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Abstract

Adiponectin secreted from adipocytes into plasma has anti-aging, anti-obesity, and anti-inflammation

effects. Here, we detected intracellular adiponectin localized in the nuclei of human and mouse

pluripotent stem cells, mouse germ cells, and some somatic cells. Nucleus-localized (Nu) adiponectin

protein is characterized by an N-terminal truncated monomer form in a native state, compared with

intact multimer forms of cytoplasm-localized (Cy) adiponectin protein. Doxycycline-induced

overexpression of ADIPONECTIN caused cell death in human and mouse Nu-type pluripotent stem

cells. Genome-wide gene expression analysis indicated that apoptosis by ADIPONECTIN

overexpression was induced in accompany with upregulation of AIFM2 and MEG3. Upregulation of

AIFM2 and MEG3 and downregulation of miR-214-3p verified by gPCR analyses after

ADIPONECTIN overexpression indicated that the MEG3-miR-214-AIFM2 pathway played a role in

the apoptotic cell death of pluripotent cells. Adiponectin-induced cell death was rescued by the

treatment with miR-214-3p mimic. Global data analysis demonstrate that Nu adiponectin has a role in

This article is protected by copyright. All rights reserved.



microRNA-mediated post-transcription regulation, cell-cell interactions, and chromatin remodeling as

a survival gate keeper.

1| INTRODUCTION

Adipose tissue is an endocrine organ that produces bioactive proteins known as adipokines.

Adiponectin (APN/Apn) is an important 28-30 kDa collagen-like hormone belonging to the C1g/TNF

superfamily encoded by the ADIPONECTIN/Adiponectin (APN/Apn) (also known as Adipogq, Acrp30,

apM1, and GBP28) gene, which spans 17 kb on human chromosomal locus 3927 and contains three

exons (Shapiro & Scherer, 1998). APN/Apn protein contains 244 amino acids (aa) in humans and 247

aa in mice and consists of four structural domains: a C-terminal globular domain homologous to Clg,

a collagenous domain of 22 G-X-Y repeats, a hyper-variable region, and an N-terminal signal peptide

(Sherer, Williams, Fogliano, Baldini, & Lodish, 1995). The C1qg domain is highly conserved between

humans and mice. Adipose adiponectin in a native state is highly polymerized, and has a low

molecular weight form (LMW, 3 mers), a middle molecular weight form (MMW, 6 mers), or a high

molecular weight form (HMW, 12-18 mers).
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APN/Apn is abundantly secreted from adipose tissue, but a low level of expression is observed in

other tissues including colonic mucosa, liver, skeletal muscle, placenta, salivary glands, bone,

myocytes, and myofibroblasts (Sun, et al. 2009). Apn levels have strong sexual dimorphism; females

average twice the levels of males because of testosterone (Combs, et al. 2004). A number of

APN/Apn receptors, AdipoR1, AdipoR2, and T-cadherin, have been identified (Yamauchi et al.,

2003a; Hug et al., 2004). AdipoR1 expression is ubiguitous, whereas AdipoR2 expression is tissue

specific to the liver irrespective of integral membrane proteins with highly similar sequences. Plasma

APN/Apn exerts receptor-mediated anti-aging effects on several tissues such as the liver, heart,

pancreatic beta cells, kidney, muscle, and in many other cell types.

Plasma APN/Apn has pleiotropic functions in many tissues and conditions. APN/Apn suppresses

hepatic gluconeogenesis, promotes insulin sensitization, and improves whole body energy

homeostasis (Achari & Jain 2017). Imbalanced production of APN/Apn contributes to the

pathogenesis of obesity-linked metabolic and cardiovascular diseases. Obesity-linked metabolic

diseases are associated with a number of pathological events by inhibiting inflammation, suppressing

cell death, and enhancing cell survival.

To explore Apn loss-of-function, Apn-deficient mice were generated by deletion of all three exons

and the 5’-untranslated region of Apn (Nawrocki et al., 2006), deletion of exon 2 and 3 of Apn
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(Kubota et al., 2002), or deletion of only exon 2 (Maeda et al., 2002). All mice were viable and fertile,

which demonstrates that Apn is dispensable for normal development. However, Apn-null mice

develop metabolic syndromes including obesity, hyperglycemia, hypertension (Ouchi et al., 2003),

liver fibrosis and injury (Matsumoto et al., 2006), heart defects (Liao et al., 2005), and kidney defects

(Jin, Chen, Hu, Chan, & Wang, 2013). Plasma Apn maintains normal metabolism by controlling

obesity-related events.

To explore Apn gain-of-function, tissue-specific and ubiquitous overexpression of Apn was

examined using transgenic (Tg) mouse lines. For tissue-specific overexpression, exogenous Apn

driven by the adipose-specific enhancer/promoter of the aP2 gene delivered moderate levels of excess

expression in Tg mice (aP2-Apn Tg mice) (Combs et al., 2004). The aP2-Apn Tg mice exhibited

unusual features including expansion of the interscapular region and bilateral exophthalmia (Combs et

al., 2004), an autologous regulatory feedback loop in Apn regulation (Bauche et al., 2006), and

impaired adipocyte differentiation (Bauche et al., 2007). Another tissue-specific promoter used for

making Apn Tg mice was the human serum amyloid P (SAP) specific to the liver (SAP-Apn Tg

mice). SAP-Apn Tg mice exhibited altered protection against atherosclerosis (Yamauchi et al., 2003b)

and prevention of premature death by a high-calorie diet (Otabe et al., 2007). Ubiquitous

overexpression of Apn in Tg mice using the cytomegalovirus (CMV) minimal promoter (CMV-Apn
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Tg mice) were produced, but could not be established as a Tg line because of fertility problems

(Combs et al., 2004). In mice, an increase in plasma Apn is inversely associated with obesity and

insulin-resistance, which significantly prolongs life span in vivo (Otabe et al., 2007). However, it is

unclear why mortality or sterility occur in Tg mice ubiquitously overexpressing Apn based on the

known functions of plasma Apn.

In this study, we found that Doxycycline (Dox)-inducible overexpressed APN/Apn resulted in cell

death in human intermediately reprogrammed stem (iRS) and mouse embryonic stem (ES) cells in

which APN/Apn accumulated in the nucleus. Nucleus-localized (Nu) APN/Apn was characterized by

a monomer form in iRS/ES cells in contrast with multimer forms of cytoplasm-localized (Cy)

APN/Apn in adipocytes. Monomer Nu APN/Apn was the N-terminal-truncated form. Expression

microarray analysis revealed expression changes of caspase-independent but not dependent genes by

Dox-inducible APN overexpression. Comparative gPCR analyses between Dox (-) and Dox (+) iRS

cells revealed significant upregulation of AIFM2 (apoptosis-inducing factor,

mitochondrion-associated 2) and MEG3 (maternally expressed gene 3) and downregulation of

miR-214-3p, which are involved in caspase-independent apoptosis in association with APN

overexpression. Adiponectin overexpression-induced cell death was rescued by the treatment with

miR-214-3p mimic in company with downregulation of AIFM2 expression. Nu APN/Apn likely
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controls cell survival through microRNA-mediated post-transcription regulation, cell-cell interactions,

and chromatin remodeling.

