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Abstract: This study aimed to evaluate the pattern of gene expression induced by activin A in mouse
Embryonic Stem Cells (ESCs). Mouse ES cells cultured in undifferentiated state by leukemia inhibitory factor
and feeder layer cells. Following removing these two anti differentiation factors for 5 days and forming
Embryoid Bodies (EBs), the cells divided to & equal cells per groups. Differentiation procedure was performed
in a two staged protocol; Formed EBs for 4 days (Stage one): expanded differentiated ESCs on gelatin coated
dishes for one week (stage two). In the stage one, the media of groups 2-7 contained 10, 30 and 100 ng mL™"'
Activin A. The media in stage two was the same for all groups and contained only Fetal Bovine Serum (FBS).
The expression of undifferentiated, ectoderm, mesoderm and endoderm markers were compared with relative
RT-PCR method and statistically analyzed. The expression of an undifferentiating marker; Nanog was increased
in the Activin A treated groups of stage one. The expression of OCT4 reduced in Activin A treated groups in
stage two. In the stage one, the expression of Nodal increased by Activin A. expression of sonic hedgehog
(Shh) was suppressed in Activin A treated groups of both stages. In stage two, there were significant decrease
for the expression of mesoderm (Brachyury) and Nodal and visceral endoderm (GATA4) markers (p<0.01). The
expression of definitive endoderm markers (PDX1, TAT) showed significantly increased in Activin A treated
eroups (p<0.01). Activin A induced differentiation in high concentration by imbalance in undifferentiating
markers, Nodal has a dual role, undifferentiating effect and regulation of visceral endoderm towards definitive
endoderm. Overexpression of Nanog, alteration in the expression of Nodal and Shh inhibition are three
mechanisms for explanation of differentiation induced by activin A in ES cells. These mechanisms induces

cascade of gene expression that commits ESCs towards definitive endodermal cells.
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INTRODUCTION

Activin A belongs to TGF-p superfamily which
controls many cellular processes such as proliferation,
death and differentiation (Massagué et al., 2008).

The role for Activins in mesoderm formation and
other stages of early mouse development has been
recently investigated, Moreover, Activin signals establish
the embryonic axes by mediating dorsoanterior mesoderm
differentiation (Albano et al., 1993; Kessler and Melton,
1994; Smith er al., 1990).

Embryomic stem cells (ESCs) are able to contribute 1o
all somatic tssues of the developing animal. This
potential of ES cells represents them as an in vitro model
for studding the development of mammals (Kao et al.,
2008; Yamada er al., 2008).

Several studies showed the effects of activin A on
differentiated states of ES cells but there are many
controversies in this field. Indeed, some studies represent
Activin A as an agent for maintaining ES cells in
undifferentiated state (James er al., 2005; Vallier er al.,
2005)  while studies claimed mesodermal
differentiation of ES cells following treatment with Activin
A (Albano er al., 1993; Johansson and Wiles, 1993).

On the other hand, tor endodermal differentiation of
ES cells many protocols are designed based on
application of Activin A, These protocols deal with
application of serum (Ibii et al., 2007) or serum free
condition during treatment of ES cells for endoderm
derived tissues such as pancreas (Nakanishi er al., 2007;
Shi er al., 2005: Shim er al., 2007) or PDX1 expressing
progenitors of pancreas (Shiraki et al., 2008).
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The expression manner of markers is important
landmark that is monitored for evaluating the role of
Activin A in these experiments. For this reason, the
expression of undifferentiated, ectodermal, mesodermal
and endodermal markers are evaluated during cultivation
ol ES cells.

Present study aimed to investigate the gene
expression of ES cells during exposure to activin A in the
presence or absences of serum.

MATERIALS AND METHODS

In 2008, the study was conducted at the Cell and
Molecular Research Centre, Faculty of Medicine,
Department of Anatomy, Jondishapour University of
Medical Sciences, Ahwaz, Iran.

