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ABSTRACT
We reported previously that EGAM1 homeoproteins (EGAM1 and EGAM1N), transcribed from the
Crxos gene as splicing variants, are expressed in preimplantation mouse embryos and mouse
embryonic stem (ES) cells. Exogenous expression of these proteins affects the maintenance of an
undifferentiated state and the progression of differentiation in mouse ES cells. Human
tetrapeptide-repeat homeobox 1 (TPRX1), a member of the eutherian totipotent cell homeobox
(ETCHbox) genes, is an ortholog of Crxos. However, the roles of TPRX1 in the differentiation of
human pluripotent cells are still unknown. Because the TPRX1 transcripts were undetectable in an
undifferentiated state and during the progression of differentiation in wild-type human embryonal
carcinoma NT2/D1 cells, it would be advantageous to clarify the relationship between the
exogenous expression of TPRX1 and the induction of genes encoding lineage-specific transcription
factors in pluripotent cells. The expression of GATA6 and FOXA2, crucial transcription factors for the
formation of the primitive endoderm, was upregulated, whereas that of CDX2, a crucial
transcription factor for the formation of the trophectoderm, was downregulated by enforced
expression of TPRX1. Overall, we suggest that TPRX1 is capable of modulating the expression of
lineage-specific transcription factors in pluripotent cells derived from humans.
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Introduction

In mice, the pluripotent inner cell mass, the precursor
cells of all fetal and adult cell lineages, and the trophec-
toderm, precursor cells of placental cell lineages, arise
during preimplantation development between the mor-
ula stage and the blastocyst stage. Embryonic stem (ES)
cells [1] and trophoblast stem cells [2] are established
from the inner cell mass and the trophectoderm, respec-
tively. The primitive endoderm is generated from a por-
tion of cells constituting the inner cell mass and gives
rise to the extraembryonic endoderm cell lineage.

Transcription factors are expressed to coordinately
regulate cell fates in the developing conceptus, such as
preimplantation embryos. Recently, we identified the
structurally related homeoproteins EGAM1 (GenBank
accession No. AB472692, also known as CRXOS isoform
a) and EGAM1N (No. AB472693, CRXOS isoform c) in pre-
implantation mouse embryos [3]. These homeoproteins
encoded by the Crxos gene (Gene ID 546024) on chro-
mosome 7 (Figure 1) are expressed as splicing variants in
both mouse embryos and mouse ES cells. EGAM1 and
EGAM1N harbour homeodomains, such as the paired-
like type (PRDL HD1) and the engrailed-like type (ENL

HD) in EGAM1 and the paired-like type (PRDL HD1) in
EGAM1N. When expressed exogenously in mouse ES
cells, EGAM1 promoted differentiation into the primitive
endoderm and inhibited differentiation towards the tro-
phectoderm, which arise during the pre- and peri-
implantation periods of early embryogenesis [3,4].
Conversely, EGAM1N supported the maintenance of an
undifferentiated state [3,5]. EGAM1 homeoproteins were
localized to the nuclei of mouse ES cells [6], and homeo-
domains are known as a DNA-binding region [7]; there-
fore, we postulated that EGAM1 homeoproteins act as
DNA-binding transcription factors.

In humans, tetrapeptide-repeat homeobox 1 (TPRX1,
Gene ID 284355) harbouring another paired-like type
homeodomain (PRDL HD2) on chromosome 19 is a func-
tionally unclassified gene [8] (Figure 1). Recently, Maeso
et al. reported that ETCHbox (eutherian totipotent cell
homeobox) genes, including TPRX1, ARGFX, LEUTX, DPRX
and PARGFX, arose by tandem gene duplication from the
retinally expressed CRX gene, followed by asymmetric
sequence evolution in mammals [9]. They also argued
the Crxos gene is an ortholog of ETCHbox genes, espe-
cially of TPRX1 (Figure 1), and suggested that ETCHbox
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genes are potentially involved in cell fate specification in
preimplantation embryos [9]. Indeed, TPRX1 is expressed
in preimplantation embryos, testes and eyes in humans,
with closely similar expression patterns to those of
EGAM1 homeoproteins [3,8–11]. However, the roles of
TPRX1 in gene expression in human pluripotent cells are
still unknown. Against this background, in order to clarify
the roles of orthologs for Crxos, we focused on the func-
tions of TPRX1 in human embryonal carcinoma NT2/D1
cells, as a model of human pluripotent cells.

