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Abstract

Embryonic stem cells have the ability to self-renew and can differentiate into all cell types of the three embryonic
germ lineages. The undifferentiated embryonic cell Transcription Factor 1 (UTF1) gene is highly expressed in ES
cells and we previously reported that UTF1 is tightly associated with chromatin and is required for differentiation
of pluripotent mouse embryonic stem (ES) and embryonic carcinoma (EC) cells. In this study, we generated ES
and EC cell lines constitutively expressing GFP-UTF1 to further investigate its role in differentiation. ES and EC
cells constitutively expressing GFP-UTF1were suppressed in their proliferation and were still dependent on LIF
for self-renewal. Embryoid body (EB) differentiation of GFP-UTF1 overexpressing ES cells showed both normal
differentiation as well as a delayed or incomplete differentiation of a subset of cells. GFP-UTF1 was persistently
expressed in undifferentiated cells whereas GFP-UTF1 expression was not detected in differentiated cells. Where
GFP-UTF1 expressing ES cells differentiated normally in response to DMSO, EC cell differentiation was completely
blocked. When ES and EC cells expressing GFP-UTF1 were treated with RA, differentiation markers were induced
and endogenous UTF1 and GFP-UTF1 protein levels decreased. However, GFP-UTF1 and UTF1 (in ES cells)
mRNA was still detected indicating that degradation of (GFP-)UTF1 protein preceded down regulation of (GFP-)
UTF1 mRNA, suggesting that RA induced UTF1 degradation. Summarizing these data indicate that similar to UTF1

depletion, overexpression of GFP-UTF1 interfered with ES and EC cells differentiation.
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Introduction

Embryonic stem (ES) cells are derived from the inner cell mass
(ICM) of blastocyst embryos and defined by their self-renewal capacity
and pluripotency; the ability to form all ectoderm, mesoderm and
endoderm-derived cell types. Several signaling pathways, transcription
factors and epigenetic regulators have been implicated in the
maintenance of ES cell pluripotency. Signaling pathways involved in
ES cell pluripotency include, but are not limited to, the LIF, BMP,
mTOR, MAPK and Wnt pathways [1-6]. Additionally, pluripotency is
also regulated by a transcription factor network with Oct4, Sox2 and
Nanog as key members [7-10]. In addition to these signaling pathways
and transcription factors, there is substantial evidence that epigenetic
regulators like the polycomb-group proteins [11], chromatin
remodeling complexes like SWI/SNF [12,13], NuRD [14,15] and other
chromatin modifying proteins like Jmjdla and Jmjd2c [16] contribute
to the maintenance of ES cell pluripotency [17].

Chromatin in ES cells is in an open and permissive state, globally
transcribed and maintained in an open conformation by chromatin-
remodeling enzymes such as Chdl [18-20]. Therefore, it is proposed
that epigenetic regulation is important to stabilize ES cells pluripotency
through minimizing transcriptional fluctuations, while at the same
time ensuring a chromatin state that allows for differentiation along
different developmental programs [11,17].

Recently, we showed that undifferentiated embryonic cell
Transcription Factor 1 (UTF1) is required for differentiation as ES
and EC cells with strongly reduced levels of UTF1 were defective in
their differentiation [21]. Recently it was reported that UTF1 inhibited
neuronal differentiation of p19 embryonic carcinoma cells and that a
loss of UTF1 in these cells facilitated neuronal differentiation [22]. UTF1
is highly expressed in the ICM of blastocysts and is later restricted to
the primordial germ cells and spermatogonial stem cells [23-25]. UTF1
is furthermore expressed in germ cell neoplasms, neuroblastomas and

EC cells [26,27]. UTF1 is a stable chromatin-associated transcriptional
repressor with core histone-like properties and its expression rapidly
decreases upon differentiation of both ES and EC cells [21,23,28,29].
The purpose of this study was to determine the effect of constitutive
GFP-UTF]I expression on ES and EC cell differentiation, as well as on
ES cell LIF dependency.

