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ARTICLE INFO ABSTRACT

Keywords: Somatic cells can be reprogrammed into induced pluripotent stem (iPS) cells by forced expression of the tran-

iPS cells ) scription factors Oct3/4, Klif4, Sox2, and c-Myc (OKSM). Somatic cell nuclear transfer can also be utilized to

Seprogﬁzmmmg reprogram somatic cells into totipotent embryos, suggesting that factors present in oocytes potentially enhance
rame

the efficiency of iPS cell generation. Here, we showed that preferentially expressed antigen of melanoma family
member 12 (Pramef12), which is highly expressed in oocytes, enhances the generation of iPS cells from mouse
fibroblasts. Overexpression of Pramefl2 during the early phase of OKSM-induced reprogramming enhanced the
efficiency of iPS cell derivation. In addition, overexpression of Pramefl2 also enhanced expression of naive
pluripotency-associated genes, Gtl2 located within the Dlk1-Dio3 imprinted region essential for full pluripotency,
glycolysis-associated genes, and oxidative phosphorylation-associated genes, and it promoted mesenchymal-to-
epithelial transition during iPS cell generation. Furthermore, Pramefl2 greatly activated p-catenin during iPS
cell generation. These observations suggested that Pramef12 enhances OKSM-induced reprogramming via acti-

Wnt/p-catenin pathway

vation of the Wnt/f-catenin pathway.

1. Introduction

Induced pluripotent stem (iPS) cells can be generated from somatic
cells by ectopic expression of the transcription factors Oct3/4, Klf4,
Sox2, and c-Myc (OKSM). iPS cells closely resemble embryonic stem (ES)
cells, which can differentiate into every somatic cell type of the body and
possess the capacity of unlimited replication [1]. As use of iPS cells is not
associated with the ethical concerns related to ES cell derivation and
issues with potential allogeneic immune rejection, iPS cells are ideal for
producing patient- and disease-specific cells for future clinical applica-
tions, regenerative medicine, and drug development [2,3].

Mammalian oocytes have the ability to reprogram somatic cells into
totipotent embryos [4,5]. Importantly, nuclear transfer ES cells derived
from somatic cell nuclear transfer embryos exhibit gene expression and
DNA methylation patterns more similar to those of ES cells than iPS cells
[6]. In addition, OKSM are expressed at high levels in ES cells but low
levels in oocytes, suggesting that oocytes contain other reprogramming
factor(s) [7]. As only four factors are used in OKSM-induced reprog-
ramming, versus the large number of oocyte-derived factors used in
somatic cell nuclear transfer-induced reprogramming, it is likely that
oocyte-derived factor(s) can improve the generation efficiency and

quality of iPS cells. Indeed, oocyte-derived factors, such as Glisl [8],
histone variants, TH2A and TH2B [9], Dppa3 (also known as Stella or
PGC7) [10], Oobox1 [11], Zscan4c [12], and Zscan4f [13], can improve
the generati on efficiency and/or quality of iPS cells.

As the genes important for somatic cell nuclear reprogramming are
likely to be expressed specifically in totipotent cells, we screened for
genes specific to totipotent early pre-implantation embryos. We found
that preferentially expressed antigen of melanoma family member 12
(Pramef12) was expressed specifically in early pre-implantation em-
bryos. Here, we examine the effects of Pramefl2 on OKSM-induced
reprogramming and found that overexpression of Pramefl2 during the
early phase of reprogramming enhanced the efficiency of iPS cell gen-
eration. Prmaefl2 also promoted the expression of naive pluripotency-
associated genes, metabolic transition, mesenchymal-to-epithelial tran-
sition (MET), and activation of Gtl2 located within the imprinted
Dik1-Dio3 cluster. Finally, we showed that overexpression of Pramef12
during OKSM-induced reprogramming markedly activated the Wnt/
B-catenin pathway.
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2. Materials and methods
2.1. Cell cultures

MEFs were isolated from embryonic day 13.5 (E13.5) embryos of Jcl:
ICR or Pramef12-knockout mice (Shinchi A and Nakamura T, in prep-
aration) and cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Nacalai Tesque) supplemented with 10% FCS. Feeder-free mouse ES-
El4tg2a and iPS cells were maintained as described previously [14].

2.2. Plasmid construction

Pramef12 ¢cDNA was amplified by PCR and cloned into PB-TRE3G-
cHApA [15] to yield PB-TRE3G-Pramef12. OKS and c-Myc were ampli-
fied by PCR from PB-TRE3G-OKS [15] and PB-TRE3G-c-Myc [15],
respectively, and cloned into PB-CAG to yield PB-CAG-OKS and
PB-CAG-c-Myc, respectively.

2.3. iPS generation

MEFs were plated at 1 x 10° cells per well in 6-well plates and
incubated overnight. MEFs were simultaneously transfected with 1 pg
PB-CAG-OKS, 1 pg PB-CAG-c-Myec, 1 pg of PB-TRE3G-Pramef12, 1 ug PB-
CAG-rtTA, and 1 pg CAG-HyPBase using Xfec Transfection Reagent
(Takara) according to the manufacturer’s instructions. One day after
transfection, the medium was replaced with GMEM (Sigma) supple-
mented with 10% FCS, 1 mM sodium pyruvate (Wako), 1 x MEM non-
essential amino acids (Wako), 0.1 mM 2-mercaptoethanol (2-ME;
Nacalai Tesque), 1000 U/ml LIF, and 1 pg/ml Dox (Sigma). Five days
after transfection, 1 x 10° cells were reseeded on mitomycin-treated
MEF feeder layers. After an additional 10 days in culture, ES-like col-
onies were picked, dissociated, and plated on fresh mitomycin-treated
MEF feeder layers for analysis.

