR), a more
defined FCS-free formulation, also presents batch-to-batch
variability and needs to be tested [27, 28]. To circumvent this
limitation, the protein complex N2B27 has been used as a
serum substitute, though it only supports derivation and self-
renewal of mESC in the presence of certain signaling modu-
lators. Otherwise, N2B27-supplemented medium induces the
differentiation of stem cells to neural precursors [29].

Indeed, the modulation of signaling pathways has also proved
to be essential for successful mESC derivation and culture. The
first modulator used was leukemia inhibitory factor (LIF), which
supports self-renewal and improves mESC maintenance [30,
31]. More recently, the cocktail of inhibitors known as 2i, com-
prising the glycogen synthase kinase 3 (GSK3) inhibitor
CHIR99021 and the mitogen-activated protein kinase (MAPK)
kinase (MEK) inhibitor PD0325901, has allowed the derivation
of mESC from various mouse strains in several culture media
without the need for LIF or feeder cells [32]. Yet, the combina-
tion of LIF with 2i and feeder cells has been shown to further
enhance mESC derivation rates and clonal expansion [33]. On
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the other hand, the dual inhibition of MEK by PD0325901 and
of transforming growth factor 3 (TGF{3) by SB431542, known
as R2i, has also allowed the derivation of mESC from both
permissive and non-permissive strains [34].

Despite the wide knowledge about the conditions to effi-
ciently derive mESC from whole blastocysts, little is known
about the impact of these conditions when mESC are
established from isolated blastomeres. The majority of studies
in which mESC are derived from 1/8 blastomeres use 129S2
inbred or hybrid embryos cultured in medium supplemented
with FCS or KSR and in the presence of feeder cells. But, in
the absence of signaling modulators other than LIF, the deriva-
tion rates are extremely low [9]. Addition of MEK inhibitor or
the adrenocorticotropic hormone (ACTH), which supports
clonal propagation of mESC [35], led to an increase in deriva-
tion efficiencies to 4-14% [11, 14, 16]. Similarly, the combina-
tion of LIF and 2i in medium supplemented with KSR resulted
in derivation rates of 14% from 1/8 blastomeres from the
C57BL permissive strain [8]. Addition of a chimeric E-
cadherin to medium supplemented with KSR, LIF, ACTH
[13], or the R2i cocktail to N2B27 medium supplemented with
LIF [36] has allowed the highest derivation efficiencies obtain-
ed so far from 1/8 blastomeres (33.6% and 46—50%, respective-
ly), using either 129S2 x C57BL blastomeres [13] or blasto-
meres from the non-permissive strains NMRI and BALB [36].

The scarcity of papers dealing with the derivation of mESC
from 1/8 blastomeres, as well as the variation in mouse strains,
media supplements, and signaling modulators between studies
often hinder the comparison of the results obtained. On the
other hand, it is not clear whether the requirements for
pluripotency maintenance and self-renewal are the same for
single blastomeres and whole embryos and whether the effect
of the genetic background and culture conditions is similar in
both types of samples. In this context, in the present study, we
have followed a systematic approach to analyze the impact of
the genetic background, culture media supplements, and sig-
naling modulators on the derivation of mESC from 1/8 blasto-
meres and blastocysts, used as the control group. Specifically,
we used embryos from three different strains of mice (permis-
sive hybrid 129B6F 1, non-permissive inbred CBA, and hybrid
B6CBAF2, of unknown permissiveness), which were cultured
in the most common conditions for mESC derivation from
whole blastocysts, i.e., medium containing either KSR or
N2B27 and in the presence or absence of 2i.

Materials and methods
Feeder cells culture
Because single blastomeres require feeder cells for their prop-

er development into outgrowths [36, 37], in this study, human
foreskin fibroblasts (HFF-1; ATCC®SCRC-1041™) were
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used as feeder cells. HFF-1 were inactivated with 10 pg/ml
mitomycin C (Serva) for 3 h to produce feeder cells. The
medium used for HFF-1 inactivation and feeder cell culture
was Dulbecco’s modified Eagle’s medium (DMEM; BioWest)
supplemented with 10% FCS (BioWest).

Feeder cells were cultured on 4-well plates for the deriva-
tion of mESC from whole embryos and for stem cell culture
maintenance. Instead, feeder cells were cultured in 50 pl
microdrops covered with mineral oil (Sigma) in a 60-mm
Petri dish for the derivation of mESC from single blastomeres.

Embryo collection

Embryos were collected from 6- to 12-week-old females from
three different strains: 129S2 females mated with C57BL males
(129B6F1 embryos), BOCBAF1 females mated with males from
the same hybrid strain (B6CBAF2 embryos), and CBA females
mated with males from the same strain. All the mice were ob-
tained from Charles River Laboratories, except those of the CBA
strain that were purchased from Harlan Laboratories. Due to their
poor breeding efficiency and an unresponsive nature [38], 12952
females were mated with C57BL males in order to improve
embryo production and quality by hybrid vigor [39].

Prior to mating, females’ superovulation was induced by
intraperitoneal injection of 5 IU pregnant mare’s serum gonad-
otropin (Foligon) followed by the injection of 5 TU human
chorionic gonadotropin (hCG; Divasa-Farmavic) 48 h later.