Materials and Methods
Constructs, cell culture and transfections

pPyCAG-cHA-IP-GFP-HA-mUTF1 was generated by transferring
eGFP-HA-UTFI from pcDNA3-eGFP-HA-mUTF1 [21] to pPyCAG-
cHA-IP (kindly provided by H. Niwa).

IB10 ES cells were grown on 0.1% gelatin-coated dishes in buffalo
rat liver cell-conditioned medium supplemented with 1,000 U/ml
leukemia inhibitory factor (LIF; Chemicon), nonessential amino
acids, 100 U/ml penicillin, 100 pg/ml streptomycin (Invitrogen) and
0.1 mM 2-mercaptoethanol at 37°C and 5% CO,. P19CL6 EC cells
[30] were grown in a-MEM (Invitrogen) supplemented with 10% fetal
bovine serum (FBS) and 100 U/ml penicillin, 100 pg/ml streptomycin
(Invitrogen) at 37°Cand 5% CO,.
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To generate GFP-UTF1 overexpressing cell lines, 107 ES cells or
7.5x10* P19CL6 cells were electroporated with 10 ug or transfected
with 5 pg pPyCAG-cHA-IP-GFP-HA-UTF1 DNA, respectively.
Clones were grown in the presence of 2 ug/ml Puromycin and selected
based on GFP expression using fluorescence microscopy and western
blotting.

Subnuclear fractionation and western blotting

Subnuclear fractionation was performed as described previously
[31]. Fractions were analyzed using an aUTF1 antibody [21] and a goat
anti-rabbit IgG-HRP (1:1000, Pierce).

Western blotting was performed as described previously [21]. Cells
were washed with cold PBS and incubated in lysis buffer (400 mM
NaCl, 20 mM Tris-HCI, pH 7.8, 1% NP-40, 0.5% sodium deoxycholate,
2 mM EDTA, 2 mM DTT, and protease inhibitors) for 30 min on ice.
Next, cell lysates were collected by scraping, sonicated and cleared by
centrifugation at4°Cand 14,000 rpm for 10 min. Protein concentrations
were determined by Bradford assays and equal amounts of protein were
resolved by SDS-PAGE and transferred to nitrocellulose membranes.

For western analysis, the following primary antibodies were
used: UTF1 [21], GFP (1:2000, Santa Cruz Biotechnology, Inc.), Oct4
(1:1000, H-134; Santa Cruz Biotechnology, Inc.), Tromal (1:2000,
Developmental Studies Hybridoma Bank, USA), GATA4 (1:500, C-20;
Santa Cruz Biotechnology, Inc.), Vimentin (1:1000, C-20; Santa Cruz
Biotechnology, Inc.), GAP43 (C-19, Santa Cruz Biotechnology, Inc.),
GFRa-1 (H-70, Santa Cruz Biotechnology, Inc.) and actin (1:10.000,
C4; MP Biomedicals). Secondary antibodies used were goat anti-rabbit
IgG-HRP (1:1000, Pierce), goat anti-mouse IgG-HRP (1:2000, Santa
Cruz Biotechnology, Inc.) and donkey anti-goat IgG-HRP (1: 2000,
Santa Cruz Biotechnology, Inc.).

Cell proliferation

For proliferation analysis of wt and GFP-UTF1 overexpressing cell
lines, 5x10* cells were plated in 6-well plates in triplicate. Cells were
counted using a haemocytometer after 12, 24, 36, 48 and 60 hr (ES
cells) or 8, 16, 24, 32, 40, 48 and 56 hr (EC cells).

Embryoid body (EB) formation of ES cells

For EB formation, ES cells were suspended from the lids of 10 cm
o petri dishes in 20 pl drops (5x10* cells/ml). After 48 hr, EBs were
transferred to bacterial grade petri dishes and cultured in DMEM
(BioWhittakar) containing 10% FBS (PAA), 100 U/ml penicillin, 100
ug/ml streptomycin (Invitrogen). Pictures were taken and total RNA
was isolated after 0, 3, 5 and 10 days.