2.4. Alkaline phosphatase (ALP) staining

ALP staining was performed using the ALP staining kit (Stemgent)
according to the manufacture’s instruction.

2.5. Immunostaining

Immunostaining was performed as previously reported [16]. iPS
cells were fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS), permeabilized with 0.2% Triton X-100 in PBS for 5min and
blocked in 5% normal goat serum in PBS. Anti-Nanog (1:500,
14-5761-80; eBioscience) antibody were applied to the cells and incu-
bated for 1 h. After washing with PBS, the cells were incubated with goat
anti-rat IgG Alexa 568 (1:500, A-11077; Thermo Fisher Science) and
DAPI (1 pg/mL, 40-07971; Dojindo). Immunofluorescence were
observed using Fluorescence Microscope BZ-X700 (KEYENCE) and
Nanog positive cells were determined using Image J.

2.6. RNA extraction and quantitative real time RT-PCR (RT-qPCR)

Total RNA was isolated using the RNeasy mini kit (Qiagen), and 300
ng total RNA was used for cDNA synthesis. Reverse transcription was
performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen)
according to the manufacturer’s instructions. Real-time PCR was per-
formed using the LightCycler 96 System (Roche) with the KAPA SYBR
FAST qPCR Kit (Kapa Biosystems). Transcript levels were determined in
triplicate reactions and normalized to p-actin. The primers used in this
study are shown in Table S1.

2.7. Western blot analysis

Western blot analysis was performed as described previously. The
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primary antibodies used were anti-p-catenin (clonel4/Beta-Catenin,
1:200, #610154; BD Transduction Laboratories), anti-active p-catenin
(clone 8E7, 1:200, #06-665; Millipore), and anti-p-actin (1:10,000, AC-
15; Sigma). Band intensities were measured using Image J, and
normalized to p-actin.

3. Results and discussion
3.1. Pramef12 expression in oocyte and preimplantation embryos

To screen for totipotent cell-specific genes, digital differential
display analysis was performed to compare the mouse expressed
sequence tag libraries among 21 totipotent cell libraries (oocyte, zygote,
and 2-, 4-, 8-, and 16-cell embryos) and another 704 pooled libraries
including pluripotent ES cells, blastocysts, and various embryonic and
adult tissues. We identified Pramefl2, a member of the preferentially
expressed antigen of melanoma (PRAME) multigene family, as a
candidate totipotent cell-specific gene. PRAME genes were first discov-
ered in human melanoma cell lines and are tumor-associated antigens
recognized by cytolytic T lymphocytes. Real-time quantitative reverse
transcription PCR (RT-qPCR) analysis showed that Pramefl2 mRNA was
expressed in GV oocytes, MII oocytes, zygotes, and 2-cell embryos, but
not in any adult tissues (Supplementary Fig. S1A). To confirm these
results, we extracted RNA sequencing data for Pramefl2 from the
Database of Transcriptome in Mouse Early Embryos (DBTMEE) and
found that Pramefl2 mRNA was expressed in oocytes, zygotes, and 2-
and 4-cell embryos (Supplementary Fig. S1B).

3.2. Pramef12 enhances iPS cell generation

Recently, it was reported that some oocyte-derived factors can
enhance the reprogramming efficiency and quality of iPS cells [8-13].
We therefore examine whether Pramefl2 enhances the efficiency of
OKSM-mediated reprogramming and quality of iPS cells. As Pramef12
was not expressed in ES/iPS cells, we examined the efficiency of iPS cell
derivation when Pramef12 was expressed during the early phase of the
reprogramming process or continuously expressed during the reprog-
ramming process. For this purpose, we used PB-CAG-OKS, PB-CAG-c--
Myc, PB-TRE3G-Pramef12, PB-CAG-rtTA, and CAG-HyPBase vectors to
induce iPS cells from somatic cells (Fig. 1A). First, we examined whether
Pramef12 expression could be regulated by the TetON system we used.
We found that Pramef12 was expressed 4 h after the addition of Dox and
maintained its expression until 24 h (Supplementary Fig. S2). We also
found that Pramef12 expression was revearted to a basal level within 36
h after Dox withdraw (Supplementary Fig. S2). Mouse embryonic fi-
broblasts (MEFs) were transfected with all of these vectors simulta-
neously and cultured in Glasgow minimum essential medium (GMEM)
supplemented with 10% fetal calf serum (FCS) and leukemia inhibitory
factor (LIF). Four days after transfection, the MEFs were reseeded onto a
mitomycin C-treated MEF feeder layer and cultured in GMEM with 10%
FCS and LIF for 10 days (Fig. 1B). To induce Pramefl2 expression,
doxycycline (Dox) was added to the culture medium for the initial 4 and
14 days during the iPS cell generation process (iPS-OKSMP (4) and
iPS-OKSMP (14), respectively) (Fig. 1B). We found that expression of
Pramefl2 during the early phase of OKSM-induced reprogramming
enhanced the number of alkaline phosphatase (ALP)-positive colonies,
indicating that overexpression of Pramefl2 increased the efficiency of
iPS cell derivation (Fig. 1C and D). In contrast, expression of Pramef12
entire OKSM-induced reprogramming process significantly reduced the
number of ALP-positive colonies, suggesting that Pramefl2 acts on
OKSM-induced reprogramming in cell context-dependent manner.
These results suggest that Pramef12 plays an important role in the early
phase of OKSM-induced reprogramming.
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A Fig. 1. Overexpression of Pramefl2 enhances iPS
PB-CAG-0OKS cell generation (A) Construction of the vectors used