Embryos were collected at the 2-cell stage, 48 h after the
hCG injection, by flushing the oviducts with HEPES-buffered
CZB medium [40]. They were then cultured in equilibrated
KSOMaag Evolve® medium (Zenith Biotech) supplemented
with 4 mg/ml bovine serum albumin (BSA; Sigma) at 37 °C
and 5% CO, until the 8-cell or blastocyst stage.

Blastomere isolation

Blastomeres of 8-cell embryos were isolated by micromanip-
ulation in PBS (Sigma) supplemented with 1% BSA. Using a
10-um-diameter pipette containing acidic Tyrode’s solution
[39], the zona pellucida was drilled and blastomeres were
individually aspirated with a 20-pm-diameter biopsy pipette.

In order to avoid biased results due to a possible blastomere
commitment at the 8-cell stage or to embryo origin, all the
blastomeres from each embryo were isolated and blastomeres
from different embryos were pooled together and distributed
randomly among the different groups before starting the der-
ivation process.

Establishment of embryonic stem cell lines
and culture maintenance

Mouse ESC lines were derived using medium containing either
KSR or N2B27. The KSR medium consisted of DMEM

supplemented with 100 uM 2-3-mercaptoethanol (Gibco), 1x
non-essential amino acids (Gibco), 50 U/ml penicillin and
50 ng/ml streptomycin (Gibco), 20% KSR (Life
Technologies), and 10° U/ml leukemia inhibitory factor (LIF;
Merk Millipore). Since it has been reported that different
batches of KSR may result in significantly different derivation
efficiencies [27, 28], each batch of KSR was tested prior to use
and only those batches yielding derivation efficiencies higher
than 65% from 129B6F1 blastocysts were selected. The
N2B27 medium was composed of a 1:1 mixture of DMEM-
F12 (Gibco) and neurobasal medium plus 100x N2 (Gibco),
50x B27 (Gibco), and 1 mM L-glutamine (Gibco) and was
supplemented with 50 uM 2-f-mercaptoethanol, 1x non-
essential amino acids, 10° U/ml LIF, 50 U/ml penicillin, and
50 pg/ml streptomycin. When indicated, these media were also
supplemented with the 2i inhibitor cocktail [32], a combination
of the MEK inhibitor PD0325901 (Axon Medchem; 1 uM)
and the GSK3 inhibitor CHIR99021 (Axon Medchem; 3 pM).

Blastocysts were seeded on a monolayer of feeder cells in
4-well plates after removing their zona pellucida with acidic
Tyrode’s solution. They were cultured at 37 °C and 5% CO, in
KSR medium or N2B27 medium, with or without 2i treat-
ment, changing the medium every 48 h. Stem cell lines were
weekly subcultured and maintained for 6 passages.

Single blastomeres were seeded on a monolayer of feeder
cells in 50 pl microdrops of KSR or N2B27 medium with or
without the 2i treatment. In all cases, the medium was supple-
mented with 0.1 mg/ml ACTH (Prospec). Blastomeres were
cultured at 37 °C and 5% CO,, changing the medium every
24-48 h for 7-9 days until outgrowths were observed. At the
first subculture, outgrowths were seeded on feeder cells in 4-
well plates with KSR or N2B27 medium alone or in the pres-
ence of 2i. Mouse ESC lines were cultured for six passages at
37 °C and 5% CO, changing the medium every 48 h and
weekly subculturing them.

Immunofluorescence analysis of lines pluripotency

Putative mESC stem cell lines were first selected according to
their morphology, choosing only the lines containing colonies
with defined edges. At the seventh passage, mESC lines cul-
tured on glass coverslips were fixed and immunostained for
the detection of OCT4 and SOX2 pluripotency markers. Some
selected lines were also immunostained for NANOG
pluripotency marker.

Cells were fixed in 4% paraformaldehyde (Sigma) during
20 min at room temperature (RT) and washed three times with
PBS for 5 min/each. Samples were blocked and permeabilized
with a PBS solution containing 0.2% sodium azide, 0.5%
Triton X-100, and 3% goat serum for 30 min at 37 °C. Cells
were incubated with the primary antibodies overnight at 4 °C,
washed three times with PBS for 5 min, and incubated with
secondary antibodies for 2 h at RT. The primary antibodies
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were mouse monoclonal anti-OCT4 (Santa Cruz, sc-5279,
1:50 dilution, antibody registry AB_628051), rabbit polyclon-
al anti-SOX2 (Merck Millipore, AB5603, 1:200 dilution, an-
tibody registry AB 2286686), and rabbit polyclonal anti-
NANOG (Abcam, ab80892, 1:100 dilution, antibody registry
AB 2150114). The secondary antibodies were Alexa Fluor
488 chicken anti-mouse IgG (Molecular Probes - Invitrogen,
A-21200, 1:500 dilution) and Alexa Fluor 594 goat anti-rabbit
IgG (Molecular Probes - Invitrogen, A-11037, 1:500 dilution).
All the antibodies were diluted in a PBS-based solution con-
taining 0.2% sodium azide (Sigma), 0.1% Triton X-100
(Sigma), and 3% goat serum (BioWest).