Materials and methods

Construction of the TPRX1 expression vector

A human TPRX1 cDNA (also known as CRX like homeo-
box 2, GenBank accession No. DQ340180 [12]) was
purchased from OriGene (Rockville, MD, USA). An expres-
sion vector for the TPRX1 cDNA was constructed using a
dicistronic mRNA-expressing pMN1Pur vector [3,5,13].
This vector contains a powerful and versatile CAG pro-
moter [14–16] and can express a single mRNA encoding
a gene of interest, an internal ribosomal entry site (IRES)
and a puromycin-resistance gene. Such a dicistronic vec-
tor ensures the co-expression of the desired gene in cells
expressing the selectable marker gene. The cDNA corre-
sponding to the coding sequence for TPRX1 in combina-
tion with DNA sequences encoding FLAG-tag at the 5’-
end of the TPRX1 cDNA was inserted into the cloning
site (XbaI/EcoRI) of the pMN1Pur vector.

Culture of human embryonal carcinoma NT2/D1
cells and transfection of TPRX1-expressing vector

NT2/D1 cells [17,18] (ECACC No. 01071221) were pur-
chased from DS Pharma Biomedical (Osaka, Japan). The

cells were routinely maintained with Dulbecco’s modi-
fied Eagle’s medium (4.5 g/L glucose, Sigma, St. Louis,
MO, USA) supplemented with 2 mmol/L glutamine and
10% fetal calf serum (FCS, Biowest, Nuaille, France). NT2/
D1 cells were transfected with the FLAG-tagged TPRX1-
expressing vector by the lipofection method, and stable
transfectants were obtained by cultivation with puromy-
cin (0.25 mg/mL, Sigma), as reported previously [13,19].
Differentiation of NT2/D1 cells was induced by cultiva-
tion with medium containing retinoic acid (10¡6 mol/L,
all-trans type, Sigma).

RNA extraction and quantitative RT-PCR analysis

Extraction of total RNA, synthesis of cDNA, and quantita-
tive reverse transcription polymerase chain reaction
(qRT-PCR) were carried out in accordance with the
methods reported previously [13,20,21]. The set of gene-
specific primers used are listed in Table 1. Hydroxyme-
thylbilane synthase (HMBS) was analyzed as a house-
keeping gene.

Western blotting

Cellular proteins separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed
by transfer onto a polyvinylidene fluoride (PVDF) mem-
brane (Immobilon-P, Billerica, MA, USA) were incubated
with a PVDF Blocking Reagent (Toyobo, Osaka, Japan).
Subsequently, the membrane was incubated with pri-
mary antibodies: rabbit anti-FLAG (1:270,000, #600–
401–383, Rockland Immunochemicals, Limerick, PA,
USA) or rabbit anti-ACTB (also known as b-ACTIN,
1:20,000, #IMG-5142A, IMGENEX, San Diego, CA, USA).
The membrane was incubated with horseradish

Figure 1. Relationship between the mouse Crxos gene and the human TPRX1 gene. (A) The flanking regions around mouse Crxos gene
and human TPRX1 gene. ch., chromosome. (B) Schematic diagram of the primary amino acid sequence for EGAM1 homeoproteins and
TPRX1 protein. The mouse EGAM1 homeoproteins are expressed as splicing variants. Boxes filled with the same patterns indicate the
regions completely matching in each protein. Tetra-peptide repeat, the protein sequence contains 58 repeated copies of a four-amino
acid motif (variants of Pro-Ile-Pro-Gly).
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peroxidase-conjugated anti-rabbit IgG (1:5,000, #AP132P,
Chemicon, Temecula, CA, USA) as a secondary antibody.
The enzyme reaction was detected using ECL prime
Western Blotting Reagent (GE Healthcare Bio-Sciences,
Piscataway, NJ, USA) and a LAS-4000 image analyzer
(Fujifilm, Tokyo, Japan).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as
reported previously [6,13]. In brief, primary (rabbit anti-
FLAG IgG, 1:2,000, #F7425, Sigma) and secondary (fluo-
rescein isothiocyanate (FITC)-labeled anti-rabbit IgG,
1:1,000, #A120–201F, BETHYL Laboratories, Montgomery,
TX, USA) antibodies were diluted in 1% bovine serum
albumin in phosphate-buffered saline. 4 0,6-Diamidino-2-
phenylindole (DAPI, 100 ng/mL) was added to the reac-
tion mixture of the secondary antibody.

Statistical analysis

The results obtained by qRT-PCR analysis were subjected
to one-way analysis of variance (ANOVA) followed by the
Steel–Dwass test or the Tukey–Kramer multiple compari-
son test.