2 | RESULTS

2.1 | Nuclear localization of Apn in somatic and germ cells

Apn is an adipokine abundantly secreted from adipose tissue, but low expression of Apn is

observed in other tissues (Sun et al., 2009). Expression of Apn protein was detected in all tissues

examined by immunostaining with an antibody recognizing the globular domain of Apn (Ct1) (Fig.

1A). Positive Apn antibody signals were found in the nucleus and cytoplasm of primary cultured cells

from the heart, lung, and tail tip, in contrast with their cytoplasmic localization in pre-adipocytes. To

examine whether Apn was expressed in germ cells, male and female primordial germ cells (PGCs)

collected from 12.5 dpc embryos of Oct4-GFP transgenic mice were immunostained. Male somatic

nuclei and female early meiotic nuclei were all positive for Apn (Fig. 1B). These data demonstrated

that a low level of Apn was localized in the nucleus or cytoplasm of somatic and germ cells compared

with adipose cells in which highly expressed Apn accumulated in the cytoplasm. Expression of mouse
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Apn in adipocytes is several hundreds to a thousand times higher than expression of Apn in other cells

(GEO accession number: GSE10246).

2.2 | Inducible overexpression of APN in mouse embryonic fibroblasts

To examine Nu and Cy Apn in mouse embryonic fibroblasts (MEFs), heterogeneous primary

cultured cells from 12.5 dpc embryos were immunostained with anti-Apn antibody (Ctl) (Fig. 2A).

Some MEFs had a Nu-type, and others had a Cy-type. Approximately equal numbers of Nu (52%)

and Cy-type (48%) cells were observed. We were unable to clarify which cell type exhibited the Nu

pattern.

To explore the effects of differentially localized Apn, the Dox-inducible human APN gene was

introduced into MEFs by lentivirus-mediated transduction (Fig. 2B, upper). Overexpression of human

APN was detected by the signal intensity of immuno-reaction with the Ct1 antibody in Dox (+)

compared with Dox (-) (Fig. 2B, left panels). Selective cell loss was observed 48 hours after Dox (1

ug/mL) treatment (Fig. 2B, right). Cell death was significantly higher in MEFs with Dox than in those

without Dox. The number of Nu-type cells decreased from 91% to Cy-type in Dox (-) to 42% to

Cy-type in Dox (+). No harmful effect of the presence of Dox in culture at the concentration of 2.0
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ug/mL on cell proliferation was detected (Supplementary material Fig. S1). Therefore, the detrimental

effects of overexpressed APN on survival were more obvious in Nu-type cells than in Cy-type cells.

2.3 | Nuclear localization of Apn in mouse ES cells

To explore clonal cell lines exhibiting nuclear localization of Apn, mouse ES cells, which are

blastocyst-derived pluripotent stem cells, were examined. Apn transcription was detected by RT-PCR

in mouse ES cells (Fig. 3A). Immunostaining with the Ct1 antibody demonstrated that Apn protein

was localized in the nuclei of ES cells as the Nu-type Apn (Fig. 3A). Localization of Apn in ES cell

nuclei was verified with another anti-APN/Apn antibody (Ct2) recognizing the C-terminal globular

domain (Fig. 1A; Supplementary material Fig. S2). Western blot analyses with the Ct1 antibody in a

native state (non-reduced) revealed a 30-kDa band with protein from ES cells (Dox (-)), regardless of

higher molecular bands of multimer protein complexes from adipose tissue as previously reported

(Schraw, Wang, Halberg, Howkins, & Scherer, 2008) (Fig. 3B). Apn protein in ES cell nuclei was in

a monomer protein form in contrast with the multimer forms in the cytoplasm of adipose tissue.

Nuclear localization of Apn protein was reconfirmed by western blot hybridization analyses with ES

cell protein separated from the nucleus and cytoplasm (Fig. 3B).
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2.4| Inducible overexpression of APN in mouse ES cells

To produce a Dox-inducible human APN overexpression system, a single plasmid containing the

regulatory and operator elements in which the PGK promoter-driven APN gene was Dox-dependently

activated (Fig. 3C, upper) was electroporated into mouse ES cells. First, clones resistant to puromycin

treatment were expanded as candidate clones. Second, positive clones were selected based on the

response to Dox treatment. Increases in APN expression were Dox dose-dependent (Fig. 3C, middle).

Consistent with the RT-PCR analysis, a Dox-inducible increase in APN protein was detected by

western blot hybridization (Fig. 3B).

To investigate the effects of APN overexpression on Nu-type ES cells, the number of surviving

cells was compared between cultures with or without Dox. Cells were sub-cultured for 12 hours after

the beginning of Dox treatment. The number of surviving cells decreased significantly 24-36 hours

after Dox administration (Fig. 3C, lower). The viability and pluripotency of surviving ES cells were

analyzed by alkaline phosphatase staining (Fig. 3D). The number of alkaline phosphatase-positive

cells was significantly decreased as a consequence of overexpression of APN induced by Dox

treatment.
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2.5 | Nuclear localization of APN in human pluripotent stem cells

To investigate the effects of APN overexpression in human cells, APN expression and protein

localization were examined in iPS cells and iRS cells, which are pre-iPS cells capable of resuming

reprogramming processes into iPS cells by responding to stimuli given by changes in culture

conditions (Teshigawara, Hirano, Nagata, Ainscough, & Tada, 2016). The iRS cell clones are

uniformly DsRed positive, and iRS cell-derived iPS cell clones are DsRed negative (Teshigawara et

al., 2016). Transcription of endogenous APN was detected by RT-PCR analysis in iPS and iRS cells

(Fig. 4A). Immunostaining with an anti-Apn antibody (Ct1) demonstrated the nuclear localization of

APN protein in iPS and iRS cells (Fig. 4A). Localization of APN in iRS cell nuclei was verified with

another anti-APN/Apn antibody (Ct2) recognizing the C-terminal globular domain (Fig. 1A;

Supplementary material Fig. S2). Human iRS cells were suitable for survival assay in this study,

because of difficulties in single cell cloning of human iPS cells, and the higher survival rate of iRS

cells than that of iPS cells through subculture. Western blot hybridization analysis revealed that, as

with mouse Apn, human APN existed as a monomer under a native condition (Fig. 4B). Nuclear

localization of APN protein was confirmed by western blot hybridization analyses with the nucleus

and cytoplasm protein separated from whole protein of iRS cells (Fig. 4B).
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2.6 | Inducible overexpression of APN in human iRS cells

The same construct used for mouse ES cells (Fig. 3C, upper) was introduced by electroporation

into iRS cells. After drug selection with puromycin, clones responsive to Dox treatment were selected

as positive. A dose-dependent Dox increase in human APN was confirmed by RT-PCR (Fig. 4C,

upper). Consistent with this, APN protein about 4 times increased in the iRS cells 24 hours after Dox

(2 pg/mL) treatment (Fig. 4B).