For EB formation for protein isolation, 4.5x10° cells were seeded
in 10 cm ¢ bacterial grade petri dishes in DMEM (BioWhittakar)
containing 10% FBS (PAA), 100 U/ml penicillin, 100 ug/ml
streptomycin (Invitrogen). Protein lysates were prepared at day 0, 2, 4,
6, 8 and 10 and western analyzed.

EB immunohistochemistry and micoscopy

EBs (7 days) were collected and fixed in 4% paraformaldehyde
(PFA) in PBS for 10 min at room temperature (rt). Next, EBs were
cryoprotected in 10%, 20% and 30% sucrose in PBS for 30 min in each
solution and embedded in Tissue-Tek (Sakura Finetek Europe B.V.,
Alphen aan de Rijn, The Netherlands). For immunohistochemistry, 16
um sections were cut using a Leica CM 30508 cryostat and mounted on
poly-L-lysine coated glass slides, dried for 1 hr at rt and stored at -80°C.

Prior to staining, sections were dried in a desiccator for 30 min at rt and
fixed in 4% PFA in PBS for 10 min at rt. After preincubation with 5%
normal goat serum (NGS), 3% FBS in PBS, 0.1% Triton X-100 for 30
min at rt, samples were incubated overnight with the indicated primary
antibodies (for antibody details see section subnuclear fractionations
and western blotting) diluted in 1% NGS, 1% FBS in PBS, 0.1% Triton
X-100 at 4°C.

After washing (3 times in PBS), secondary antibodies were diluted
in PBS 0.1% Triton X-100 and incubated at rt for 2 hr. After washing
(3 times in PBS), sections were embedded in Vectashield (Vector
Laboratories). Fluorescent images were taken using a Zeiss 780 laser-
scanning microscope (Carl Zeiss Microlmaging, Inc.) equipped with a
plan Apochromat 63xNA 1.4 oil objective. Green signal was detected
using a 488 nm Argon laser line and 500-550 nm detector. The blue
and red signals were detected with 405 nm and 560 nm as excitation
wavelengths using a solid state laser and detected between 440-480 nm
and 580-620 nm, respectively. Confocal images were deconvoluted
using Huygens pro 3.3 (SVI, Hilversum, The Netherlands).

RNA isolation and RT-PCR analyses

Total RNA was extracted with TRIzol (Invitrogen), treated with
DNasel (Fermentas) for 60 min. and reverse transcribed (RevertAid
M-MuLV Reverse Transcriptase; Fermentas). Quantitative PCR
reactions were carried out using a SYBR supermix (BIORAD) on an
ABI7900HT device (Applied Biosystems) with different sets of Q-PCR
primers (Table S1). For each gene, measurements were performed
in triplicates. GAPDH was used as an internal standard to calculate
relative gene expression levels with the 2*4“T method [32]. Details
of primers for PCR like sequence, cycle numbers and annealing
temperatures used can be found in Table S2. PCR products were loaded
on 2% agarose gels.

Differentiation of ES and EC cells

For DMSO differentiation, 3.65x10° cells were seeded in 6 cm o
petri dishes in culture medium supplemented with 1% DMSO (Sigma-
Aldrich). Medium was refreshed every 2 days with 1% DMSO. Pictures
were taken and protein lysates were made at day 0, 2, 5, and 10 days (ES
cells) or after 0, 2, 4, 6, 8, 10, 12 and 14 days (EC cells).

For RA differentiation 3x10° cells were seeded in gelatin coated 10
cm ¢ petri dishes with DMEM (BioWhittakar) containing 10% FBS
(PAA), 100 U/ml penicillin, 100 ug/ml streptomycin (Invitrogen) and
5 uM (ES cells) or 1 uM (EC cells) RA. Protein lysates were prepared at
0, 2, 5and 10 days (ES cells) or 0, 2, 4 and 8 days (EC cells).