After secondary antibody incubation, samples were
washed again three times with PBS for 5 min, and the nuclear
material was counterstained with 10 pg/ml Hoescht 33258
(Molecular Probes - Invitrogen) diluted in Vectashield
(Vector Laboratories). Finally, samples were mounted and an-
alyzed with an epifluorescence microscope (Olympus BX61)
and the Cytovision software (Applied Imaging, Inc.).

In vitro differentiation

At the seventh passage, all the derived mESC lines were sub-
jected to in vitro spontaneous differentiation by culturing them
in DMEM supplemented with 10% FCS in feeder-free condi-
tions for 10 days. Due to the resistance of mESC lines cultured
in presence of 2i to undergo spontaneous differentiation, 2i
was removed from the culture medium a week before starting
the differentiation process in order to diminish the strong
pluripotency signaling and ease colonies differentiation.
Differentiated cells were fixed, immunostained, and analyzed
using the same protocol described for pluripotency analysis.
Mouse monoclonal anti-Tubulin 3 3 (TUJ1; Biolegend, MMS-
435P, 1:500 dilution, antibody registry AB 2313773), mouse
monoclonal anti-o smooth muscle actin (xSMA; Sigma,
AS5228, 1:200 dilution, antibody registry AB_262054), and
mouse monoclonal anti-alpha-fetoprotein (AFP; R&D
Systems, MAB1368, 1:50 dilution, antibody registry
AB 357658) antibodies were used to detect ectoderm, meso-
derm, and endoderm differentiation markers, respectively.
Secondary antibody was Alexa Fluor 488 chicken anti-mouse
IgG (Molecular Probes - Invitrogen, A-21200, 1:500 dilution).

Alkaline phosphatase staining and modal karyotype

Alkaline phosphatase (ALP) activity was determined in some
selected blastomere-derived lines (three lines per mouse
strain) using a two-component buffered alkaline phosphatase
substrate containing a 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) analogue and nitro blue tetrazolium (NBT) (Sigma).
Briefly, mESC colonies were fixed with 4% paraformalde-
hyde (Sigma) during 1 min at RT, washed with PBS, and
incubated with a 1:1 mixture of BCIP and NBT for 10 min
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at RT. Samples were observed under an inverted microscope
(Olympus IX71).

To obtain the modal karyotype, passage 16—-18 mESC were
arrested at metaphase with 0.02 pg/ml colcemid (Gibco) for
7 h at 37 °C. Then, they were resuspended in a pre-warmed
0.075 M KCl hypotonic solution and incubated for 10 min at
37 °C. Finally, cells were fixed with chilled freshly prepared
methanol (Merck)/acetic acid (Merck) (3:1 ratio) and dropped
on chilled slides. Chromosomes were counterstained with
DAPI (Abbot Molecular) and analyzed with an
epifluorescence microscope (Olympus BX61) and the
Cytovision software (Applied Imaging, Inc.). The number of
chromosomes was counted in approximately 60 metaphases
per sample.

RNA extraction and real-time quantitative PCR

The expression of pluripotency genes (Oct4, Nanog, Esrrb,
and Tfcp2ll) was assessed by real-time quantitative PCR
(qPCR) on some selected blastomere-derived lines (three lines
per mouse strain). Commercially available E14 mESC line
and STO mouse fibroblasts were used as a positive and neg-
ative controls, respectively. For RNA extraction, cells were
trypsinized and centrifuged and pellets were washed with
PBS. Total RNA was extracted with Maxwell RSC
SimplyRNA Tissue Kit (Promega) and its concentration and
quality were assessed using a Nanodrop spectrophotometer
(ThermoFisher). One microgram of the extracted RNA was
used as a template for the reverse transcriptase reaction using
the iScript cDNA Synthesis Kit (Bio-Rad). The qPCR reac-
tions were performed in triplicate using iTaq Universal SYBR
Green Supermix (Bio-Rad), on a CFX96 Real-Time System
thermocycler (Bio-Rad). The amplification program consisted
on a first denaturation step of 3 min at 95 °C followed by
40 cycles of 10 s at 95 °C (denaturing) and 30 s at 60 °C
(annealing and extension). Finally, to assess the specificity
of the amplification product, an additional thermal
denaturizing cycle was performed to obtain the melt curve of
the qPCR products. Validated PrimePCR SYBR Green
Assays (Bio-Rad) for Pou5f1 (Oct4, gqMmuCED0046525),
Nanog (QMmuCID0005399), Esrrb (QqMmuCED0039638),
and Tfep2ll (QMmuCID0013329) were used to assess
pluripotency and Gapdh (QMmuCEDO0027497) was used to
normalize gene expression between samples. A no template
control (NTC) was added for each primer. The cycle quanti-
fication value (Cy value) was determined for each sample.