In vitro differentiation of ES cells: Mouse ES R, was
maintained undifferentiated on mitomycin C (10 pg mL™")
inactivated (Sigma # MO503) mouse embryonic
fibroblast cells (MEFs) as feeder layer. The media was
DMEM/F12 (Gibco# 21331-020) supplemented with 10%
ESC-qualified fetal bovine serum (FBS) (Gibco# 10439-
024}, 1,500 units mL™' leukemia inhibitory factor (LIF)
(Sigma# L35283), 1% nonessential amino acid (Gibco#
I 1140-035)s, 2 mmol L' L-glutamine (Gibeo# 25030-024),
0.1 mM/l1  B-mercaptoethanol (Sigma# M7522) and
100 units  penicillin/100 pg  streptomycin/mL (Gibco#
15070-063) (Fig. 1a).

MEFs were prepared from embryos at days 13.5-14.5
after gestation. They were decapitated and all inner
organs, spinal cord and extremities were removed. The
remaining tissue was cut into small pieces and incubated
in 1 mL trypsin 0.53%/ EDTA (Invitrogen# 25300-054) for
30 min at 37°C. Then the trypsin was inactivated with
10 mL of DMEM/FI12 containing 10% fetal bovine serum
and following centrifuging and removing the media, the
pellet was resuspended in fresh feeder media and plated
on 25 cm” culture flasks (BD Falcon™# 355000). To initiate
differentiation, ES cells were removed from feeder layer
with 0.05% trypsinand 0.5 mM EDTA (Gibco # 25300-054)

and counted in a Neubauer chamber to divide to 8 groups
by equal numbers (2x 10° cells/60-m dish). The clusters of
ES cells were transferred into low cell-binding dishes.
They were cultured at floating condition in the media
which was the same as undifferentiated stem cells but
without LIF to begin to form embryoid bodies (EBs). The
ESCs cultured in this condition for five days and the
media renewed every two days,

Afterwards, the formed EBs were cultured at floating
condition for further 4 days in different media as fallows

with daily media exchange (Stage one) (Fig. 1b):

Group 1: DMEM/F12+10%FBS

Groups 2, 3and 4: DMEM/F12+10% FBS+ activin A

(338-AC R and D system); 10 ng mL™", 30 ng mL™",

100 ng mL~' respectively by the groups,

Groups 5, 6 and 7: Knockout stem cell media

(Gibco# 10829) +10% Knockout Serum

replacement (KOSR) (Gibco# 10829) + Activin A;
10 ng mL™', 30 ng mL~", 100 ng mL™'

Group 8: Knockout stem cell media +10% knockout

serum replacement (KOSR)

After 4 days of suspension culture, total RNA of half
of EBs of all groups was extracted for RT-PCR analysis.
Another half of the EBs of all groups was allowed to
differentiate for 1 week further in gelatin coated surfaces
(0.1%) in DMEM/F12 containing 10% FBS with daily
media changes (Stage two) (Fig. Ic). Total RNA of the
differentiated ES cells of the stage two was extracted for
RT- PCR analysis. During all periods of the protocol,
ESCs were incubated at 37°C and 5% CO,. For more

illustration, the protocol 1s shown in Fig. 2,

RNA extraction, cDNA synthesis, and PCR: Total RNA
was prepared wusing the RNA-easy kit (Qiagen,
Courtaboeuf Cedex, France # 74134) and used as a
template for reverse transcription-polymerase chain
reaction (RT-PCR) which was performed using One- Step
RT-PCR kite (Qiagen # 210212) according manuscript

Fig. 1: Micrographs of mouse R, stem cells in phase contrast microscope. (a) Undifferentiated stem cell colonies on
MEFs (10 X}, (b) Differentiated embryo- like (Embryoid bodies) in suspension state (40 X) and (¢) Expanded EBs

on gelatin coated surfaces (100 X)
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Fig. 2: The stages and different media for the groups of this study. Embryonic stem cells maintain undifferentiated in
the presence of LIF and MEFs. Following removing these two antidifferentiating factors, the ESCs undergo
differentiation after dissociation with trypsin, The ESCs cultured in floating condition for inducing embryoid
bodies. After 5 days which EBs was induced, experimental groups (G 2-7) treated with some concentration of
Activin A for four days (Stage one). Then, differentiated ESCs transferred to gelatin coated dishes for 1 week with
the same media for all groups (Stage two). Total RNA was extracted at the end of stage one; Embryoid bodies and
stage two: Expanded EBs for RT-PCR analysis. The study prolonged for 16 days