Results

We previously reported that UTFI is tightly chromatin-associated
transcriptional repressor. In ES cells with strongly reduced UTF1
levels, the expression of >1200 genes is significantly increased [28].
Knock down of UTFI in ES and EC cells resulted in perturbed or
blocked differentiation of these cells, respectively [21]. During ES and
EC cell differentiation, UTF1 levels decrease rapidly and to determine
the effect of constitutive UTF1 expression, we stably expressed GFP-
UTF1 in P19CL6 EC and IB10 ES cells. We previously reported that
the GFP moiety had no discernible effects on UTF1 functionality.
GFP-UTF]I, like UTFI1, repressed reporter gene activity, localized
to mitotic chromosomes and fractionated to the tightly chromatin
associated protein fraction in subnuclear fractionations [21]. ES and
EC clones with GFP-UTF1 expression levels similar to endogenous
UTF1 and unaltered Oct4 levels were selected (Figure 1A). Subnuclear
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fractionations indicated that also in these cell lines GFP-UTFI,
like UTF1, exclusively localized to the ammonium sulfate fraction,
containing the strongly DNA-associated proteins (Figure 1B). GFP-
UTF1 was exclusively localized to the nucleus and chromosome-
associated during mitosis, a distribution very similar to endogenous
UTF1 (Figure 1C). Expression profiling of UTF1-depleted ES cells
indicated that in the absence of UTF1 many genes are increased in
their expression levels [28]. The effect of GFP-UTF1 expression on the
expression levels of several UTFI target genes was determined using
quantitative RT-PCR. As a control, UTF1 depleted ES cells were used,
and in these cells, UTFI transcript levels were reduced and Ly6a and
Klf4 expression was increased. Expression of GFP-UTF1 resulted in a
significant reduction in Dnttip1, Ly6a and Klf4 expression (Figure 1D).
These data strongly suggest that GFP-UTF1 binds to the same target
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Figure 1: Characterization of GFP-UTF1 expressing ES and EC cell lines.
A) Western analysis of wild type P19CL6 (EC) and IB10 (ES) cells and GFP-
UTF1 expressing P19CL6 (EC_OE#1 and #2) and 1B10 (ES_OE#1 and #2)
cells. Cell lysates were analyzed with the antibodies indicated, UTF1 and
GFP-UTF1 were both detected with an aUTF1 antibody on the same blot.

B) Subnuclear fractionation of ES and EC cells. Fractions were immunostained
with an UTF1 antibody. Fractionation abbreviations: F, free diffusing/
cytoplasmic fraction; D, DNasel released fraction; AS, ammonium sulfate
fraction; HS, high salt fraction; M, nuclear matrix fraction.

C) Deconvoluted fluorescent images of wild type (ES and EC) and GFP-UTF1
expressing (EC_OE#1, EC_OE#2, ES_OE#1 and ES_OE#2) ES and EC cell
lines. Cells were counterstained with DAPI.

D) Effect of GFP-UTF1 expression on UTF1 target genes. Transcript levels
of UTF1 and the indicated UTF1 target genes were determined using
quantitative RT-PCR using GAPDH as an internal standard. Mean expression
levels and the standard deviations are depicted; *: p<0.01; **: p<0.05 and ns:
not significant.

E) Phase contrast images of wild type (ES) and GFP-UTF1 expressing (ES_
OE_#1 and #2) IB10 ES cells 2-10 days after LIF withdrawal.
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cell lines double time (hr) fold change

EC 5.84 +£0.03* 1.00
OE#1 5.99 +0.04 1.39
OE#2 6.98 + 0.02* 1.20
OE#3 6.38 + 0.09* 1.09
OE#4 8.13 £ 0.05* 1.03

ES 7.38 £0.11 1.00
OE#1 8.35+0.15* 1.13
OE#2 8.13+0.12* 1.10

Doubling times of P19CL6 (EC), IB10 (ES) and GFP-UTF1 expressing cell lines
(OE#1-OE#4), *p<0.05.

Table 1: ES and EC cell doubling times.

genes as endogenous UTF1. Summarizing, these results indicated
that GFP-UTF]I, like endogenous UTF1, was restricted to the nucleus,
tightly associated with chromatin and repressed expression of known
UTF1 target genes, indicating that the GFP moiety had no discernible
effect on UTF1 functionality.