To examine whether cell death is induced by human APN overexpression in the human iRS

clones, the number of surviving iRS cells was counted after culturing in the presence or absence of 2

pg/mL of Dox. Cells were sub-cultured for 12 hours after the beginning of Dox administration. The

number of surviving cells significantly decreased to approximately 35% after culturing for 36 hours in

the presence of Dox compared with that in the absence of Dox (Fig. 4C, lower). A visible reduction in

the number of iRS cells based on the expression of fluorescent reporter gene, DsRed, occurred 24 and

36 hours after Dox treatment (Fig. 4D).
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2.7 | Truncated protein form of nucleus-localized APN

To understand the mechanisms involved in the transport of monomer APN protein from the

cytoplasm to the nucleus, human iRS and mouse ES cells were immuno-stained with an antibody

recognizing the human N-terminal hyper-variable region of APN (Nt1) (Fig. 5A, upper). The Ntl1

antibody is reacted with human APN, but not mouse Apn (Supplementary material Fig. S3).

Expectedly, positive Nu Apn signals were detected with the Ct1 antibody, but not with the Nt1

antibody in mouse ES cells without human APN overexpression. Unexpectedly, even in human iRS

cells without human APN overexpression, Nu APN signals were undetected with the Nt1 antibody,

but detected by the Ctl antibody (Fig. 5A, lower panels). These data indicated that Nu APN was

truncated by missing the Nt1 recognition site. To verify the truncation of Nu APN, western blot

hybridization analyses were performed with the Ct1 and Nt1 antibodies. No 30-kDa APN band was

detected with the Nt1 antibody in the nuclear fraction of human iRS overexpressing human APN, and

mouse ES cells overexpressing human APN (Fig. 5B, left panels). Re-hybridization of the same blot

with the Ct1 antibody revealed a 30-kDa band in human iRS cells overexpressing human APN and

mouse ES cells overexpressing human APN (Fig. 5B, left panels). Nucleus-localized APN was

characterized by truncation with the N-terminal region (Supplementary material Fig. S3). Reactivity

of Nt1 to human APN was shown in the product data sheet with human serum APN as a positive
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control. Furthermore, intact Cy APN, but not truncated Nu APN, was positively reacted with Nt1 in

MEFs overexpressing human APN (Fig. 5B, right panels; Supplementary material Fig. S4). Truncated

Nu APN/Apn was, however, detected with Ctl in the same slide (Fig. 5B, right panels;

Supplementary material Fig. S4). Collectively, human and mouse Nu APN/Apn proteins formed

truncated APN/Apn proteins missing the hyper-variable region and N-terminal signal peptide.

2.8 | Function of nucleus-localized APN

To predict the molecular function of nuclear APN, genome-wide gene expression changes

between Dox (-) and Dox (+) iRS cells were analyzed using a human Affymetrix GeneChip

microarray system. A Dox-dependent increase of APN was detected by RT-PCR before the

genome-wide gene expression analysis (Fig. 6A). Comparative analysis demonstrated similar gene

expression profiles between Dox (-) and Dox (+) iRS cells as indicated by an R?= 0.9696 (Fig. 6A).

For the relative value of Dox (+) to Dox (-), 1043 genes had more than 1.5 times a higher expression

level, and 610 genes had less than 1.5 times a lower expression level. Pathway enrichment analysis

demonstrated statistically significant differences between Dox (-) and Dox (+) states in

post-transcriptional silencing by small RNAs by Reactome, post-translational regulation of the
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adherens junction by NCI-Nature, and chromatin remodeling by hSWI/SNF by BioCarta (Fig. 6B).

These results indicated that Nu adiponectin played a role in microRNA-mediated post-transcription

regulation, cell-cell interactions, and chromatin remodeling.

2.9 | Apoptotic cell death by APN overexpression

In the comparative transcriptome analyses between Dox (-) and Dox (+) iRS cells, expression

changes of caspase-independent apoptosis-associated genes, AIFM2 and MEG3, were significant, but

no significant change of caspase-dependent apoptosis-related genes, BAX, BCL2, CASPASE-3, and

CASPASE-9, were revealed (Fig. 6C). To verify these findings, comparative gPCR analyses between

Dox (-) and Dox (+) iRS cells were performed. The expression level of AIFM2 and MEG3

significantly increased in Dox (+) iRS cells (Fig. 6D). Furthermore, miR-214-3p, which is a

microRNA inversely associated with MEG3 in a post-transcriptional manner (Fan et al., 2017),

significantly decreased in Dox (+) iRS cells as detected by miRNA gPCR analyses (Fig. 6D). No

significant change of miR-214-5p between Dox (-) and Dox (+) iRS cells was detected

(Supplementary material Fig. S5). To verify direct relationship between APN overexpression and

AIFM2-mediated cell death, rescue experiments were performed by the treatment with miR-214-3p
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mimic (Fig. 6E). The number of cells was counted at 0 and 24 hours after Dox treatment, and RNA

was extract from cells 24 hours after Dox treatment (Fig. 6E, lower). miR-214 mimic transfection

induced significant increase of survival rate of APN-overexpressing iRS cells as a consequence of

downregulation of AIFM2 expression. Therefore, the MEG3-miR-214-AlFM2 pathway worked on

apoptotic cell death in APN-overexpressed iRS cells (Fig. 6F).

3| DISCUSSION

Here, we demonstrated that intracellular APN/Apn was differentially localized in a Nu or Cy-type

in primary culture from embryos and various somatic tissues and localized to the nucleus in mouse ES

cells and human iPS and iRS cells. In human iRS and mouse ES cells, Nu APN/Apn existed as a

monomer in contrast with its multimer forms observed in Cy-type adipose cells. The monomer

APN/Apn showed a truncated form missing the hyper-variable region and N-terminal peptide.

Dox-inducible overexpression of APN induced cell death in human iRS and mouse ES cells.