Table 1: Marker expression in this study

Gene Forward sequence Backward sequence Annealing time Size (bp)
GAPDH ACCTCAACTACATGGTCTAC TIGTCATTGAGAGCAATGCC 38 5kl
Octd GGUOGTTICTCTTTOGAAAGOTGTTC CTOGAACCACATCCTTCTCT 35 293
Nanog AGOGTCTOGCTACTOAGATOGCTCTG CAACCACTOOTTTTTCTGOCACCG () 278
GATAZS CTOCTACTCCAGCCOCTACC OTGLCATTGCTOLGAGTTACC 38 591
TAT CAGAGGACTTOGTOGAGDAD CACGOCTAGACACAGCTOCAA 35 551
PDX CTTAGOGTOGTOGOCACAGCOCTOC A CAGCCGUCTTTCGTTATTCT 58 472
Brachyury CATGTACTCTTTCTTGC TG GOTCTOOGGAAAGC AGTHOE Bl B
Mestin GOACAGGACCAAGAGGAATA TCCCACCTCTOTTGACTTCC 3R 504
Shh GGUAGATATOAAGGOAAGAT ACTGCTOGACCCTCATAGTG 59 2600
MNodal GACAGAAGCCAACTGTG AGTGGCTTGG fill 223

instructions. To achieve the optimized cycle number
which all the markers have shown log phase before
plateau state, we have checked the expression of all
markers between 20-40 cycles.

Then we selected 30 cycles, according to pilot study
and to Stern-Straeter et al. (2008) for more confidence.
Primer pairs, amplicon sizes, and annealing time are shown
in Tabhle 1.

Relative reverse transcription—polymerase chain
reaction analysis: The expression of these target
genes was quantified against that of the internal
reference gene (GAPDH). Semi-quantitative reverse
transcription-polymerase was carried out based on the
comparison of CT at constant fluorescence intensity.
Each PCR was performed under linear conditions with
GAPDH used as an internal standard.  Products were
electrophoresed on a 1.5% agarose gel. The gels were
stained with ethidium bromide (10 pg mL™") and
photographed on  an  ultraviolet transilluminator
(UVIdoc: Uvitee, Cambridge, UK). The gel images were
analyzed using the UVIb and- map program (Uvitec).
Semi-quantitative RT-PCR values were presented as a

ratio  of the specified gene signal divided by the

GAPDH signal. The RT-PCR was performed as three
individual replicates (Al-Bader and Al-Sarraf, 2005;
Stern-Straeter ef al., 2008).

Statistical analysis: The data of RT-PCR ratio values
was  analyzed using general linear model (GLM)
frequency and correlation procedures in SPSS software
(SPSS, Cicago, IL, USA). Results are expressed as the
Mean+SD.

RESULTS

In this study, we considered the groups 1 and eight
as control groups that in two stages of cultivation
received only FBS for group one and KOSR in stage two
for group eight. The others groups (2-7) which received
Activin A In stage one are considered as experimental
groups.

To determine the existence of undifferentiated ESCs,
we monitored the expression of two pluripotency markers;
OCT4 and Nanog in  (wo stages of cultuvation of
ESCs as showed in Fig. 3. The profiles of the relative
expression levels of OCT4 and Nanog showed
(Fig. 4a. b).
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Fig. 3: Temporal expression pattern of genes by Reverse transcription polymerase chain reaction (RT-PCR) in eight

experimental groups. (a): Stage one, (b): Stage two
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Fig. 4: Profiles of the expression of undifferentiating markers in eight groups of this study divided in two parts; (a) Stage
one: Formation of embryoid bodies and (b) stage two; Expansion of differentiated ESCs; (O) OCT4 and (Na)

Nanog (Fp<0.05; *Fp<0.01)

The expression manner of OCT4 in the stage one
was the same for all groups including FBS+Activin A
and KSOR+Activin A and non Activin A containing
groups. On  the other hand, it was surprisingly
observed higher expression of Nanog in Activin A
treated groups. It was significant difference in groups 2
and 5 with p<0.05 and in groups 3. 4, 6 & 7 with p<0.01.
Moreover, the most prominent expression of Nanog
was observed in KSOR+ Activin A 100 ng mL™
(Group 7). This data indicated that Activin A did not
reduce the expression of this two undifferentiating marker
during EB formation (Fig. 4a). In contrast to stage two,
there was a significant reduction in expression of OCT4 in
the groups that treated with activin A. Moreover, the
expression of OCT4 was reduced significantly in
KOSE+Activin A groups; 6 and 7 However, the
expression of OCT4 was observed at final stage for all
groups (Fig. 4b). The expression of Nanog in stage two
did not showed statstical differences in all groups
(Fig. 4b).