in this study. (B) Scheme of the experimental

- CAG -m—ZA»-M-»- pA '- design showing generation of iPS cells. (C) iPS

colonies generated using OKSM or OKSMP were

PB-CAG-c-Myc stained for ALP 14 days after reprogramming. (D)
Numbers of APL-positive colonies generated using

- CAG -m pA - OKSM or OKSMP 14 days after reprogramming.

The numbers in parentheses indicate the number

PB-TRE3G-Pramef12 for days for which Dox was added. Data are pre-

sented as the mean + s.d. (n = 3). *P < 0.05, **P

< 0.01 (Student’s t-test).

PB-CAG-rtTA
@ o
CAG-HyPBase
CAG
B
Seeding of MEFs
Transfection Reseeding on MEF feeder cells Analysis
o | |
Day -2 -1 0 4 10 14
g Initiation Maturation St@ ’
 MEFs iPSCs
DMEM/ GMEM/
10% FCS 10% FCS/LIF
Medium >
Dox I ’
C D
600 *
ALP * %
500 —
3 N.S.
iPS-OKSM (4) S 400
8
O 300
o
iPS-OKSMP (4) g 200
100
iPS-OKSM (14) : 5
= < < =3
; 5 S s =
iPS-OKSMP (14) g 2 2 s
o ¥ ¥ n
A (o] o x
o » b e
- a. o (%]
— = a
3.3. Pramef12 can facilitate naive iPS cell generation shown in Fig. 2A, the level of Nanog expression was significantly higher
in iPS-OKSMP (4) and iPS-OKSMP (14) than in iPS-OKSM. The per-
To characterize iPS cells generated using Pramefl2 in addition to centage of Nanog-positive cells was significantly increased in iPS-

OKSM (iPS-OKSMP), we examined the expression of Nanog mRNA. As OKSMP (4) and iPS-OKSMP (14) compared with iPS-OKSM (Fig. 2B).
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Furthermore, the level of Nanog protein expression was significantly
higher in iPS-OKSMP (4) and iPS-OKSMP (14) than in iPS-OKSM (Fig. 2C
and D). We next examined the expression of naive pluripotency-
associated gene Dppa4. The levels of Dppa4 expression was
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Fig. 2. Pramefl2 can induce high-quality iPS cells
(A) Relative levels of Nanog mRNA in MEF and iPS
cells generated using OKSM or OKSMP. (B) Per-
centages of Nanog-positive cells in MEF and iPS
cells generated using OKSM or OKSMP determined
by immunostaining. (C) Nanog protein levels in
MEF and iPS cells generated using OKSM or
OKSMP analyzed by Western blotting. (D) The
level of Nanog protein determined by measuring
the intensities of the bands shown in (C). (E)
Relative levels of Dppa4 mRNA in MEF and iPS
cells generated using OKSM or OKSMP. (F) Rela-
tive expression level of GtI2 in MEF and iPS cells
generated using OKSM or OKSMP. Data are pre-
sented as the mean =+ s.d. (n = 3). *P < 0.05, **
< 0.01 (Student’s t-test). Representative results of
one iPS clone were shown, and similar results were
obtained at least three independent iPS clones. The
numbers in parentheses indicate the number of
days the cells were incubated with Dox.

significantly higher in iPS-OKSMP (4) and iPS-OKSMP (14) than in iPS-
OKSM (Fig. 2E). We found that the level of GtI2 RNA expression were
significantly higher in iPS-OKSMP (4) and iPS-OKSMP (14) than in iPS-
OKSM (Fig. 2F). As reported previously, Nanog-high ES cells possess
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high self-renewal efficiency, whereas Nanog-low ES cells show an
increased propensity for extraembryonic ectodermal differentiation, and
therefore Nanog acts to stabilize pluripotency [17-19]. It was reported
that low-quality chimera-forming iPS cells exhibit aberrant silencing of
coding and noncoding genes located in the Dlk1-Dio3 imprinting cluster
[20,21]. It has been also reported that activation of the imprinted
Dlk1-Dio3 region was shown to be necessary for acquisition of full
pluripotency in OKSM-induced iPS cells [20,21]. As overexpression of

Biochemistry and Biophysics Reports 30 (2022) 101267
Pramefl2 during the early phase of OKSM-induced reprogramming
enhanced the expression of Nanog, Dppa4, and Gtl2, Pramefl2 pro-

moted OKSM-induced reprogramming into high-quality naive
pluripotency.