UTFI has been shown to be involved in ES cell proliferation [33]
and UTF1 KD ES and EC cells proliferate slower compared to wt cells
[21]. Here, the effect of GFP-UTF1 overexpression on ES and EC cell
proliferation was determined. A reduced proliferation rate was observed
in ES and EC cell lines overexpressing GFP-UTF1 in comparison to
wt ES and EC cells (Table 1). For P19CL6 EC cells, an increase in cell
cycle time ranging between 3% (EC_OE#1) to approximately 39%
(EC_OE#4) was observed (from 5.8 hr in wt EC cells to 6 hr and 8.1
hr for lines EC_OE#1 and OE#4, respectively). In ES cells, an increase
in cell cycle time of 13% and 10% was detected (from 7.4 hr in wt ES
cells to 8.4 hr and 8.1 hr for lines ES_OE#1 and ES_OE#2 respectively).

Mouse ES cells require LIF for their self-renewal and they
spontaneously differentiate in the absence of LIF, although some stem
cells persist due to a proposed autocrine/paracrine LIF signaling or
by some unknown self-renewal factors [34]. To determine if UTF1
overexpression resulted in LIF independency, GFP-UTF1 expressing
ES cells were grown in absence of LIF. Upon LIF withdrawal,
morphological changes occurred with similar kinetics in both wt
and GFP-UTF1 ES cells, indicating that GFP-UTF1 ES cells were LIF
dependent (Figure 1E).

EB differentiation of ES cells overexpressing UTF1

ES cells with reduced UTF1 levels are perturbed in their
capacity to form EBs and failed to differentiate properly [21]. We
investigated whether elevated levels of UTF1 also interfered with ES
cell differentiation. Embryoid bodies were generated followed by RNA
and protein isolation for RT-PCR and western analysis, respectively.
GFP-UTFI overexpressing ES cell lines formed EBs with efficiencies
and sizes similar to wt ES cells (Supplementary Figure 1A). At all stages
tested, the GFP-UTF1 transgene was still expressed and detected at
both the mRNA and protein level (Supplementary Figure 1A and 1B).

RT-PCR analysis of wt and GFP-UTF1 ES lines during EB
formation showed similar up regulation of various lineage-specific
markers like Brachyury and BMP5 (mesoderm), GATA-4 and GATA-6
(endoderm) and GAP43 and FGF5 (ectoderm) (Supplementary Figure
1B). Expression levels of pluripotency markers Oct-4, REX1 and Nanog
decreased in time in wt ES cells but were detected at all time points
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in ES cell lines overexpressing GFP-UTF1, suggesting the presence of
an undifferentiated subset of cells (Supplementary Figure 1B). Next,
we validated these observations using western analysis. In wt ES cells,
UTFI1 and Oct4 protein was not detected after day 4 and differentiation
markers were first detected at day 6 (Tromal, GATA4) or day 10
(Vimentin). In GFP-UTF1 expressing cells, UTF1 and Oct4 levels also
decreased albeit with slower kinetics then was observed in wt cells. In
GFP-UTFI overexpression lines, induction of differentiation markers
was detected at similar time points as in wt cells. These data suggested
that GFP-UTF1 overexpressing ES cells were able to differentiate but
that a subset of the cells is delayed in their differentiation (Figure 2A).

To determine if a subset of undifferentiated cells expressed GFP-
UTFI1, 7 day embryoid bodies were generated, fixed, sectioned and
stained for UTFI1, Oct4 and GATA4. Expression of GFP-UTF1
overlapped with Oct4 and UTF1 (Figure 2B), indicating that GFP-
UTF1 expressing cells still expressed these pluripotency markers.
However, when EBs were stained for GATA4 (Figure 2B), GFP-
UTF1 and GATA4 were expressed in different cells, indicating that
these differentiated cells did not express GFP-UTF1. In short, these
data suggest that, at least in a subset of cells, GFP-UTFI expression
led to persistent expression of pluripotency markers and perturbed or
delayed differentiation.