Statistical analysis

In the derivation experiments from whole embryos, 30 blas-
tocysts from each mouse strain were used for each treatment
and culture condition, with at least three experimental repli-
cates. In the derivation experiments from single blastomeres,
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the same criteria were applied but every group consisted of a
minimum of 140 blastomeres. In both cases, the derivation
efficiency was calculated as the number of mESC lines ob-
tained divided by the number of whole blastocysts or isolated
blastomeres seeded under the different conditions described.
Only the mESC lines that were positive for OCT4 and SOX2
pluripotency markers and that, after in vitro differentiation
induction, were also positive for the three differentiation
markers analyzed were considered as true mESC lines and
were used for the calculation of derivation efficiencies.
Results were analyzed with x? and Fisher exact test using
GraphPad Prism software. p < 0.05 was considered statistical-
ly significant.

In the qPCR experiments, normalization of C, values was
performed against the expression of Gadph housekeeping
gene and relative expression was calculated using the AAC,
method by comparing to E14 control. Results were analyzed
with an ANOVA test with the Bonferroni correction using the
CFX Maestro software (Bio-Rad). p <0.05 was considered
statistically significant.

Results

In this study, we generated a total of 345 lines with a stem cell-
like morphology after 6 weeks of culture: 233 lines from
whole blastocysts (control group) and 112 lines from single
1/8 blastomeres. All the putative mESC lines generated were
positive for the pluripotency (OCT4 and SOX2) and differen-
tiation markers (Fig. 1) and were considered true mESC lines,
except one line derived from a single B6CBAF2 blastomere

pluripotent mES
= —

d

Fig. 1 Immunofluorescence detection of pluripotency and differentiation
markers in putative mESC lines derived from single blastomeres. a
Putative mESC line cultured for six passages, showing a stem cell-like
morphology and defined edges. b, ¢ mESC colonies expressing OCT4 (b,
green) and SOX2 (¢, red). d Morphology of a mESC line after

OCT4/Hoechst

TUJ1/Hoechst

cultured in KSR medium. This line was discarded and was not
considered in the statistical analyses.

To start the derivation process, 1/8 blastomeres were seed-
ed into culture medium microdrops containing feeder cells
(Fig. 2a) and their development was monitored until out-
growths were observed. Blastomeres required 24 h to undergo
the first division into 2 cells (Fig. 2b). On the second day of
culture, blastomeres had divided into 8—16 cells (Fig. 2¢) and,
from the third day of culture onward, they attached to the
feeder layer and formed a small clump of cells (Fig. 2d).
The clump kept growing until forming an outgrowth on day
8, whose size and shape varied depending on the genetic
background of the blastomere and the culture conditions.

KSR medium does not efficiently support
the derivation of mESC lines from 1/8 blastomeres

Results from the control group showed that blastocysts from
the permissive strain 129B6F1 cultured in KSR medium
yielded 74.3% (26/35) of mESC lines, similar to the 77.4%
(24/31) achieved from B6CBAF2 blastocysts (Fig. 3a). Both
efficiencies significantly differed from the 46.9% (15/39) of
mESC lines derived from non-permissive CBA blastocysts,
indicating that BOCBAF2 must be considered a permissive
strain in terms of mESC derivation.

When mESC were established from single blastomeres un-
der the same culture conditions, the derivation efficiencies
were extremely lower than those obtained with whole blasto-
cysts. Nevertheless, blastomeres from 129B6F1 and
B6CBAF2 strains produced equivalent derivation rates
(8/165=4.9% and 5/169 =3.0%, respectively), whereas

S0OX2/Hoechst

aSMA/Hoechst AFP/Hoechst

spontaneous in vitro differentiation induction for 10 days. e, f, g
Differentiated mESC lines expressing TUJ1 (e, green), aSMA (f,
green), and AFP (g, green). In all immunofluorescence images, nuclei
are counterstained with Hoechst (blue). The scale bar corresponds to
100 pm
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Fig. 2 Division of 129B6F1 single blastomeres. a Single blastomere
seeded in KSR medium. b Single blastomere cultured for 24 h in KSR
medium and divided into 2 cells. ¢ Single blastomere cultured for 2 days

CBA blastomeres did not produce any mESC line (0/144;
Fig. 3b). These results agree with B6CBAF2 being a
permissive strain for mESC derivation. They also indi-
cate that KSR medium alone is not suitable for mESC
derivation from single 1/8 blastomeres.

Regarding morphology, blastocysts cultured in KSR medi-
um produced outgrowths surrounded by swollen refractive
cells (Fig. 4a), whereas outgrowths emerged from 1/8 blasto-
meres presented a flat shape and defined edges (Fig. 4b). For
all strains, mESC lines established from either blastocysts or
blastomeres presented a mixture of flattened colonies with

Fig. 3 Derivation efficiencies of
mESC from whole blastocysts (a)

~24h

a Blastocysts

e I RS
in KSR medium and divided into 816 cells. d Single blastomere cultured

for 4 days in KSR medium, forming a small cell clump. The scale bar
indicates 100 um

defined edges (Fig. 4c) and colonies with peripheral differen-
tiation signs (Fig. 4d), requiring a careful selection in every
passage to discard differentiated cells.