Comparative genome-wide gene expression analysis between Dox (-) and Dox (+) iRS cells revealed

caspase-independent apoptosis from APN overexpression. Caspase-independent apoptosis-related

genes, AIFM2 and MEG3, were upregulated, and miR-214-3p was downregulated by APN
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overexpression. Cell death by APN overexpression was rescued by miR-214-3p mimic transfection to

iRS cells. Pathway enrichment analysis demonstrated that the Nu APN/Apn may function in

microRNA-mediated post-transcription regulation, cell-cell interactions, and chromatin remodeling.

Aging, which is defined as a chronic decline in tissue function due to the decrease of physical

resilience, is inevitable in mammals. A slower progression of aging is desirable for extending human

life span. In mouse heterochronic parabiosis experiments, which involves the surgical parabiotic

pairing of aged and young mice to exchange blood, factors in blood derived from the young mouse

revitalized the organs, including the liver, muscle, and brain, in the old mouse (Rebo et al., 2016).

Furthermore, slowing aging of stem cells and their niche may slow tissue and organismal aging

(Conboy & Rando, 2012). Aging is, at least in part, explained by the chronic decline of youth factors

over time. Plasma Apn, an adipokine circulating throughout the body in the blood, is a candidate

youth factor. Plasma Apn has a crucial role in the promotion of insulin sensitization and improves

whole-body energy homeostasis (Schraw et al., 2008). The positive effects from the pleiotropic

functions of plasma Apn suggest that Apn overexpression slows aging. This is consistent with the

longevity of tempospatially specific Apn-overexpressing transgenic mice (Yamauchi et al., 2003b;

Combs et al., 2004; Otabe et al., 2007), but is inconsistent with the embryonic lethality and adult

sterility in ubiquitously Apn-overexpressing mice (Combs et al., 2004). Nuclear Apn expression was
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detected in mouse germ cell precursors, PGCs (Fig. 1B), and in somatic cells surrounding PGCs.

Apoptotic cell death induced by overexpression of Apn in germ cells or gonadal somatic cells causes

sterility because of the poor development of germ cells in transgenic mice.

An unexpected finding was that a monomeric form of APN/Apn was localized in the nuclei of

human iPS/iRS and mouse ES cells regardless of the thermodynamic instability of the Apn monomer

isoform (Shapiro & Scherer, 1998; Wang & Scherer, 2008). Post-translational glycosylation at lysine

68, 71, 80, and 104 was reported (Wang, Xu, Knight, Xu, & Cooper, 2002) to be involved in the

assembly and secretion of HMW Apn (Wang et al., 2006). Furthermore, cysteine 39 in mouse Apn

and cysteine 36 in human APN play a role in multimerization (Pajvani et al., 2003). Human

monomeric Nu APN is truncated by the lack of Nt1-recongnition site including cysteine 36 in APN

(Fig. 5A: Supplementary material Fig. S3). To generate truncated APN/Apn, tissue-specific protease

activity after neo-APN/Apn protein is synthesized in the cytoplasm and before multimerization, is

required (Fig. 7). An unidentified enzyme catalyzing the truncation of APN/Apn protein may

determine cellular localization and function. Furthermore, the missing N-terminal signal peptide may

change the localization of APN/Apn from the cytoplasm to the nucleus. The importin o/p-dependent

nuclear transport system is involved in nucleocytoplasmic shuttling. A cargo protein with a nuclear

localization signal is recognized by importin o, and a ternary complex with importin § is formed. The
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cargo/importin a/f complex can enter the nucleus through interactions with the nuclear pore complex

(YYasuhara, Oka, & Yoneda, 2009). Truncated but not intact APN/Apn can be selectively captured by

the nuclear transporter in a tissue-specific manner (Yasuhara et al., 2007). It remains unclear which

nuclear transporter recruits truncated APN/Apn into the nucleus.

Apoptotic cell death in human iRS and mouse ES cells by overexpression of Nu APN suggests

that nuclear APN/Apn controls apoptosis by its accumulation level. Caspase-independent apoptosis

through the MEG3-miR-214-AlIFM2 pathway is a consequence of the physiological reaction against

aberrant cellular states in which considerable accumulation of nuclear APN/Apn occurs. AIFM2 is a

homologue of AIF (apoptosis inducing factor), which is a caspase-independent oxidoreductase

located in the mitochondrial membrane (Susin et al., 1999). Upregulation of AIFM2 induces

chromosomal condensation and large-scale fragmentation by translocation from the mitochondria to

the nucleus, which causes nuclear apoptosis (Fig. 6F). AIFM2 is downregulated by the binding of

miR-214-3p in the 3°-UTR of AIFM2 (Fan et al., 2017), but the binding site of miR-214-3p to AIFM2

is elusive. miR-214-3p is downregulated by the direct binding of long non-coding RNA (LncRNA)

transcribed from MEG3 (LncRNA-MEG3) (Fan et al., 2017). Therefore, similar to T-cell

lymphoblastic lymphoma, the MEG3-miR-214-AIFM2 pathway plays a role in apoptotic cell death

induced by overaccumulation of nuclear APN/Apn (Fig. 6F). Multimerization of APN/Apn disabling
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nuclear translocation may protect from apoptotic cell death of adipocytes by preventing

overaccumulation of APN/Apn in nuclei.

Genome-wide gene expression analysis predicts that endogenous APN/Apn functions in

post-transcriptional silencing by small RNAs, post-translational regulation of the adherens junction,

and chromatin remodeling by hSWI/SNF (Fig. 6B, Fig. 7). In addition, lysine degradation in the

lysine catabolic pathway by KEGG, the Ras signaling pathway by Panther, and XPodNet

protein-protein interaction by the WikiPathways were discovered as pathways significantly related to

the functions of Nu APN/Apn. MicroRNA-mediated post-transcriptional regulation is repeatedly

listed in database analyses as related to APN/Apn functions. Upregulation of APN/Apn is associated

with the upregulation of MEG3, which has a role in carcinogenesis, lipid metabolism, and fibrotic

disease by the regulation of several downstream microRNAs. Expression of LncRNA-MEG3 is

regulated by miR-29 (Braconi et al., 2011) and miR-148a (Yan et al., 2014) through modulation of

DNA methylation. APN/Apn overaccumulation in nuclei may induce hypomethylation of the MEG3

promoter, but it remains unclear how nuclear APN/Apn directly regulates the expression of MEG3

(Fig. 6F).
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An increase in APN/Apn levels may contribute to longevity through anti-obesity and

anti-inflammation effects in humans. Here, we demonstrated a novel function of nuclear APN/Apn as

a survival gate keeper different from plasma APN/Apn, which impedes aging. Pharmaceutical and

medical applications of APN should increase plasma APN without upregulating nuclear APN to

increase human longevity.