To verify the induction of differentiation, the
expression ol ectoderm (Nestin), mesoderm (Brachyury)

and endoderm (Nodal. GATA4, PDX1 and TAT)

markers was evaluated in two stages of cultivation for
all groups. respectively (Fig. 5).

In stage one, there were not statistically significant
differences in the expression of differentiating markers but
for Shh, Nodal and PDXI1. The expression of Shh
significantly reduced in groups 6, 7 (p<0.01) and 4
(p<0.05) while expression of Nodal increased for groups
3 (p<0.05), 4 (p<0.01), 6(p<0.05) and 7 (p<0.01) and
expression of PDX1 increased n all Activin A involved
groups (p<0.01) (Fig. 5a). This data showed the effect of
Activin A on suppression of Shh and promotion of Nodal
and PDXI in a dose dependent manner during EB
formation. In stage two (Fig. 5b), the expression of
ectoderm marker (Nestin) did not show significant
differences while the expressions ol pancreatic
progenitors (PDX1) and liver progenitors (TAT) markers
which both belong to endoderm lineage were elevated in
Activin A treated groups with a dose dependent
manner (p<0.01).

The expression of Nodal and Visceral endoderm
(GATA) and mesoderm marker (Brachyury) also were
reduced in a dose dependent manner in all Activin A
involved groups (p<0.01).
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Fig. 5: Profiles of the expression of differentiating markers in eight groups of this study divided in two parts: (a) Stage
one; Formation of embryoid bodies and (b) stage two; Expansion of differentiated ESCs. Ne: Nestin, s: Shh, P

PDXI1,

Moreover, in the absence of serum (FBS): groups 5-7,

Activin - A more  reduces  the expression of
differentiating markers in comparison with Activin
A+FBS groups; 2-4. Thus, in the protocols of

differentiation derived by Activin A, it is better to use
KOSR besides FBS. The most differentiation effect of
Activin A was observed in group 7 which ESCs treated
with Activin A (100 ng mL™") + KOSR.

Br: Brachyury, Ga: GATA4 and No: Nodal (*p<0.05; **p<0.01)

DISCUSSION

The data showed the expression of OCT4 was
reduced by Activin A; whether there was no interruption
in OCT4 positive cells. This issue confirms other studies
that show Activin A does not put an end to the
expression of OCT4 (Fujikawa er al., 2003}, Therefore we
observed after prolonged cultivation of EBs, the
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expression of OCT4 did not reduced and cell transplanted
therapy by differentiated ESCs causes teratoma in donor
animals (Berrill er af., 2004), Thus, it 1s consistency wit our
findings that the existence of undifferentiated cells
expressing OCT4 is a main problem for transplantation of
differentiated cells derived from ES cells.

The data showed Activin A increased the expression
of Nanog with a dose dependent manner. It is partly due
to TGFb/Activin signaling which leads to mESCs in
undifferentiated state (Beattie et al., 2005)., The TGF
[ fActivin signaling is transmitted by the phosphorylation
of SMAD2/3, which is abundant in undifferentiated
human ESCs (Xiao er al., 2006). Nanog is a candidate gene
as a target for Activin signaling. In this issue, It 1s showed
that SMAD2/3 bind directly to the NANOG proximal
promoter in human ESCs (Xu et al., 2008).

On the other hand, the balance of OCT4 and Nanog,
which constitute the core intrinsic factors are required to
sustain the selfrenewing and pluripotent cellular state and
when it disrupts the ES cells to be differentiated
(Miwa, 2007). Therefore, the imbalance of OCT4-Nanog
that was observed in stage one of this study may explain
the increased level of differentiating markers.