3.4. Gene expression change induced by Pramef12 during reprogramming

To determine the role of endogenous Pramefl2, we performed
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Fig. 3. Pramefl2 enhances somatic cell reprogramming by acting on middle phase. Time course analysis of the expression of Nanog (A), Gtl2 (B), Slc2al (C), Pgkl
(D), Pdk1 (E), Cox7al (F), Idh2 (G), Esrrb (H), Zic3 (), Snail (J), and Cdh1 (K) determined by RT-qPCR. Data are presented as the mean =+ s.d. (n = 3). *P < 0.05, **P
< 0.01 (Student’s t-test). The numbers in parentheses indicate the number of days the cells were incubated with Dox.
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OKSM-induced reprogramming of homozygous Pramef12—/— knockout
MEFs. iPS cells were generated even in the absence of Pramef12, indi-
cating that endogenous Pramef12 does not contribute to OKSM-induced
reprogramming (Supplementary Fig. S3). In addition, expression of
Pramefl2 during the early phase of OKSM-induced reprogramming
significantly enhanced the efficiency of iPS cell generation, as in the case
of wild-type MEFs (Supplementary Fig. S3).

To determine how Pramefl2 promotes OKSM-induced reprogram-
ing, we analyzed the expression of a subset of key reprogramming-
associated genes, including pluripotency-associated genes (Nanog and
Esrrb), imprinted gene (Gtl2), glycolysis-associated genes (Slc2al, Pgkl,
and Pdk1), an oxidative phosphorylation-associated gene (Cox7al and
Idh2), energy metabolism regulatory genes (Esrrb and Zic3), and
epithelial-to-mesenchymal transition (EMT)-associated genes (Snail and
Chd1). Overexpression of Pramefl2 during OKSM-induced reprogram-
ming significantly upregulated the expression of Nanog, Gtl2, and Esrrb
on day 10 regardless of the duration of Pramef12 expression (Fig. 3A, B,
H). The expression levels of Slc2al, Pgkl, and Pdkl Cox7al and Idh2
Zic3were significantly upregulated in cells undergoing OKSMP (4)-
induced, but not OKSMP (14)-induced, reprogramming on day 10
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(Fig. 3C-G, I). Expression of Snail was slightly downregulated in cells
undergoing OKSMP (4)- and OKSMP (14)-induced reprogramming on
day 10 regardless of the duration of Pramef12 expression (Fig. 3J). Cdh1
(also known as E-cadherin), was upregulated in cells undergoing OKSMP
(4)-induced, but not OKSMP (14)-induced, reprogramming on days 10
and 14 (Fig. 3K). Reprogramming of human or mouse somatic cells to
iPS cells requires a shift from mainly OXPHOS to mainly glycolytic
metabolism [12,22,23]. However, transient activation of OXPHOS was
shown to be required for OKSM-induced reprogramming [24]. In addi-
tion, it has been reported that naive pluripotent stem cells utilize both
glycolytic and OXPHOS pathways, whereas primed pluripotent stem
cells exclusively utilize glycolysis for energy production [25-28]. A
recent study showed that two transcription factors, Zic3 and Esrrb,
synergistically promote induction of naive pluripotency during
OKSM-induced reprogramming [29]. In this study, we demonstrated
that overexpression of Pramefl2 during the early phase of
OKSM-induced reprogramming upregulated the expression of both
glycolysis- and OXPHOS-associated genes. In addition, overexpression
of Pramefl2 also increased the expression of Zic3 and Esrrb during
OKSM-induced reprogramming, suggesting that Pramef12 may activate
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both glycolytic and OXPHOS pathways for energy production via
upregulated expression of these two transcription factors. It has been
reported that derivation of iPS cells from somatic cells requires MET by
suppressing EMT signals, including Snail expression, and activating
epithelial programming, such as Cdhl upregulation [30,31]. Over-
expression of Pramefl2 during OKSM-induced reprogramming signifi-
cantly increased the expression of Cdhl and slightly reduced the
expression of Snail, suggesting that Pramef12 may enhance activation of
epithelial programming rather than suppressing EMT signals.