DMSO differentiation of ES and EC cells

DMSO initiates a coordinated differentiation program in various
cell types. In the presence of DMSO, cells differentiate into cardiac
and skeletal muscle along with other mesodermal and endodermal cell
types [35]. DMSO-induced differentiation of both wt and GFP-UTF1
expressing ES and EC cells was analyzed. Morphology of both wt and
GFP-UTFI1 overexpressing ES cells rapidly changed during DMSO-
induced differentiation (Figure 3A). Western analysis indicated that

A 024681002468100246810 days
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Figure 2: EB differentiation of GFP-UTF1 overexpressing ES cells. A)
Western analysis of the expression levels of markers for ES cells (UTF1
and Oct4), mesoderm and endoderm (GATA4), endoderm (Troma1) and
mesoderm (Vimentin). Actin levels were determined as a loading control and
GFP-UTF1 for transgene expression.

B) Immunohistochemical analysis of wild type (ES) and GFP-UTF1 expressing
ES cells (ES_OE#1 and #2) using antibodies against Oct4, UTF1 and GATA4.
Cells were counterstained with DAPI.

02510 02 510 0 2 510 days

I - GFPUTF 1
M e R v
[l
I 1ot
[ . AT
(T [ [ imsnin
——— e ——

ES ES_OE#1 ES_OE#2

ES  ES_OE#1 ES_OE#2

C 02468101214 0 2 4 6 B101214 0 2 4 6 8 101214 days

[ ———] |ab——— == GFP-UTF1
SEE=TT | BESs==F v
[me—— 7| N Ot
[—— s e
DN ] Tromst
T (DRSNS inentin
e ——— [ Sepepemes——e| Aclin
EC EC_OE#1 EC_OE#2

Figure 3: DMSO differentiation of ES and EC cells overexpressing GFP-
UTF1. A) Phase-contrast images of DMSO-treated (0, 2, 5 and 10 days) wild
type (ES) and GFP-UTF1 overexpressing ES cells (ES_OE#1 and #2).

B) Western blots of DMSO-induced differentiation (0, 2, 5 and 10 days) of
wild type (ES) and GFP-UTF1 overexpressing ES cells (ES_OE#1 and #2).
Protein lysates were analyzed with antibodies against GFP, UTF1, Oct4,
Troma1l (endoderm), GATA4 (endoderm and mesoderm), and Vimentin
(mesoderm). Actin staining was performed as a loading control.

C) Western blots of DMSO-induced differentiation of wild type (EC) and
GFP-UTF1 overexpressing P19CL6 EC cell lines (EC_OE#1 and #2).
Protein lysates were collected at the time points indicated and analyzed with
antibodies against GFP, UTF1, Oct4, GATA4, Troma1 and Vimentin. Actin
staining was performed as a loading control.

GFP-UTFI1 overexpressing ES cells differentiated similarly to wild
type ES cells, showing increased expression of Tromal, Vimentin
and GATA4 (Figure 3B). Expression of the GFP-UTF1 transgene was
detected throughout differentiation while expression of endogenous
UTF1 decreased during differentiation. Also, Oct4 expression decreased
at day 2 but expression was detected throughout the experiment,
suggesting incomplete differentiation of a subset of cells, both in wt
and GFP-UTF1 ES cells (Figure 3B).

Next, we investigated the effect of GFP-UTF1 overexpression on
the differentiation of P19CL6 EC cells. In wt cells, DMSO induced
expression of Tromal (day 8), Vimentin and GATA4 (day 10); in
combination with a complete down regulation of pluripotency markers
Oct4 and UTFI1. In contrast, GFP-UTF1 overexpressing EC cells
failed to differentiate in response to DMSO; Tromal, Vimentin and
GATA4 were not or only very faintly detected (Tromal, EC_OE#1). In
EC_OE#1, endogenous UTF1 was completely down regulated at day
10 and Oct4 expression was not detectable after day 6. In EC_OE#2,
endogenous UTF1 and Oct4 expression was not completely down
regulated as expression of both proteins was still observed at day 14.
GFP-UTFI expression was detected at all time points investigated.