4 | EXPERIMENTAL PROCEDURES

4.1 | Primary culture of somatic cells

For MEF generation, 12.5 dpc (days post coitum) embryos collected from ICR females (Japan

SLC, Shizuoka, Japan) were disaggregated using a 2.5-mL syringe with an 18-gauge needle. MEFs

were cultured in MEF medium (Yamaguchi, Hirano, Nagata, & Tada, 2011). For primary culture cells

from adult mice, organs and tissues collected by dissection of 8-week-old female ICR mice (Japan

SLC) were minced with surgical scissors. Cells and cell clumps were cultured in MEF medium.
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4.2 | Culture of pluripotent stem cells

Mouse R1 ES cells (Nagy, Rossant, Nagy, Abramow-Newerly, & Roder,1993) were maintained in

ES cell medium on MEF feeder cells (Sun et al., 2014). Human iPS and iRS cells were cultured on

feeder-free Matrigel-coated dishes with MEF-conditioned iPS cell medium (CM) (Teshigawara et al.,

2016). iRS cells were stably maintained in CM through subculture at a density of 1.0 x 10° cells per

Matrigel-coated 10-cm dish and subcultured by dissociation with conventional trypsin (Gibco;

Thermo Fisher Scientific, Waltham, MA). Human iRS cell was established cell line as pre-iPS cell by

transduction of exogenous Oct4, Sox2, KIf4, c-Myc and DsRed genes (Teshigawara et al., 2016).

DsRed was a fluorescent marker for visualizing the activity of reprogramming factors, Oct4, Sox2,

KIf4, and c-Myc. Exogenous DsRed was stably expressed in iRS cells under a maintaining state, in

which reprogramming into iPS cells was paused. Exogenous DsRed was used as a marker for

guantitative standardization of gPCR for microRNA transcription. For rescue experiments of cell

death, hsa-miR-214-3p miRNA mimic or mock (100 pmol/mL) (Abm, Vancouver, Canada) was

transfected to Dox-inducible APN overexpression iRS cells with Lipofectamine 2000 (Thermo Fisher

scientific) according to the manufacturer’s protocol, 60 hours before the beginning of Dox treatment.

For induction of APN expression, 2 ug/mL Dox was administered in the culture of iRS and ES cells.
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4.3 | Preparation of primordial germ cells

For isolation of PGCs, genital ridges of 12.5 dpc embryos collected from Oct4-GFP transgenic

mice (Kimura et al., 2015) were pipetted in 0.05% trypsin/EDTA. After washing with phosphate

buffer (PB1)/3 mg/mL bovine serum albumin (BSA) solution, PGCs re-suspended in DMEM with

10% FBS (Gibco) were sorted by GFP expression using FACS Aria Il flow cytometry (BD

Bioscience, Franklin Lakes, NJ). After rinsing with phosphate-buffered saline (PBS), purified PGCs

dropped on slides were dipped in 1% paraformaldehyde (PFA) fixative in distilled water (DW) (pH

9.2) containing 0.15% Triton X-100 and 3 mM dithiothreitol (Sigma-Aldrich, St. Louis, MO). The

slides were incubated overnight at 4 °C, washed in 0.4% Photo-Flo (Kodak, Rochester, NY) in DW,

and then dried.

4.4 | RT-PCR

Total RNA (10 ug) extracted from tissues and cultured cells using TRIzol (Invitrogen; Thermo

Fisher Scientific) was treated with recombinant DNase | (Takara, Shiga, Japan) and used for cDNA

synthesis following the manufacturer’s instructions (Teshigawara et al., 2016). Synthesized cDNA

was PCR-amplified with Ex-Taq (Takara) using gene-specific primers. For quantitative RT-PCR

This article is protected by copyright. All rights reserved.



(gPCR), THUNDERBIRD SYBR gPCR Mix (Toyobo, Osaka, Japan) was used according to the

manufacturer’s instructions. For microRNA qPCR, miScript II RT Kit (QIAGEN, Hilden, Germany)

was used for reverse transcription with HiFlex buffer. cDNA was gPCR-amplified using miScript

SYBR Green PCR Kit (QIAGEN) with the universal reverse and miRNA-specific primers according

to the manufacturer’s instructions. Relative gene expression levels were calculated after normalization

to GAPDH (for conventional gPCR) or DsRed (for microRNA). Exogenous DsRed, which was stably

expressed in all iRS cells was used for standardization of the gPCR of microRNA, instead of unstable

U6. The primer sequences are summarized in Supplementary material Table S1.

4.5 | Western blot hybridization

Whole cell extracts were prepared with lysis buffer without 2-mercaptoethanol (native) or with

10% 2-mercaptoethanol at 95 °C (reduced) (Kuroda et al., 2005). Nuclear and cytoplasmic proteins

were separately extracted with the Nuclear/Cytosolic Fractionation Kit (Cell Biolabs, San Diego, CA)

following the manufacturer’s instructions. The protein concentration was measured using the DC™

protein assay kit (Bio-Rad, Hercules, CA). Freshly prepared lysates were separated on 10%

SDS-polyacrylamide gels, and then blotted onto Immobilon polyvinylidene difluoride (PVDF)
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membranes (Millipore, Billerica, MA). Membranes were pre-hybridized with blocking solution and

then probed with anti-Apn C-terminal-specific antibody 1 (Ct1) (Sigma-Aldrich, Cat# A6354) diluted

at 1:1000 or anti-Apn N-terminal-specific antibody 1 (Nt1) (MBL International, Cat# CY-P1031)

diluted at 1:500 in 5% BSA in phosphate-buffered saline/0.1% Triton X-100 (PBST) overnight at 4

°C. Membranes were incubated with a horseradish peroxidase (HRP)-linked anti-rabbit 1gG secondary

antibody (GE Healthcare, Chicago, IL, Cat# NA934) diluted at 1:1000 in 5% BSA in PBST for 1 hour

at room temperature. Non-specifically bound antibody was removed by washing with PBST six times

for 10 minutes each. Bands were visualized by ImageQuant LAS 4010 using the ECL Prime Western

Blotting Detection Reagents (GE Healthcare) according to the manufacturer’s instructions.

4.6 | Construction of lentiviral vectors and infection

The plasmid TetO-FUW-APN was constructed by modifying the TetO-FUW-OSKM (Oct4, Sox2,

KIf4, c-Myc) (Carey et al., 2009) and replacing the OSKM sequence with the full coding sequence

(CDS) of human APN using a ligation kit (Toyobo, Osaka, Japan) according to the manufacturer’s

protocol. The full APN CDS was constructed from total RNA human adipose tissue (Biochain,

Newark, CA). With 10 ug of the packaging construct (p)CAG-HIVgp) and 10 ug of VSV-G, the Rev

This article is protected by copyright. All rights reserved.



construct ()CMV-VSV-G-RSV-Rev) and 17 ug of self-inactivating (SIN) lentiviral particles

(TetO-FUW-APN or FUW-M2rtTA (Hockemeyer et al., 2008) were packaged into HEK 293T cells.