Results and discussion

Expression of TPRX1 mRNA in an undifferentiated
state and during the progression of differentiation
was undetectable in NT2/D1 cells

Morphological changes in NT2/D1 cells were evident
between the undifferentiated state and during the
stages of differentiation (Figure 2A). As shown in

Figure 2B, the expression levels of mRNAs for pluripo-
tency factors OCT4 and NANOG were downregulated
during the progression of differentiation. On the other
hand, the expression levels of the neuroectoderm
marker ASCL1 (a transcription factor also known as
MASH1) [22,23] were significantly upregulated
(Figure 2C, P < 0.05). The expression levels of the primi-
tive endoderm marker GATA6 [24,25], encoding a tran-
scription factor, were also upregulated, and those of the
trophectoderm marker CDX2 [26,27], also encoding a
transcription factor, were transiently upregulated during
the progression of differentiation. The expression of
endogenous TPRX1 mRNA was almost undetectable,
whereas exogenous TPRX1 mRNA in NT2/D1 cells trans-
fected with a TPRX1 expression vector (+FLAG/TPRX1)
was clearly detected (Figure 2D). These results suggested
that the expression levels of TPRX1 were extremely low,
and TPRX1 may be dispensable for the maintenance of
an undifferentiated state and the progression of differ-
entiation in NT2/D1 cells.

Effect of exogenous expression of TPRX1 protein on
the induction of gene expression encoding lineage-
specific transcription factors in NT2/D1 cells

Overexpression of specific genes or knockdown of gene
expression are useful techniques for analyzing gene
functions in cells. Although TPRX1 is expressed in preim-
plantation human embryos [9,10], TPRX1 transcripts
were undetectable in an undifferentiated state and dur-
ing the progression of differentiation in wild-type human
embryonal carcinoma NT2/D1 cells. We considered that
it would be advantageous to clarify the relationship
between the exogenous expression of TPRX1 and the
induction of genes encoding lineage-specific transcrip-
tion factors in pluripotent cells as a model for preimplan-
tation embryos.

As shown in Figure 3A, overexpression of the FLAG-
tagged TPRX1 protein was clearly shown in both an
undifferentiated state and during the progression of dif-
ferentiation in NT2/D1 cells (FLAG/TPRX1 transfected
cells). In particular, the expression levels were very high
after a 7-day culture period during the progression of dif-
ferentiation. It is likely that the CAG promoter worked
well during the progression of differentiation in NT2/D1
cells. FLAG-tagged TPRX1 protein localized specifically in
the nuclei of transfectants (FLAG/TPRX1, Figure 3B), sug-
gesting that the protein probably plays a role in the
nucleus. On the other hand, no marked differences in
the cell morphology of FLAG/TPRX1 transfected cells
were observed compared with those of the control
transfectants (Figure 3C).

The induction of gene expression for crucial, lineage-
specific transcription factors was analyzed (Figure 4). The

Table 1. Sequences of primers for quantitative reverse transcrip-
tion polymerase chain reaction.

Gene Primer sequence
Product
size (bp)

TPRX1 5’-TCAGAAGGACCAGTACCCGAACTACGACCA-3’
5’-CGCTGAGGTGCGGAGGCAGA-3’

219

NANOG 5’-CTATGCCTGTGATTTGTGGGCCTGAAGAAA-3’
5’-GTTGTTTGCCTTTGGGACTGGTGGAAGAA-3’

159

OCT4 5’-GGGTGGAGGAAGCTGACAACAATGAAAA-3’
5’-CCCCCTGAGAAAGGAGACCCAGCA-3’

304

GATA6 5’-CCCATGACTCCAACTTCCACCTCTTCTAAC-3’
5’-ACTGACGCCTATGTAGAGCCCATCTTGACC-3’

183

FOXA2 5’-CACCACTACGCCTTCAACC-3’
5’-GGTAGTAGGAGGTATCTGCGG-3’

235

CDX2 5’-GAACCTGTGCGAGTGGATGCGGAAG-3’
5’-CCGGATGGTGATGTAGCGACTGTAGTGAA-3’

154

EOMES 5’-GCTCAAATTCCACCGCCACCAAAC-3’
5’-TTTCCCGAATGAAATCTCCTGTCTCAT-3’

283

ASCL1 5’-TCACAAGTCAGCGCCCAAGCAAGTCAAG-3’
5’-CGTGCTCCCGAAGGGTGGCAAAG-3’

200

T 5’-CCCGTCTCCTTCAGCAAAGT-3’
5’-TCCGGGTTCCTCCATCATCT-3’

285

HMBS 5’-ACTGTGCTTCCTCCTGGCTTCACCATC-3’
5’-AAGATGTCCTGGTCCTTGGCTCGCACTT-3’