Collectively, these data suggest that GFP-UTF1 overexpressing
ES cells differentiated normally and that a fraction of the wt and
GFP-UTF1 ES cells is refractory to DMSO treatment. In P19CL6
cells overexpressing GFP-UTF1, DMSO-induced differentiation is
completely blocked.

RA differentiation of UTF1 overexpressing ES and EC cells

Retinoic acid (RA) is frequently used to promote ectodermal
differentiation of pluripotent cells under a wide variety of culture
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conditions. The morphology of both wt and GFP-UTF1 overexpressing
ES cells changed with similar kinetics during RA-induced differentiation
(Figure 4A). Immunoblotting showed that in both wt and GFP-UTF1
overexpressing ES cells expression of pluripotency markers Oct4 and
UTF1 decreased rapidly and neural-specific marker GAP43 was first
detected at day 5. However, GFP-UTF1 was also undetectable after
5 days of RA treatment (Figure 4B). To determine if RA treatment
resulted in silencing of the GFP-UTF1 transgene, RNA was isolated
from RA-treated ES cells and analyzed by RT-PCR. Surprisingly,
similar levels of GFP-UTF1 transgene expression were detected at all
time points tested, indicating that the observed down regulation of
GFP-UTFI after RA treatment was not caused by silencing of the GFP-
UTF1 transgene (Figure 4C).

RA also induced differentiation of wt and GFP-UTFI1 expressing
P19CL6 EC cells. After 10 days, Oct4, UTF1 and GFP-UTF1 expression
levels were drastically reduced, where GAP43 and GFRa expression
was induced (Figure 4D). To determine if the GFP-UTF1 transgene
was still expressed, wt and GFP-UTF1 EC cells were treated with RA
and RNA was isolated after 0, 2, 4 and 8 days. As was observed in ES
cells, equal amounts of the GFP-UTF1 mRNA were detected at the time
points tested (Figure 4E).

Summarizing, these data indicate that constitutive expression of
GFP-UTF1 completely blocked DMSO-induced differentiation of
P19CL6 EC cells. In ES cells that constitutively express GFP-UTF1,
a subset of cells is observed that is (at least to some extent) delayed
in their differentiation or even refractory to differentiation during EB
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Figure 4: RA differentiation of ES and EC cells overexpressing GFP-
UTF1. A) Phase-contrast images of RA-treated (0, 2, 5 and 10 days) of wild
type (ES) and GFP-UTF1 overexpressing ES cells (ES_OE#1 and #2).

B and D) Western blots of RA-induced differentiation (0, 2, 5 and 10 days) of
wild type (ES and EC) and GFP-UTF1 overexpressing IB10 ES and P19CL6
EC cells (OE#1 and #2). Protein lysates were analyzed with antibodies
against GFP, UTF1, Oct4, GAP43 (ectoderm) and GFRa (ectoderm). Actin
staining was performed as a loading control.

C and E) RT-PCR analysis of UTF1 and GFP-UTF1 expression in wild
type (ES and EC) and GFP-UTF1 overexpressing IB10 ES and P19CL6
EC cells (OE#1 and #2) during RA treatment. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression was used as a control. In the -RT lanes,
reverse transcriptase was omitted from the reverse transcriptase reactions to
control for genomic DNA contamination and amplified using GAPDH primers.
In the MQ lane, no template was added to the PCR reactions.

formation. Finally, RA treatment resulted in a rapid down regulation
of (GFP)-UTF1 protein, which preceded the down regulation of UTF1
mRNA, strongly suggesting that UTF1 is actively degraded in response
to RA.

Discussion

We previously reported that ES and EC cells with strongly reduced
UTF1 levels are defective in their differentiation and that in UTF1-
depleted ES cells the expression of >1200 genes is increased [21,28]. As
UTF1 is highly expressed in ES and EC cells and rapidly down regulated
upon differentiation, ES and EC cell lines expressing GFP-UTF1 were
generated to investigate the effect of constitutive UTF1 expression.