N2B27 medium impairs the establishment of mESC
lines from both whole blastocysts and single
blastomeres

As expected, blastocysts cultured in N2B27 medium without
treatment resulted in lower derivation efficiencies than those

and single 1/8 blastomeres (b) in - 100 .
different media in the presence or 2 | — [ 129B6F1
absence of 2i. Significant ~ —
differences are denoted with *p < > 80 n = O BECBAF2
0.05, ##p <0.01, and **##p < g BB CBA
0.0001 (X2 and Fisher exact test) ‘s 60
S
c 40
)
2 20
)
© 0 [ | El.-
KSR KSR +2i N2B27 N2B27 + 2i
b Blastomeres
30 -
n e [ 129B6F1
= N [ B6CBAF2
Q
5 20 - @8 CBA
E
(]
c
O 10 1
© *x
2 I 1
o)
S OJDEI lem N-m
KSR KSR + 2i N2B27 N2B27 + 2i
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Fig. 4 Morphology of
outgrowths and mESC colonies
derived from whole blastocysts
and single 1/8 blastomeres in
KSR medium without treatment.
a Outgrowth from a CBA
blastocyst cultured in KSR
medium consisting of a clump of
pluripotent cells surrounded by
swollen refractive cells
highlighted with arrowheads. b
Outgrowth from a 129B6F1
blastomere cultured in KSR
medium. ¢, d mESC colonies at
passage 4 cultured in KSR
medium, presenting either
defined edges (c¢) or peripheral
differentiation signs, highlighted
with dashed ellipses (d). The scale
bar corresponds to 100 pm

outgrowths

mES colonies

obtained in KSR medium (1/32 =3.1% for 129B6F1, 3/32 =
9.4% for B6CBAF2, and 1/31=3.2% for CBA embryos),
with no statistical differences among strains (Fig. 3a). In the
case of 1/8 blastomeres, derivation efficiencies were also ex-
tremely low irrespectively of the genetic background (7/197 =
3.6% for 129B6F1, 1/144 =0.7% for BOCBAF2, and 3/162 =
1.9% for CBA embryos) and did not differ from those of their
whole blastocysts counterparts, except in the case of the
B6CBAF2 strain. Moreover, no significant differences were
observed for any of the strains in the rates of mESC derivation
between single blastomeres cultured in KSR or N2B27
medium.

As in KSR medium, blastocysts produced outgrowths with
peripheral swollen refractive cells (Fig. 5a), whereas the out-
growths produced from single blastomeres were large and
presented defined edges, but often showed regions of varying
thicknesses (Fig. 5b). Despite the prominent number of
blastomere-derived outgrowths initially emerged under this
culture condition (from 34.7% for B6CBAF2 blastomeres to
43.2% for 129B6F1 blastomeres), the vast majority of them
tended to differentiate during the following passage resulting
in a final low mESC derivation rate. The few mESC lines
established from blastocysts and blastomeres presented both
defined edges and peripheral differentiation signs (Fig. 5c).

Addition of 2i after outgrowth formation is not
sufficient to compensate for their massive
differentiation in N2B27 medium

To further investigate the origin of the massive differentiation
at low passages of outgrowths derived from blastomeres

CBA blastocyst

(=3

q

129B6F1 blastomere

cultured in N2B27 medium without 2i treatment, the biggest
outgrowths were split in two with the help of a scalpel before
the first passage. One half was maintained in N2B27 medium
without treatment while the other half was moved to N2B27
medium with 2i. From a total of 42 129B6F1, 35 B6CBAF2,
and 10 CBA outgrowths in this new group, only 5%, 5.7%,
and 0%, respectively, progressed to establish a mESC line.
These derivation efficiencies were equivalent to those obtain-
ed in the non-treated group, suggesting that 2i addition after
outgrowth formation is not sufficient to prevent the massive
differentiation underwent by outgrowths from isolated blasto-
meres in N2B27 medium.

Addition of 2i abolishes the effect of the genetic
background and medium supplements in mESC
derivation from whole blastocysts, but not

from single blastomeres

Addition of 2i to KSR medium did not significantly alter
derivation rates from 129B6F1 (22/29=75.9%) and
B6CBAF2 (29/34 =85.3%) blastocysts. However, it pro-
duced a significant increase in the derivation rate from blasto-
cysts from the non-permissive CBA strain (27/31=87.1%)
when compared with the use of KSR medium alone (Fig.
3a). As a result, derivation rates in KSR medium containing
2i were similar among the three mouse strains used, indicating
that the use of 2i is able to compensate for the differences due
to the embryos genetic background. This was further con-
firmed with the addition of 2i to N2B27 medium, which also
produced similar rates of mESC derivation regardless of the
strain used (28/34 =82.4% for 129B6F1, 31/32=96.9% for
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B6CBAF2 blastocyst

7

a

Outgrowths

Fig. 5 Morphology of outgrowths and mESC colonies derived from
whole blastocysts and single 1/8 blastomeres in N2B27 medium
without treatment. a Outgrowth from a B6CBAF2 blastocyst cultured
in N2B27 medium consisting of a clump of pluripotent cells and
swollen refractive cells around, highlighted with arrowheads. b

B6CBAF2, and 26/31 for CBA embryos; Fig. 3a). Moreover,
the significant increase in derivation efficiencies in compari-
son with the N2B27 medium without treatment and the equiv-
alence with those obtained in KSR medium with 2i indicated
that addition of 2i is also able to compensate for medium
deficiencies during the derivation of mESC from whole
blastocysts.