3.5. Pramef12 activate Wnt/f-catenin pathway during reprogramming

Wnt3a and glycogen synthase kinase 3 inhibitors have been shown to
successfully simulate both OKSM- and cell fusion-induced reprogram-
ming via activation of B-catenin. These reports prompted us to examine
whether Pramefl2 affects the Wnt/p-catenin pathway [32-34]. The
B-catenin activity was analyzed at successive time points during
reprogramming. Western blot analysis showed that p-catenin was
markedly activated in OKSMP (4)- and OKSMP (14)-induced cells, but
not OKSM-induced cells (Fig. 4A and B). In addition, ectopic expression
of Pramefl2 induced activation of p-catenin in ES cells (Fig. 4C-F).
These results suggest that Pramefl12 enhanced OKSM-induced reprog-
ramming at least partially via the Wnt/p-catenin pathway. Wnt3a and
GSK-3 inhibitors have been shown to enhance both cell fusion-induced
and OKSM-induced reprograming [32-34]. It has been reported that
enhancement of OKSM-induced reprogramming by Wnt/f-catenin
signaling is due to upregulated expression of pluripotency circuitry
genes and is not due to an increase in the total cell population or acti-
vation of c-Myc [34]. The Wnt/p-catenin pathway regulates multiple
cellular processes, including proliferation, differentiation, cell fate, and
organogenesis [35]. A recent study showed that Pdk1 is a downstream
gene of the Wnt/f-catenin pathway that promotes glycolysis by inhib-
iting pyruvate flux into mitochondrial respiration in colon cancer [36].
Another study showed that the Wnt/p-catenin pathway positively
regulated the expression of coding and noncoding genes located in the
Dik1-Dio3 imprinting cluster during mouse liver tumor promotion [21].
It has been reported that Esrrb is a central downstream factor of the
Wnt/p-catenin pathway that regulates tissue-scale organization and
maintenance of the mouse pluripotent lineage [37]. Thus, activation of
glycolysis-associated genes, Dlk1-Dio3 imprinting cluster genes, and
Esrrb during OKSM-induced reprogramming by overexpression of Pra-
mefl2 is mediated at least partially by the Wnt/p-catenin pathway. In
this study, we showed that Pramef12 was continuously localized in the
cytoplasm during OKSM-induced reprogramming (Supplementary
Fig. S4). Although the molecular mechanism by which Pramefl2 acti-
vates the Wnt/p-catenin pathway remains to be elucidated, considering
its cytoplasmic localization, it is possible that Pramefl2 inhibits the
fB-catenin destruction complex. Further studies will enable high-quality
iPS generation as well as valuable insights into the molecular mecha-
nisms of OKSM-induced reprogramming.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.
Acknowledgments

We thank Drs. T. Tsukiyama and Y. Ohinata for providing PB-TRE3G-

cHApA, PB-TRE3G-OKS, PB-TRE3G-c-Myc, PB-CAG-rtTA, and CAG-
HyPBase. This work was supported in part by JSPS KAKENHI Grand

Biochemistry and Biophysics Reports 30 (2022) 101267

number 20H05374, 18K19188, and 17H03939 to T.N., 21J14886 to D.
H; by Takeda Science Fundation (T.N.).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.bbrep.2022.101267.

References

[1] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors, Cell 126 (2006)
663-676, https://doi.org/10.1016/j.cell.2006.07.024.

[2] S. Yamanaka, Strategies and new developments in the generation of patient-
specific pluripotent stem cells, Cell Stem Cell 1 (2007) 39-49, https://doi.org/
10.1016/j.stem.2007.05.012.

[3] A.B. Cherry, G.Q. Daley, Reprogrammed cells for disease modeling and
regenerative medicine, Annu. Rev. Med. 64 (2013) 277-290, https://doi.org/
10.1146/annurev-med-050311-163324.

[4] 1. Wilmut, A.E. Schnieke, J. McWhir, A.J. Kind, K.H. Campbell, Viable offspring
derived from fetal and adult mammalian cells, Nature 385 (1997) 810-813,
https://doi.org/10.1038/385810a0.

[5] T. Wakayama, A.C. Perry, M. Zuccotti, K.R. Johnson, R. Yanagimachi, Full-term
development of mice from enucleated oocytes injected with cumulus cell nuclei,
Nature 394 (1998) 369-374, https://doi.org/10.1038/28615.

[6] H. Ma, R. Morey, R.C. O’Neil, Y. He, B. Daughtry, M.D. Schultz, M. Hariharan, J.
R. Nery, R. Castanon, K. Sabatini, R.D. Thiagarajan, M. Tachibana, E. Kang,

R. Tippner-Hedges, R. Ahmed, N.M. Gutierrez, C. Van Dyken, A. Polat,

A. Sugawara, M. Sparman, S. Gokhale, P. Amato, D.P. Wolf, J.R. Ecker, L.
C. Laurent, S. Mitalipov, Abnormalities in human pluripotent cells due to
reprogramming mechanisms, Nature 511 (2014) 177-183, https://doi.org/
10.1038/naturel13551.

[7] S.J. Park, K. Shirahige, M. Ohsugi, K. Nakai, DBTMEE: a database of transcriptome
in mouse early embryos, Nucleic Acids Res. 43 (2015) D771-D776, https://doi.
org/10.1093/nar/gkul001.

[8] M. Maekawa, K. Yamaguchi, T. Nakamura, R. Shibukawa, I. Kodanaka, T. Ichisaka,
Y. Kawamura, H. Mochizuki, N. Goshima, S. Yamanaka, Direct reprogramming of
somatic cells is promoted by maternal transcription factor Glis1, Nature 474 (2011)
225-229, https://doi.org/10.1038/nature10106.

[9] T. Shinagawa, T. Takagi, D. Tsukamoto, C. Tomaru, L.M. Huynh, P. Sivaraman,
T. Kumarevel, K. Inoue, R. Nakato, Y. Katou, T. Sado, S. Takahashi, A. Ogura,

K. Shirahige, S. Ishii, Histone variants enriched in oocytes enhance reprogramming
to induced pluripotent stem cells, Cell Stem Cell 14 (2014) 217-227, https://doi.
org/10.1016/j.stem.2013.12.015.