ES and EC cells with GFP-UTF1 expression levels similar to
endogenous UTF1 levels were selected. Despite the relatively high
levels of GFP-UTF1 expression, GFP-UTF1 was exclusively nuclear
localized and associated with mitotic chromosomes. Subnuclear
fractionation analysis further showed that GFP-UTF1, like endogenous
UTF1, was only detected in the ammonium sulphate fraction, the
fraction containing tightly chromatin-associated proteins. Finally,
the expression of several UTF1 target genes was reduced in GFP-
UTF1 expressing ES cells, suggesting that GFP-UTFI repressed the
expression of these UTFI target genes. These observations indicate
that GFP-UTF]I, although expressed at relatively high levels, displayed
properties identical to endogenous UTF1.

Most GFP-UTF1 overexpressing cell lines (3 out of 4 EC lines and
both ES lines) displayed increased doubling times. Some variation in
the observed proliferation of the different lines might originate from
clonal variation as these lines are subclones from the original P19CL6
and IB10 cell lines. Previously, Nishimoto et al. and we reported an
increased doubling time of ES cells with reduced UTFI levels [21,33].
These data suggest that either under- or overexpression of UTF1 has
a detrimental effect on the proliferative capacity of ES and EC cells.
During EB differentiation, in wt ES cells UTF1 and Oct4 levels were
practically not detected after day 4 where in GFP-UTFI overexpressing
ES cells, UTF1 and Oct4 expression was much longer maintained.
However, the induction of differentiation markers was not drastically
delayed in GFP-UTF1 expressing ES cells, suggesting that a subset of
the cells differentiated normally and that another subset remained Oct4
and UTF1 positive. These observations were confirmed in EB sections
where expression of GFP-UTF1 and OCT4 overlapped and was not
detected in cells expressing differentiation markers like GATA4.

Only a subset of wtand GFP-UTF1 expressing ES cells differentiated
in response to DMSO, as relatively high amounts of both UTF1 and
Oct4 were detected at all time points. Differentiation markers were
induced in wt and GFP-UTF1 expressing cells with similar kinetics
indicating that DMSO-induced differentiation was not affected by
GFP-UTFI1 overexpression. However, differentiation of P19CL6 EC
cells was completely blocked by GFP-UTF1 overexpression. P19CL6
cells are a subclone of P19EC cells selected for differentiation towards
cardiac muscle in response to DMSO [30]. GATA4 is a transcription
factor up regulated during DMSO-induced cardiac differentiation of
P19CL6 cells [36]. In a UTF1 ChIP-on-chip experiment, GATA4 was
notidentified asa direct UTF1 target gene, suggesting that GAT A4 is not
directly repressed by GFP-UTF1 [28]. P19CL6 cells with reduced UTF1
levels were also completely defective in their ability to differentiate in
response to DMSO [21]. This indicates that for P19CL6 cells to properly
differentiate, UTF1 levels need to be properly controlled.
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RA readily induced differentiation of both ES and EC cells
expressing GFP-UTF1. RA treatment resulted in a rapid silencing
of the endogenous UTF1 gene (both mRNA and protein) as well as
a drastic reduction GFP-UTF1 protein levels. Remarkably however,
RT-PCR analysis indicated that the GFP-UTFI transgene was still
transcribed. RA-induced proteasome activation has been reported
in acute myeloid leukemic cells [37] as well as enhanced proteasome
activity during ES cell differentiation [38], suggesting that UTF1 might
be a target of RA-induced proteosomal degradation. In this study, we
show that overexpression of the chromatin-associated protein UTF1
interferes with the differentiation of a subset of ES cells where in EC
cells, overexpression of GFP-UTF1 completely blocked differentiation
towards cardiac muscle. These data, in combination with our earlier
observations that UTF1 KD ES and EC cells displayed extensive
differentiation defects, suggest that in order for proper ES or EC cell
differentiation, the levels of UTF1 expression need to be within a
certain range. An approximate two-fold increase (as in this study) or a
ten-fold reduction (as in [21]) in UTF1 levels negatively interferes with
ES and EC cell differentiation.
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