In sharp contrast, the addition of 2i to KSR medium signif-
icantly increased derivation rates from single blastomeres in
relation to their non-treated counterparts, but only in the two
permissive strains, reaching derivation efficiencies of 24.5%
(38/155) for 129B6F1 blastomeres and 22.9% (35/153) for
B6CBAF?2 blastomeres (Fig. 3b). Even though 3 mESC lines
could be established from CBA blastomeres in KSR medium
with 2i, the derivation rate (3/162 = 1.9%) was not significant-
ly different than in KSR medium alone and was significantly
lower than for blastomeres of the two permissive strains cul-
tured in the same 2i conditions. Thus, contrary to our obser-
vations with whole blastocysts, it seems that the use of 2i
cannot abolish the strong effect of the genetic background
when mESC are derived from single blastomeres.

In a similar way, 21 was unable to compensate for culture
medium deficiencies during the derivation of mESC from sin-
gle blastomeres. Derivation rates in 2i-containing N2B27 me-
dium remained extremely low (5/178 =2.8% for 129B6F1,
1/143 =0.7% for B6CBAF2, and 5/162 =3.1% for CBA em-
bryos; Fig. 3b), and similar to those obtained with their non-
treated counterparts. Consequently, derivation rates from sin-
gle blastomeres cultured in the two different media containing
21 were significantly different for the two permissive strains,
while similar for the non-permissive CBA strain.

Contrary to their non-treated counterparts, outgrowths pro-
duced from control blastocysts cultured in both media contain-
ing 2i presented defined edges (Fig. 6a). Nonetheless, out-
growths derived from single blastomeres differed depending
on the medium used. Blastomeres cultured in KSR medium
with 2i produced flat outgrowths with defined edges (Fig. 6b,
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lastomere B6CBAF2 blastocyst

mESC colony

Outgrowth from a B6CBAF?2 blastomere cultured in N2B27 medium. ¢
mESC colonies at passage 5 cultured in N2B27 medium, presenting
defined edges and peripheral differentiation signs, highlighted with
dashed ellipses. The scale bar corresponds to 100 pm

¢), which were bigger in the case of permissive (Fig. 6b) than
of non-permissive strains (Fig. 6¢). Instead, blastomeres cul-
tured in N2B27 medium supplemented with 2i formed two
types of outgrowths, flat outgrowths with defined edges
(Fig. 6d), which progressed and gave rise to mESC lines,
and the more abundant (83.9% to 97.9%) small and extremely
flattened outgrowths that presented non-defined edges and
vacuolated cells (Fig. 6e) and were non-progressive. As the
number of passages increased, mESC colonies cultured in
N2B27 medium supplemented with 2i were more dome
shaped (Fig. 6f) than colonies observed in KSR medium sup-
plemented with 2i, which showed a uniform morphology with
a flat shape and defined edges (Fig. 6g).

Characterization of mESC derived from single
blastomeres

To further characterize the pluripotency of the blastomere-
derived mESC lines, we selected three lines of each genetic
background (hybrid B6CBAF2, non-permissive CBA, and per-
missive 129B6F1) derived in the most efficient conditions
(KSR medium containing 2i) and included the commercially
available E14 mESC line (derived from a 129/0la blastocyst)
as a control. ALP activity was detected in 100% of the colonies
analyzed (Fig. 7a) and all the lines showed NANOG immuno-
staining (Fig. 7b). E14 mESC, as well as the three lines
established from CBA blastomeres, retained an euploid modal
karyotype of 40 acrocentric chromosomes. On the contrary,
mESC lines established from 129B6F1 and B6CBAF?2 blasto-
meres displayed aneuploid karyotypes. One B6BCBAF2 mESC
line had a modal karyotype of 42 chromosomes. The remaining
two B6CBAF2 mESC lines and the three 129B6F1 mESC
lines had a modal karyotype of 39 chromosomes, though in
the four lines the second more represented population had 40
chromosomes. One of the B6CBAF]1 lines with a modal kar-
yotype of 39 chromosomes showed a chromosomal fusion in
one third of the metaphases analyzed. Regarding the expression
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129B6F1 129B6F1 CBA
blastocyst blastomere blastomere

N2B27 + 2i

CBA

B6CBAF2
blastomere blastomere
N2B27 + 2i N2B27 + 2i

Fig. 6 Morphology of outgrowths and mESC colonies derived from
whole blastocysts and single 1/8 blastomeres in either KSR medium or
N2B27 medium with 2i. a Outgrowth from a 129B6F1 blastocyst
cultured in N2B27 medium containing 2i presenting defined edges. b
Outgrowth from a 129B6F1 blastomere cultured in KSR medium with
2i. ¢ Outgrowth from a CBA blastomere cultured in KSR medium with 2i.

of pluripotency genes, equivalent levels of Oct4, Nanog, Esrrb,
and Tfcp2ll were found by qPCR among the blastomere-
derived mESC lines of different genetic background and be-
tween these lines and the E14 control line, except for significant
lower levels of Oct4 expression in 129B6F1 and BOCBAF2
lines than in the E14 control (Fig. 7c).