MEF cells (1 x 10°) were co-infected with collected viral supernatant as described previously

(YYamaguchi et al., 2009). The primer sequences are summarized in Supplementary material Table S1.

4.7 | Construction and transfection of APN overexpression vector

The full CDS of human APN was inserted into the Nhel-BamHI site of a Dox-inducible vector

pCW57.1 (Addgene plasmid #41393). The Dox-inducible pCW57.1-APN vector (50 pg) was

electroporated into 1.0 x 10" of human iRS and mouse ES cells in a cuvette with a 4-mm electrode

gap (Flowgen, Nottingham, UK) using Gene Pulser (Bio-Rad) at 250 V and 500 pF. Then, 5.0 x 10°

cells were transferred onto MEF feeders in 10-cm dishes with ES medium for mouse ES cells, and

feeder-free Matrigel-coated 10-cm dishes with MEF-conditioned iPS medium for human iRS cells.

Cells were drug-selected with puromycin (2.0 pg/mL for mouse ES cells and 0.5 pg/mL for human

iRS cells) (Invitrogen). The selection medium was changed every 24 hours. After cell expansion,

clones were isolated using sterilized glass pipettes.
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4.8 | Immunocytochemistry

Cultured cells were fixed with 4% PFA/PBS for 10 minutes at room temperature and then

pre-treated with blocking solution (3% BSA, 2% skim milk (BD Bioscience) in PBST) for 1 hour at

room temperature. PGCs were pre-treated with blocking solution (3% BSA in 0.1% Tween-20) for 1

hour at room temperature after permeabilization with 0.5% Triton X-100 for 15 minutes. Cells were

immuno-reacted with anti-Apn antibody Ct1 (diluted at 1:500), Nt1 (diluted at 1:250), or anti-Apn

C-terminal-specific antibody 2 (Ct2) (diluted at 1:500) (Novus, Cat# NB100-65810) overnight at 4

°C, and then incubated with the secondary Alexa 488 (green) (Cat# A-11008) or Alexa 546 (red)

(Cat# A-11010) anti-rabbit antibody (Thermo Fisher Scientific) diluted at 1:200 in blocking buffer for

1 hour. Samples were stained with DAPI and mounted with Slowfade Gold Antifade Reagent

(Invitrogen).

4.9 | Alkaline phosphatase staining

Mouse ES cells were fixed with 4% PFA for 10 minutes at room temperature. Alkaline

phosphatase enzyme activity in mouse ES cells was detected by treatment with 2:1:1 mixture of Fast

This article is protected by copyright. All rights reserved.



Red TR (0.8 mg/mL)-Naphthol AS-MX phosphatase solution (4 mg/mL)-DW (Sigma-Aldrich) in the

dark for 15 minutes following the manufacturer’s instructions.

4.10 | Microarray

Labeled total RNA (1 pg) was hybridized with the Human Genome U133 plus 2.0 Array

(Affymetrix; Thermo Fisher Scientific) according to the manufacturer’s instructions. Heat map and

scatter plot analyses were performed as described previously (Teshigawara et al., 2016). For pathway

enrichment analysis, differentially expressed genes between Dox (-) and Dox (+) iRS cells (p < 0.05,

fold change > 1.5) were selected and mapped to databases with Enrichr software. The top three

enriched pathways were ranked by an Enrichr combined score (p < 0.05) as the relative value. The

combined score ‘c’ is defined as ¢ = log(p) X z, where p refers to the p-value from the Fisher’s exact

test, and z is the z-score indicating the deviation from the expected rank.

4.11 | Statistical analysis

Bar graphs were presented as the mean + s.e.m. from at least three independent experiments.

Two-tailed Student’s t-tests were performed using Microsoft Excel software. The p-values were

considered significant at *p < 0.05, **p < 0.01 and ***p < 0.001.
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FIGURE LEGENDS

FIGURE 1 Adiponectin expression in cells from mouse tissues. (A) Expression of endogenous

Apn protein detected by immunocytochemistry with the Ctl antibody in tissue-derived primary cells.

Recognition sites in the globular domain by C-terminal-specific antibodies, Ctl and Ct2 (upper

panel). Phase; phase contrast (cell morphology), Apn (green) for immuno-reactive cells, DAPI (blue)

for nuclei. (B) Expression of endogenous Apn protein by immunocytochemistry with the Ctl antibody

in the primordial germ cells (PGCs) (GFP positive) from 12.5 days post coitum Oct4-GFP transgenic

mouse embryos. Apn (red) indicating immunoreactive nuclei of PGCs, and DAPI (blue) indicating

nuclei of PGCs. Apn; mouse adiponectin. Scale bars: 50 um in (A) and 100 um in (B).

FIGURE 2 Selective loss of nucleus-localized mouse primary embryonic fibroblasts by

ADIPONECTIN overexpression. (A) Differential localization of endogenous Apn protein in mouse

primary embryonic fibroblasts (MEFs) by immunocytochemistry with the Ct1 antibody. Apn (green)

nucleus-localized (Nu) and cytoplasm-localized (Cy)-type cells coexist in the heterogeneous MEF

population. The Nu-type (blue rectangle) and Cy-type (pink rectangle) cells are enlarged in the second

and third row, respectively. DAPI (blue) for nuclei. (B) Cell death by Doxycycline (Dox)-inducible
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overexpression of human APN in MEFs. For human APN overexpression, a conventional double

plasmid system was introduced by lentiviral transduction into MEFs (upper panel). Representative

localization and signal intensity of APN/Apn in Nu- and Cy-type MEFs with or without Dox (left of

lower panel) by immunocytochemistry with the Ctl antibody. Selective loss of the Nu-type MEFs 48

hours after administration of 1 ug/mL Dox (+) (right of lower panel). Percentages of the Nu-type cells

to Cy-type cells (100%) were compared between cultures in Dox (-) and Dox (+). The number of

APN/Apn-positive cells were counted from four independent experiments. n; the total number of cells

counted. ***p < 0.001. APN; human ADIPONECTIN. Apn; mouse Adiponectin. Scale bars: 100 um

(MEFs) and 25 um (Nu- and Cy-type) in (A), and 10 um in (B).

FIGURE 3 Cell death induced by ADIPONECTIN overexpression in mouse embryonic stem

cells. (A) Expression and localization of endogenous Apn in mouse embryonic stem (ES) cells.