[10] X. Xu, L. Smorag, T. Nakamura, T. Kimura, R. Dressel, A. Fitzner, X. Tan, M. Linke,
U. Zechner, W. Engel, D.V. Pantakani, Dppa3 expression is critical for generation of
fully reprogrammed iPS cells and maintenance of Dlk1-Dio3 imprinting, Nat.
Commun. 6 (2015) 6008, https://doi.org/10.1038/ncomms7008.

[11] L. Wu, Y. Wu, B. Peng, Z. Hou, Y. Dong, K. Chen, M. Guo, H. Li, X. Chen, X. Kou,
Y. Zhao, Y. Bi, Y. Wang, H. Wang, R. Le, L. Kang, S. Gao, Oocyte-specific homeobox
1, Oboxl, facilitates reprogramming by promoting mesenchymal-to-epithelial
transition and mitigating cell hyperproliferation, Stem Cell Rep. 9 (2017)
1692-1705, https://doi.org/10.1016/j.stemcr.2017.09.012.

[12] J. Jiang, W. Lv, X. Ye, L. Wang, M. Zhang, H. Yang, M. Okuka, C. Zhou, X. Zhang,
L. Liu, J. Li, Zscan4 promotes genomic stability during reprogramming and
dramatically improves the quality of iPS cells as demonstrated by tetraploid
complementation, Cell Res. 23 (2013) 92-106, https://doi.org/10.1038/
cr.2012.157.

[13] Z.L. Cheng, M.L. Zhang, H.P. Lin, C. Gao, J.B. Song, Z. Zheng, L. Li, Y. Zhang,

X. Shen, H. Zhang, Z. Huang, W. Zhan, C. Zhang, X. Hu, Y.P. Sun, L. Jiang, L. Sun,
Y. Xu, C. Yang, Y. Ge, Y. Zhao, X. Liu, H. Yang, P. Liu, X. Guo, K.L. Guan, Y. Xiong,
M. Zhang, D. Ye, The Zscan4-Tet2 transcription Nexus regulates metabolic rewiring
and enhances proteostasis to promote reprogramming, Cell Rep. 32 (2020)
107877, https://doi.org/10.1016/j.celrep.2020.107877.

[14] T. Nakamura, Y.J. Liu, H. Nakashima, H. Umehara, K. Inoue, S. Matoba,

M. Tachibana, A. Ogura, Y. Shinkai, T. Nakano, PGC7 binds histone H3K9me2 to
protect against conversion of 5mC to 5hmC in early embryos, Nature 486 (2012)
415-419, https://doi.org/10.1038/nature11093.

[15] T. Tsukiyama, M. Kato-Itoh, H. Nakauchi, Y. Ohinata, A comprehensive system for
generation and evaluation of induced pluripotent stem cells using piggyBac
transposition, PLoS One 9 (2014), e92973, https://doi.org/10.1371/journal.
pone.0092973.

[16] T. Nakamura, Y. Arai, H. Umehara, M. Masuhara, T. Kimura, H. Taniguchi,

T. Sekimoto, M. Ikawa, Y. Yoneda, M. Okabe, S. Tanaka, K. Shiota, T. Nakano,
PGC7/Stella protects against DNA demethylation in early embryogenesis, Nat. Cell
Biol. 9 (2007) 64-71, https://doi.org/10.1038/ncb1519.

[17] G. Pan, J.A. Thomson, Nanog and transcriptional networks in embryonic stem cell
pluripotency, Cell Res. 17 (2007) 42-49, https://doi.org/10.1038/sj.cr.7310125.

[18] A.M. Singh, T. Hamazaki, K.E. Hankowski, N. Terada, A heterogeneous expression
pattern for Nanog in embryonic stem cells, Stem Cell. 25 (2007) 2534-2542,
https://doi.org/10.1634/stemcells.2007-0126.

[19] J. Zhang, G. Liu, Y. Ruan, J. Wang, K. Zhao, Y. Wan, B. Liu, H. Zheng, T. Peng,
W. Wu, P. He, F.Q. Hu, R. Jian, Dax1 and Nanog act in parallel to stabilize mouse


https://doi.org/10.1016/j.bbrep.2022.101267
https://doi.org/10.1016/j.bbrep.2022.101267
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.stem.2007.05.012
https://doi.org/10.1016/j.stem.2007.05.012
https://doi.org/10.1146/annurev-med-050311-163324
https://doi.org/10.1146/annurev-med-050311-163324
https://doi.org/10.1038/385810a0
https://doi.org/10.1038/28615
https://doi.org/10.1038/nature13551
https://doi.org/10.1038/nature13551
https://doi.org/10.1093/nar/gku1001
https://doi.org/10.1093/nar/gku1001
https://doi.org/10.1038/nature10106
https://doi.org/10.1016/j.stem.2013.12.015
https://doi.org/10.1016/j.stem.2013.12.015
https://doi.org/10.1038/ncomms7008
https://doi.org/10.1016/j.stemcr.2017.09.012
https://doi.org/10.1038/cr.2012.157
https://doi.org/10.1038/cr.2012.157
https://doi.org/10.1016/j.celrep.2020.107877
https://doi.org/10.1038/nature11093
https://doi.org/10.1371/journal.pone.0092973
https://doi.org/10.1371/journal.pone.0092973
https://doi.org/10.1038/ncb1519
https://doi.org/10.1038/sj.cr.7310125
https://doi.org/10.1634/stemcells.2007-0126

D. Haraguchi and T. Nakamura

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

embryonic stem cells and induced pluripotency, Nat. Commun. 5 (2014) 5042,
https://doi.org/10.1038/ncomms6042.