392
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expression patterns of NANOG and OCT4 were similar in
the control and FLAG/TPRX1 transfected cells before and
after the induction of differentiation. During the progres-
sion of differentiation, the expression levels of GATA6, a
master regulator for generation of the primitive endo-
derm, and those of FOXA2, a crucial transcription factor
for the progression of differentiation into primitive endo-
derm [28,29], were upregulated in FLAG/TPRX1 trans-
fected cells. Conversely, those of CDX2, a master
regulator for formation of the trophectoderm, were
downregulated. The expression levels of another crucial

transcription factor, EOMES, for the progression of differ-
entiation into the trophectoderm [30,31] were
unchanged. The expression levels of ASCL1, a master reg-
ulator for the generation of the neuroectoderm, and T, a
master regulator for the generation of the mesoderm
[32,33], were almost unchanged. These results suggested
that, in NT2/D1 cells, the enforced expression of TPRX1
protein directed differentiation into the primitive endo-
derm together with partially inhibiting differentiation
into the trophectoderm. Notably, this effect of the TPRX1
gene closely corresponded to that of EGAM1 protein

Figure 2. Changes in gene expression during the progression of differentiation in human embryonal carcinoma NT2/D1 cells. (A) Cell
morphology of wild-type NT2/D1 cells in an undifferentiated state (Un) and after the induction of differentiation with 10¡6 mol/L reti-
noic acid after a 14-day culture period (D14). Low, low cell density. High, confluent. Scale bar, 100 mm. (B) The expression levels of
genes encoding pluripotency factors were quantified by qRT-PCR and normalized to that of HMBS, a housekeeping gene. Data are
expressed as means § SEM (n = 3 independent dishes) and the expression levels were compared with that of cells in an undifferenti-
ated state (Un) at low cell density. *P < 0.05. (C) The expression levels of genes encoding lineage-specific transcription factors were
quantified by qRT-PCR. Data were obtained and processed as described in (B). (D) The expression levels of TPRX1 were quantified by
qRT-PCR. The expression levels of exogenous TPRX1 mRNA in NT2/D1 cells transfected with a TPRX1 expression vector (+FLAG/TPRX1)
were regarded as a positive control. ASCL1 for neuroectoderm; GATA6 for primitive endoderm; CDX2 for trophectoderm.
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Figure 3. Enforced expression of TPRX1 protein in NT2/D1 cells. (A) Expression of FLAG-tagged TPRX1 protein (Mr, 53 kDa) in NT2/D1
cells (FLAG/TPRX1) was analyzed by Western blotting. ACTB (also known as b-ACTIN; Mr, 42 kDa) is indicated as a loading control. The
numbers over the bands indicate the culture period (days) after the induction of differentiation. NT2/D1 cells transfected with an empty
vector (pMN1Pur as a control) are indicated as ‘Empty.’ Un, undifferentiated state. A vertical bar on the left side of the FLAG/TPRX1
panel indicates the position of non-specific signals. (B) Subcellular localization of FLAG-tagged TPRX1 protein in TPRX1 transfectants.
FLAG-tagged TPRX1 was detected using fluorescein isothiocyanate (FITC)-labeled secondary antibodies. Cell nuclei were detected using
4 0,6-diamidino-2-phenylindole (DAPI). Scale bar, 50 mm. (C) Cell morphology of NT2/D1 transfected cells in an undifferentiated state
(Un) and following a 14-day culture period after the induction of differentiation (D14). Scale bar, 100 mm.

Figure 4. Changes in the expression levels of genes encoding crucial transcription factors by enforced expression of TPRX1 protein. (A)
The expression levels of genes encoding pluripotency factors were quantified by qRT-PCR analysis. Data represent the sum of two inde-
pendent transfection experiments, because the results obtained from trials matched well, and are expressed as means § SEM (n = 6
independent dishes). *P < 0.05. (B) qRT-PCR analysis of lineage-specific transcription factors (n = 6 independent dishes). *P < 0.05.
ASCL1 for neuroectoderm; T for mesoderm; GATA6 and FOXA2 for primitive endoderm; CDX2 and EOMES for trophectoderm.
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encoded by the Crxos gene in mouse ES cells [3,4]. Our
findings support, at least in part, the possibility that
TPRX1 plays a role in the specification of cell fate in pre-
implantation human embryos, as reported previously
[9,10].

Conclusions

From this study, we suggest that TPRX1 is capable of
modulating the expression of lineage-specific transcrip-
tion factors in human pluripotent cells. Our results also
suggested that human TPRX1 is not only the evolution-
ary ortholog of mouse Crxos, but also there are func-
tional similarities between TPRX1 and Crxos in
pluripotent cells.
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