Expression of endogenous Apn in mouse ES cells by RT-PCR (left panel). APN; human

ADIPONECTIN, Apn; mouse Adiponectin. PC; GAPDH as a positive control. Nuclear localization of

endogenous Apn in mouse ES cells by immunocytochemistry with the Ct1 antibody (right panel).

Apn (green) for immunoreactive cells, DAPI (blue) for nuclei. (B) Monomeric APN/Apn protein in

mouse ES cells by western blot hybridization analyses (upper panel). Expression of exogenous
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monomer APN was increased about 4-fold in Dox (+) compared to Dox (-) 24 hours after 2 pg/mL

Dox administration. M; Monomer, T; Trimer, H; Hexamer. Dox; Doxycycline. Western blot

hybridization analysis with nuclear/cytoplasmic fractionated proteins collected from Dox (+) ES cells

overexpressing human APN (lower panel). Monomer APN was detected in the nuclear but not

cytoplasmic protein fraction of Dox (+) ES cells. W; whole cell protein, Cy; cytoplasmic protein, Nu;

nuclear protein. (C) Induction of cell death by human APN overexpression in mouse ES cells. The

single plasmid system incorporated into mouse ES cells for Dox-inducible overexpression of human

APN (upper panel). APN; the APN full coding sequence, Puro’; puromycin-resistance gene. Dox

dose-dependent expression of APN in ES cells (middle panel). PC; GAPDH as a positive control. A

significant decrease in the number of ES cells by Dox-inducible APN overexpression (lower panel).

The number of APN/Apn-positive cells from three independent experiments (at least 100 cells per

experiment) was reported as mean + s.e.m. n; the total number of cells counted. **p < 0.01, ***p <

0.001. (D) Visualization of survival ES cells visualized by alkaline phosphatase staining every 12

hours in the presence or absence of Dox treatment. Scale bars: 10 um in (A), and 100 um in (D).
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FIGURE 4 Cell death induced by ADIPONECTIN overexpression in human intermediately

reprogrammed stem cells. (A) Expression and localization of endogenous APN in human

pluripotent stem cells. Nuclear localization of endogenous APN in induced pluripotent stem (iPS) and

intermediately reprogrammed stem (iRS) cells by immunocytochemistry with the Ctl antibody (upper

panel). APN (green) for immunoreactive cells, DAPI (blue) for nuclei. Expression of endogenous

APN in iPS and iRS cells by RT-PCR (lower panel). PC; GAPDH as a positive control. (B)

Monomeric APN protein in human iRS cells by western blot hybridization analyses (upper panel).

Expression of monomer APN is increased about 4-fold in Dox (+) compared to Dox (-) 24 hours after

2 pg/mL Dox administration. M; Monomer, Dox; Doxycycline. Western blot hybridization analysis

with nuclear/cytoplasmic fractionated proteins collected from Dox (+) iRS cells (lower panel).

Monomer APN was detected in the nuclear but not cytoplasmic protein fraction in iRS cells

overexpressing human APN. W; whole cell protein, Cy; cytoplasmic protein, Nu; nuclear protein. (C)

Induction of cell death by human APN overexpression in human iRS cells. Dox dose-dependent

expression of human APN in iRS cells (upper panel). PC; GAPDH as a positive control. A significant

decrease in the number of human iRS cells by Dox-inducible human APN overexpression (lower

panel). The number of APN-positive cells from three independent experiments (at least 40 cells per

experiment) was reported as mean + s.e.m. n; the total number of cells counted. *p < 0.05. (D)

This article is protected by copyright. All rights reserved.



Visualization of survival human iRS cells by human APN overexpression every 12 hours after the

presence or absence of Dox treatment. Human iRS cells were marked with the fluorescent reporter

protein, DsRed. Scale bars: 10 um in (A) and 100 um in (D).

FIGURE 5 Truncation of nucleus-localized adiponectin protein in human and mouse

pluripotent stem cells. (A) Nuclear APN with the truncation of N-terminal region. Recognition sites

in the variable region by the human N-terminal-specific antibody Nt1 (Supplementary material Fig.

S3), and the globular domain by the human and mouse C-terminal-specific antibodies Ct1 and Ct2

(upper panel). Cys36; multimerization site. Reaction of endogenous nuclear APN to N and

C-terminal-specific antibodies in human intermediately reprogrammed stem (iRS) and mouse

embryonic stem (ES) cells by immunocytochemistry (lower panel). No reaction with human-specific

Nt1, and positive reaction with human/mouse-specific Ctl, in mouse ES cells was detected.

Unexpectedly, negative reaction with Nt1, while positive reaction with Ctl was revealed in human

iRS cells. Phase; phase contrast (cell morphology). APN (green) for immunoreactive cells. DAPI

(blue) for nuclei. (B) Immuno-reaction of nuclear APN to N and C-terminal-specific antibodies

(human-specific Nt1 and human/mouse-specific Ctl1, respectively) in human iRS and mouse ES cells

overexpressing human APN. No band was detected by western blot hybridization with the N-terminal

This article is protected by copyright. All rights reserved.



antibody (Nt1). With the same blot after signal-stripped, the C-terminal antibody (Ct1) revealed a

band specific to monomer APN (left panels). Nuclear APN protein was obtained 24 hours after 2

pg/mL Dox administration. Nt1 antibody was immunocytochemically reacted with human intact APN

(as a positive control), which was localized in the cytoplasm (Cy) (green), but not reacted with human

truncated APN, which was localized in the nucleus (Nu) of MEFs overexpressing human APN. Ctl

antibody was reacted both with Nu and Cy-localized APN/Apn (red) (right panels; Supplementary

material Fig. S4). Scale bars: 50 um in (A), 50 um in DAPI of (B), and 10 um in Nt1 and Ct1 of (B).

FIGURE 6 Cell death by induced overaccumulation of nuclear ADIPONECTIN. (A) Scatter plot

of gene expression in human intermediately reprogrammed stem (iRS) cells with Dox (-) and Dox (+)

states. Red lines indicate a 1.5-fold change in signal intensity. Dox-dependent upregulation of

exogenous APN in RNA samples used for microarray assays were verified by RT-PCR. PC; GAPDH

as a positive control. (B) Pathway enrichment analysis. The top three significantly enriched pathways

were summarized in each category. (C) Comparative heat map of apoptosis-related genes between

Dox (-) and Dox (+). Ind; independent, dep; dependent. (D) Expression change of

caspase-independent apoptosis-related genes between Dox (-) and Dox (+) by qPCR. *p < 0.05, **p <

0.01. (E) Rescue of cell death by the treatment with miR-214-3p mimic in Dox (+) human iRS cells
This article is protected by copyright. All rights reserved.



overexpressing human APN. Expression of AIFM2 was down-regulated by miR-214-3p mimic in Dox

(+) iRS cells (left). The number of survived Dox (+) iRS cells increased by miR-214-3p, but not

mock, treatment (right). Experimental time course is exhibited under the histograms. n; the total

number of cells counted. *p < 0.05, **p < 0.01, NS; no significance. (F) A putative pathway for

apoptotic cell death by human APN overexpression. Nuc; nucleus, Cyt; cytoplasm.