In the case of undifferentiating property, some
studies confirm that transforming growth factor P
(TGFb)/Activin  promote maintaining ES cells in
undifferentiated states with increasing the expression
of nodal (James er al., 2005; Vallier er al., 2005 ). This
issue can explain the overexpression of Nodal at the end
of EB formation but at the end of stage two the expression
of nodal was reduced by Activin A.

Temporal gene expression of human embryonic cells
shows the overexpression of Nodal during formation of
the EBs but reduces after 10 days of cultivation of EBs
(Dvash et al., 2004). Thus, in the presence of Activin A,
the up regulation of Nodal is an mechanism for
maintaining ES cells in undifferentiated state while
following removing this extra Nodal expression there is
more reduction of this marker at the end of the protocol.

In this study. the expression of Gatad which is a
marker of visceral endoderm was reduced by Activin A
while PDX1 (marker of progenitors of pancreas) and TAT
(marker of progenitor of liver) was increased.

In vive and in vitro experiments clear that Nodal
expression transiently occurs in visceral endoderm of
mouse émbryos before or after formation of primitive
streak (Varlet er al., 1997),

Thus in agreement with the others, Activin A
increases the expression of Nodal in first stage of
cultivation of ES cells while reduces its expression for
inducing definitive endoderm besides visceral endoderm.
We suggest that some of Nodal over expression observed
in stage one may due to the expression of this marker in
visceral endoderm of the EBs that induced by Activin A.
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Moreover, fate of the ESCs shifts towards definitive
endoderm by the regulation derived from this extra Nodal
expression in stage one. This idea derived from in vivo
studies that show a prominent role for patterning of
endoderm by Nodal (Bielinska er al., 1999),Thus,
monitoring the position of Nodal marker in Stage one
(EB formation) in comparison with stage two (Expansion
of differentiated ESCs) can be an attractive field for
research.

On the other hand, reduction of Shh which was
induced by Activin A in this study is needed for inducing
PDX]1 expression in protocols for generation of insulin
producing cells from ESs that explain the strong
expression of PDX1 in this study (Mfopou and Bouwens,
2008).

Similarly, addition of hedgehog pathway inhibitors
(anti-sonic hedgehog antibody or cyclopamine) to culture
medium led to increased expression of both endocrine and
exocrine pancreas markers (Leon-Quinto er al., 2004,
Skoudy er al., 2004). It is noticeable that expression of
TAT which is a marker for progenitor of liver was also
increased in Activin A treated groups in agreement with
some protocols for induction of liver by Activin A
(Hay et al., 2008a, b).

Recently, it showed that a transient tissue named as
mesendoderm forms during differentiation of ES cells.
Mesendoderm cells are in decision state for going to
differentiate to mesoderm or endoderm (Tada er al., 2005).
We suggest that, Shh inhibition, commits mesendoderm
cells and besides ongoing mesoderm pathway they
become endoderm marker expressing cells. This issue
maybe an explanation for the suppression of Brachyury
(Fig. 4) derived by Activin A. The recognition of the role
of mesendoderm in the process of differentiation of stem
cells provides new perspectives about the pattern of gene
expression derived by Activin A.

The result show absence of serum is important and
more Nanog expression occurs which leads to more
expression in  differentiating  markers (Fig. 3., 4).
Importantly, LIF is effectively only in media containing
serum and the ES cells stay more in undifferentiated state
in the presence of the serum. Thus, serum may contain
some agents which maintain the ESCs in undifferentiated
state (Ying et al., 2003). We suggest for eliciting serum
during treatments of ES cells with Activin A for
performing endoderm differentiation protocols,

Our data showed that Activin A does not change the
expression of Nestin. This idea 15 in concern with some
studies that examined no Nestin selection for producing
pancreatic progenitors (Blyszuk er al.. 2004).

Summing up, our data show that high concentration
of activin A disrupts the expression balance of
pluripotency markers. This issue may explain cascade of
eene  regulation.  Indeed, the process followed by
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overexpression of Nodal and suppression of Shh that
leads to the formation of definitive endoderm besides
visceral endoderm. These two mechanisms may explain
the over expression of endoderm markers and restriction
of mesoderm marker but it needs for treatment of ES cells
with an instant Shh inhibitor agent to clear which of these
two mechanisms leads ES cells wo differentiate towards
endoderm lineages. Mesendoderm cells may be a key
target for each or both of these two supposed
mechanisms.
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