M. Stadtfeld, E. Apostolou, H. Akutsu, A. Fukuda, P. Follett, S. Natesan, T. Kono,
T. Shioda, K. Hochedlinger, Aberrant silencing of imprinted genes on chromosome
12qF1 in mouse induced pluripotent stem cells, Nature 465 (2010) 175-181,
https://doi.org/10.1038/nature09017.

L. Liu, G.Z. Luo, W. Yang, X. Zhao, Q. Zheng, Z. Lv, W. Li, H.J. Wu, L. Wang, X.
J. Wang, Q. Zhou, Activation of the imprinted Dlk1-Dio3 region correlates with
pluripotency levels of mouse stem cells, J. Biol. Chem. 285 (2010) 19483-19490,
https://doi.org/10.1074/jbc.M110.131995.

C.D. Folmes, T.J. Nelson, A. Martinez-Fernandez, D.K. Arrell, J.Z. Lindor, P.

P. Dzeja, Y. Ikeda, C. Perez-Terzic, A. Terzic, Somatic oxidative bioenergetics
transitions into pluripotency-dependent glycolysis to facilitate nuclear
reprogramming, Cell Metabol. 14 (2011) 264-271, https://doi.org/10.1016/j.
cmet.2011.06.011.

T. Teslaa, M.A. Teitell, Pluripotent stem cell energy metabolism: an update, EMBO
J. 34 (2015) 138-153, https://doi.org/10.15252/embj.201490446.

Y.S. Kida, T. Kawamura, Z. Wei, T. Sogo, S. Jacinto, A. Shigeno, H. Kushige,

E. Yoshihara, C. Liddle, J.R. Ecker, R.T. Yu, A.R. Atkins, M. Downes, R.M. Evans,
ERRs mediate a metabolic switch required for somatic cell reprogramming to
pluripotency, Cell Stem Cell 16 (2015) 547-555, https://doi.org/10.1016/j.
stem.2015.03.001.

C.D. Folmes, P.P. Dzeja, T.J. Nelson, A. Terzic, Metabolic plasticity in stem cell
homeostasis and differentiation, Cell Stem Cell 11 (2012) 596-606, https://doi.
org/10.1016/j.stem.2012.10.002.

H. Sperber, J. Mathieu, Y. Wang, A. Ferreccio, J. Hesson, Z. Xu, K.A. Fischer,

A. Devi, D. Detraux, H. Gu, S.L. Battle, M. Showalter, C. Valensisi, J.H. Bielas, N.
G. Ericson, L. Margaretha, A.M. Robitaille, D. Margineantu, O. Fiehn,

D. Hockenbery, C.A. Blau, D. Raftery, A.A. Margolin, R.D. Hawkins, R.T. Moon, C.
B. Ware, H. Ruohola-Baker, The metabolome regulates the epigenetic landscape
during naive-to-primed human embryonic stem cell transition, Nat. Cell Biol. 17
(2015) 1523-1535, https://doi.org/10.1038/ncb3264.

Y. Takashima, G. Guo, R. Loos, J. Nichols, G. Ficz, F. Krueger, D. Oxley, F. Santos,
J. Clarke, W. Mansfield, W. Reik, P. Bertone, A. Smith, Resetting transcription
factor control circuitry toward ground-state pluripotency in human, Cell 162
(2015) 452-453, https://doi.org/10.1016/j.cell.2015.06.052.

W. Zhou, M. Choi, D. Margineantu, L. Margaretha, J. Hesson, C. Cavanaugh, C.
A. Blau, M.S. Horwitz, D. Hockenbery, C. Ware, H. Ruohola-Baker, HIFlalpha
induced switch from bivalent to exclusively glycolytic metabolism during ESC-to-
EpiSC/hESC transition, EMBO J. 31 (2012) 2103-2116, https://doi.org/10.1038/
emboj.2012.71.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Biochemistry and Biophysics Reports 30 (2022) 101267

M. Sone, N. Morone, T. Nakamura, A. Tanaka, K. Okita, K. Woltjen, M. Nakagawa,
J.E. Heuser, Y. Yamada, S. Yamanaka, T. Yamamoto, Hybrid cellular metabolism
coordinated by Zic3 and Esrrb synergistically enhances induction of naive
pluripotency, Cell Metabol. 25 (2017) 1103-1117, https://doi.org/10.1016/j.
cmet.2017.04.017, e1106.

R. Li, J. Liang, S. Ni, T. Zhou, X. Qing, H. Li, W. He, J. Chen, F. Li, Q. Zhuang,
B. Qin, J. Xu, W. Li, J. Yang, Y. Gan, D. Qin, S. Feng, H. Song, D. Yang, B. Zhang,
L. Zeng, L. Lai, M.A. Esteban, D. Pei, A mesenchymal-to-epithelial transition
initiates and is required for the nuclear reprogramming of mouse fibroblasts, Cell
Stem Cell 7 (2010) 51-63, https://doi.org/10.1016/j.stem.2010.04.014.