Discussion

In this study, we have shown that the genetic background of
the embryos, the culture medium supplements, and the pres-
ence of modifiers of the activity of signaling pathways do not
equally affect the derivation efficiency of mESC established
from whole blastocysts and single blastomeres.

Control experiments performed with whole blastocysts
from the permissive 129B6F1 and the non-permissive CBA
strains confirmed previous observations that the genetic back-
ground of the embryos has a profound effect on mESC deri-
vation efficiencies and that this effect can be abolished by the
addition of 2i [18, 32]. The differential permissiveness of
mouse strains for the establishment of mESC has been recent-
ly attributed to their distinct inherent ability to modulate intra-
cellular signaling pathways in response to LIF. Specifically,
permissive strains strongly activate the Jak-Stat3 pathway,
which promotes pluripotency and, in turn, causes the repres-
sion of the mitogen-activated protein kinase (MAPK)

KSR + 2i

7

i

129B6F1 129B6F1
blastomere blastomere
N2B27 + 2i KSR + 2i

d Outgrowth from a B6CBAF2 blastomere cultured in N2B27 medium
with 2i. e Non-progressive outgrowth from a CBA blastomere cultured in
N2B27 medium with 2i. f mESC colony at passage 6 cultured in N2B27
medium with 2i, presenting defined edges and a dome shape. g mESC
colony cultured in KSR medium with 2i (passage 4), showing defined
edges and a flat shape. The scale bar indicates 100 um

pathway, which promotes differentiation. Conversely, non-
permissive strains show the opposite activity pattern of signal-
ing pathways [41]. Because of these differences, blastocysts
from permissive strains do not require any additional modu-
lation of signaling pathways, other than LIF, to efficiently
produce mESC in a supportive medium, like KSR medium.
By contrast, blastocysts from non-permissive strains require
the additional presence of 2i in order to suppress MAPK sig-
naling and promote pluripotency maintenance and efficient
mESC generation. Similarly, 2i is key to efficiently derive
mESC from both permissive and non-permissive strains when
blastocysts are cultured in a suboptimal medium like N2B27.

With regard to the hybrid B6CBAF2 embryos, here we
show, for the first time, that they must be considered a permis-
sive strain in terms of mESC derivation. As B6CBAF1 ani-
mals result from a cross between a female from the permissive
C57BL strain and a male from the non-permissive CBA strain,
this result could suggest that the permissive background is
dominant over the non-permissive one. Alternatively, permis-
siveness to mESC derivation could be determined by the oo-
cyte cytoplasm. However, this second hypothesis seems less
probable because the derivation process takes place at the
blastocyst stage, when almost all maternal inherited mRNAs
are already degraded [42, 43], and after the expression of the
paternal genome has already begun at the G2 phase of the 1-
cell embryo [44, 45]. Therefore, further experiments including
exchanging the origin of the oocytes and spermatozoa
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Fig. 7 Extended pluripotency characterization from mESC lines derived
from single blastomeres cultured in KSR medium containing 2i. a mESC
colonies stained for alkaline phosphatase. b mESC colonies expressing
NANOG (red). In both images, the scale bar indicates 100 wm. ¢
Expression of pluripotency markers in blastomere-derived mESC lines
measured by qPCR. Gapdh was used for normalization of cDNA amount

between permissive and non-permissive strains would be re-
quired to elucidate which mechanism determines the permis-
siveness of the embryos from hybrid strains.

The effect of the genetic background was also evident dur-
ing the derivation of mESC from single blastomeres but, con-
trary to our observations in whole blastocysts, the addition of
21 was not able to suppress this effect or to compensate for
medium deficiencies (as in N2B27 medium). Indeed, as we
demonstrate in this study, improved mESC derivation from
1/8 blastomeres only occurred when blastomeres from permis-
sive strains were cultured in KSR medium in the presence of
2i. Thus, unlike with whole blastocysts, KSR medium alone is
not sufficient to support mESC derivation from single blasto-
meres, even from permissive strains.

The differential effect of 2i on mESC derivation from single
1/8 blastomeres and whole blastocysts cultured in KSR medium
might be related to an effect of the 2i treatment on blastomere
fate and their potential to yield mESC. In this sense, it has been
reported that ERK, the downstream effector of the MAPK path-
way, is expressed only at the apical surface of 8-cell stage mouse
embryos, and that Ras-MAPK signaling promotes
trophectoderm (TE) differentiation. Inhibition of ERK by the
MEK inhibitor PD98059 in 8-cell stage embryos attenuated
Cdx2 expression, delayed blastocyst formation, and reduced
TE outgrowth from embryo explants, suggesting that Ras-
MAPK signaling may have a role in the position-dependent

@ Springer

= B6CBAF2

NANOG/Hoechst

Esrrb

== CBA

Tfep2Il1
= STO

and expression levels relative to E14 control mESC line are shown. Data
represent the mean of three biological and three technical replicates +
SEM. Significant differences among blastomere derived from different
genetic backgrounds and between them and the control E14 line are
denoted with **#p <0.001 and ****p<0.0001 (ANOVA with
Bonferroni correction)

segregation of TE and inner cell mass (ICM) at the 8-cell to
morula transition [46]. Similarly, it has been reported that em-
bryos cultured in 2i or in PD0352901 alone exhibited a decrease
in TE cell numbers compared with controls [47]. More recently,
2i has been suggested to block the commitment of totipotent
blastomeres to embryonic or extraembryonic lineages [48].
According to all these observations, the group of non-treated
1/8 blastomeres in our study could be more prone to TE forma-
tion than the group of 2i-treated ones, since the addition of 2i and
the consequent inactivation of MEK and ERK could increase the
number of 1/8 blastomeres diverted towards an ICM fate or
retaining totipotency and potentially capable of generating
mESC. In line with diverting blastomeres fate, it has been report-
ed that isolated 1/8 blastomeres cultured in the presence of chi-
meric E-cadherin molecules yield significantly higher numbers
of mESC lines than control blastomeres. The authors hypothe-
sized that the binding of chimeric E-cadherins to the native E-
cadherins present on the blastomeres surface mimics the natural-
ly occurring adherens junctions and triggers a signaling pattern
equivalent to that induced by the neighboring blastomeres in
intact 8-cell embryos [13]. Altogether, the previous and the pres-
ent results seem to reinforce the idea that mimicking the signal-
ing of the blastomeres committed to become ICM could improve
the derivation of mESC lines from isolated blastomeres.
Nevertheless, in contrast to the results with whole blasto-
cysts, the 2i-induced improvement of the derivation efficiency
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was only observed when blastomeres from permissive strains
were cultured in KSR medium. These results indicate that the
potential effect of the 2i treatment on blastomere fate de-
scribed above may not be sufficient to sustain pluripotency
and to allow mESC derivation under the suboptimal N2B27
medium culture or in a non-permissive genetic background,
which displays an inherent strong activation of MAPK path-
way. Recently, Gonzalez and co-workers reported that mESC
cultured in KSR medium show an overexpression of genes
related with cellular development and a repression of genes
related with migration and differentiation, resulting in expres-
sion patterns similar to those of the ICM of early blastocysts.
These changes were stronger in 2i conditions than in KSR
medium alone [49]. Therefore, changes in gene expression
induced by components of the KSR medium and the 21i treat-
ment, together with potential changes in blastomere fate in-
duced by MEK inhibition and a suitable genetic background,
appear to be key factors for the derivation of mESC from
single blastomeres.

In contrast to our failure to efficiently obtain mESC from
single blastomeres from the non-permissive CBA strain,
Hassani et al. [36] were able to establish around 25% of
mESC lines from non-permissive BALB and NMRI 1/8 blas-
tomeres cultured in N2B27 medium with 2i. However, they
used an enriched N2B27 medium, containing a higher con-
centration of N2 (2x) and 5 mg/ml BSA. Although our N2B27
medium was highly effective, when combined with 2i treat-
ment, for the derivation of mESC from whole blastocysts, it
was ineffective both for the derivation of mESC from 1/8
blastomeres and for the prevention of the massive differentia-
tion occurring during the second passage. Therefore, it is
tempting to speculate that single blastomeres, which are con-
ditioned by the reduction in cytoplasmic volume and isolation,
would require an extra enriched medium to grow. On the other
hand, in the same study, Hassani and co-workers report the
best derivation rates obtained so far (46-50%) from single
blastomeres culturing them with R2i [36]. Given these prom-
ising results, the use of an enriched N2B27 medium and the
addition of R2i could be considered for future studies.

Despite the importance of 2i in mESC derivation from
single blastomeres, and from whole blastocysts of non-
permissive strains, we observed that the constant presence of
21 during mESC culture hindered their subsequent spontane-
ous differentiation. Gonzalez and co-workers have recently
reported that, after a long culture in 2i, ESC retain the signal-
ing pattern acquired during culture and, therefore, the capacity
to self-renew even when they are subjected to differentiation
conditions [49]. In view of these observations, 2i should be
removed from the culture medium at least 1 week before in-
ducing mESC differentiation. Removing 2i just after estab-
lishing mESC lines or at low passages might also help to
maintain chromosomal stability, since it has been reported that
prolonged inhibition of GSK3 [50] or of MEK [51] induce

chromosome instability. Thus, the prolonged culture in 2i
could be the cause of the aneuploidy detected in some of our
blastomere-derived lines. Alternatively, some lines could be
more prone to chromosomal instability regardless of the cul-
ture conditions or the culture length, as has been reported by
other authors [52, 53].

All in all, single blastomeres seem to be subjected to higher
requirements than whole blastocysts to yield mESC lines, and
only the combination of blastomeres from permissive strains
(including B6CBAF2) cultured in KSR medium containing 2i
enabled a significant improvement of mESC derivation rates.
Moreover, our results suggest that the modulation of signaling
pathways to recreate a commitment towards ICM could be es-
sential to efficiently derive mESC lines from single blastomeres.
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