P. Samavarchi-Tehrani, A. Golipour, L. David, H.K. Sung, T.A. Beyer, A. Datti,

K. Woltjen, A. Nagy, J.L. Wrana, Functional genomics reveals a BMP-driven
mesenchymal-to-epithelial transition in the initiation of somatic cell
reprogramming, Cell Stem Cell 7 (2010) 64-77, https://doi.org/10.1016/j.
stem.2010.04.015.

F. Lluis, E. Pedone, S. Pepe, M.P. Cosma, Periodic activation of Wnt/beta-catenin
signaling enhances somatic cell reprogramming mediated by cell fusion, Cell Stem
Cell 3 (2008) 493-507, https://doi.org/10.1016/].stem.2008.08.017.

A. Marson, R. Foreman, B. Chevalier, S. Bilodeau, M. Kahn, R.A. Young,

R. Jaenisch, Wnt signaling promotes reprogramming of somatic cells to
pluripotency, Cell Stem Cell 3 (2008) 132-135, https://doi.org/10.1016/j.
stem.2008.06.019.

P. Zhang, W.H. Chang, B. Fong, F. Gao, C. Liu, D. Al Alam, S. Bellusci, W. Lu,
Regulation of induced pluripotent stem (iPS) cell induction by Wnt/beta-catenin
signaling, J. Biol. Chem. 289 (2014) 9221-9232, https://doi.org/10.1074/jbc.
M113.542845.

T.P. Rao, M. Kuhl, An updated overview on Wnt signaling pathways: a prelude for
more, Circ. Res. 106 (2010) 1798-1806, https://doi.org/10.1161/
CIRCRESAHA.110.219840.

K.T. Pate, C. Stringari, S. Sprowl-Tanio, K. Wang, T. TeSlaa, N.P. Hoverter, M.
M. McQuade, C. Garner, M.A. Digman, M.A. Teitell, R.A. Edwards, E. Gratton, M.
L. Waterman, Wnt signaling directs a metabolic program of glycolysis and
angiogenesis in colon cancer, EMBO J. 33 (2014) 1454-1473, https://doi.org/
10.15252/embj.201488598.

R. Fan, Y.S. Kim, J. Wu, R. Chen, D. Zeuschner, K. Mildner, K. Adachi, G. Wu,

S. Galatidou, J. Li, H.R. Scholer, S.A. Leidel, I. Bedzhov, Wnt/Beta-catenin/Esrrb
signalling controls the tissue-scale reorganization and maintenance of the
pluripotent lineage during murine embryonic diapause, Nat. Commun. 11 (2020)
5499, https://doi.org/10.1038/541467-020-19353-0.


https://doi.org/10.1038/ncomms6042
https://doi.org/10.1038/nature09017
https://doi.org/10.1074/jbc.M110.131995
https://doi.org/10.1016/j.cmet.2011.06.011
https://doi.org/10.1016/j.cmet.2011.06.011
https://doi.org/10.15252/embj.201490446
https://doi.org/10.1016/j.stem.2015.03.001
https://doi.org/10.1016/j.stem.2015.03.001
https://doi.org/10.1016/j.stem.2012.10.002
https://doi.org/10.1016/j.stem.2012.10.002
https://doi.org/10.1038/ncb3264
https://doi.org/10.1016/j.cell.2015.06.052
https://doi.org/10.1038/emboj.2012.71
https://doi.org/10.1038/emboj.2012.71
https://doi.org/10.1016/j.cmet.2017.04.017
https://doi.org/10.1016/j.cmet.2017.04.017
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2010.04.015
https://doi.org/10.1016/j.stem.2010.04.015
https://doi.org/10.1016/j.stem.2008.08.017
https://doi.org/10.1016/j.stem.2008.06.019
https://doi.org/10.1016/j.stem.2008.06.019
https://doi.org/10.1074/jbc.M113.542845
https://doi.org/10.1074/jbc.M113.542845
https://doi.org/10.1161/CIRCRESAHA.110.219840
https://doi.org/10.1161/CIRCRESAHA.110.219840
https://doi.org/10.15252/embj.201488598
https://doi.org/10.15252/embj.201488598
https://doi.org/10.1038/s41467-020-19353-0

	Pramef12 enhances reprogramming into naïve iPS cells
	1 Introduction
	2 Materials and methods
	2.1 Cell cultures
	2.2 Plasmid construction
	2.3 iPS generation
	2.4 Alkaline phosphatase (ALP) staining
	2.5 Immunostaining
	2.6 RNA extraction and quantitative real time RT-PCR (RT-qPCR)
	2.7 Western blot analysis

	3 Results and discussion
	3.1 Pramef12 expression in oocyte and preimplantation embryos
	3.2 Pramef12 enhances iPS cell generation
	3.3 Pramef12 can facilitate naïve iPS cell generation
	3.4 Gene expression change induced by Pramef12 during reprogramming
	3.5 Pramef12 activate Wnt/β-catenin pathway during reprogramming

	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