FIGURE 7 A schematic model of the molecular form and function of nucleus-localized

ADIPONECTIN.

This article is protected by copyright. All rights reserved.
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Table S1 Primer sets for PCR in the human and mouse

Product

Gene 5’-Forward-3’ 5’-Reverse-3’ length (bp)
RT-PCR. gPCR

Apn TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT 104
APN CCCATTCGCTTTACCAAGAT CATAGAGTCCATTACGCTCT 292
AIFM2 ATGGTTCGGCTGACCAAGAG GCCACCACATCATTGGCATC 202
MEG3 CCTGCTGCCCATCTACACCTC CCTCCTCATCCTTTGCCATCCTGG 116
GAPDH / Gapdh CTGGCCAAGGTCATCCATGAC CCATCCACAGTCTTCTGGGTG 92
miRNA gPCR

miR-214-3p ACAGCAGGCACAGACAGGCAG miScript universal primer (QIAGEN)

miR-214-5p TGCCTGTCTGTGCCTGCTG miScript universal primer (QIAGEN)

DsRed TACGTGAAGCACCCCGCCGA GCCGCCGTCCTCGAAGTTCA 96
Plasmid construction

APN full CDS GATTCCATACCAGAGGGGCTCAGG  CTGGAGGAGGCTCTGAGTTAGTG 786

bp: base pairs, CDS: coding sequence
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Figure S1. Survival and proliferation of cells in culture in the presence of
Doxycycline. The number of cells from three independent experiments was
reported as mean + s.e.m. n; the total number of cells counted. MEF; mouse
embryonic fibroblasts, ES; mouse embryonic stem cells, iRS; human
intermediately reprogrammed stem cells.



APN Phase

DAPI

Figure S2. Localization of ADIPONECTIN/Adiponectin protein by
immunocytochemistry with an anti-APN/Apn antibody (Ct2). The Ct2
recognized the C-terminal globular domain (Fig. 1A). Apn (green)
indicates immunoreactive nuclei, and DAPI (blue) indicates nuclei of
pluripotent cells. ES; mouse embryonic stem cells, iRS; human
intermediately reprogrammed stem cells. Scale bars: 50 um.
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Figure S3. Ntl recognition site specific to N-terminal variable region of
human ADIPONECTIN. The NtI antibody recognizes amino acid 17-36

of human ADIPONECTIN (UniProt No. Q15848), which are not similar

to amino acid 20-39 (counter part of 17-36 of human) of mouse Adiponectin
(UniProt No. Q60994). Orange characters are human amino acids (17-36)
recognized by the Nt1 antibody.



Figure S4. Representative immunocytochemistry of Ntl to nucleus or
cytoplasm-localized human Doxcycline-induced ADIPONECTIN in

mouse embryonic fibroblasts (MEFs). Reactivity of Ntl to human full
length ADIPONECTIN is demonstrated in two independently captured
images in addition to Figure 5B as a positive control. Ntl, which is specific
to human N-terminal ADIPONECTIN, reacts with full length cytoplasm
-localized ADIPONECTIN (green), but not N-terminal-truncated nucleus
-localized ADIPONECTIN. Ctl, which is specific to human and mouse
C-terminal ADIPONECTIN/Adiponectin, reacts both with nucleus-localized
truncated and cytoplasm-localized full length ADIPONECTIN/Adiponectin
(red). Nt1; N-terminal recognizing antibody (Figure 5A), Ctl; C-terminal
recognizing antibody (Figure 5A), Nu; nucleus-localized type, Cy; cytoplasm
-localized type. Scale bars: 50 pm in DAPI, and 10 pm in Ntl and Ct1.
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Mechanism of human somatic reprogramming to iPS cell

Rika Teshigawara, Junkwon Cho, Masahiro Kameda and Takashi Tada

Somatic reprogramming to induced pluripotent stem cells (iPSC) was realized in the year 2006 in mice, and in 2007 in
humans, by transiently forced expression of a combination of exogenous transcription factors. Human and mouse iPSCs
are distinctly reprogrammed into a ‘primed’ and a ‘naive’ state, respectively. In the last decade, puzzle pieces of somatic
reprogramming have been collected with difficulty. Collectively, dissecting reprogramming events and identification of
the hallmark of sequentially activated/silenced genes have revealed mouse somatic reprogramming in fragments, but
there is a long way to go toward understanding the molecular mechanisms of human somatic reprogramming, even with
developing technologies. Recently, an established human intermediately reprogrammed stem cell (iRSC) line, which has
paused reprogramming at the endogenous OCT4-negative/exogenous transgene-positive pre-MET (mesenchymal-to-
epithelial-transition) stage can resume reprogramming into endogenous OCT4-positive iPSCs only by change of culture
conditions. Genome-editing-mediated visualization of endogenous OCT4 activity with GFP in living iRSCs demonstrates
the timing of OCT4 activation and entry to MET in the reprogramming toward iPSCs. Applications of genome-editing

technology to pluripotent stem cells will reshape our approaches for exploring molecular mechanisms.
Laboratory Investigation (2017) 97, 1152-1157; doi:10.1038/labinvest.2017.56; published online 22 May 2017

REPROGRAMMING OF SOMATIC CELLS

Reprogramming somatic cells into induced pluripotent stem
cells (iPSCs), which possess unique properties of self-renewal
and differentiation into multiple cell lineages, is achieved by
transduction using a defined set of transcription factors: Oct4
(Pou5f1), Sox2, KlIf4, and c-Myc (OSKM) in mice,»? and
humans.»* The success of iPSC generation opens a way to
produce patient-specific pluripotent stem cells with less
ethical issues than embryonic stem cells (ESCs) generated
from fertilized pre-implantation embryos. Personalized iPSCs
are expected to contribute to the exploration of cure and
cause of diseases, drug screening, and tailor-made regenera-
tive medicine. iPSC generation methodology has improved
with different delivery systems, including non-integrating
vectors, deletion after integration, DNA-free transduction,
and chemical induction.>™!! Furthermore, novel approaches
for iPSC production have been developed, including combi-
nations of alternative transcription factors.'> In addition to
those, reprogramming-susceptible cell types have been
identified.!*!> Even with studious effort for methodological
and technical improvements, the efficiency of reprogramming
remains ~0.1% in humans, and ~ 1.0% in mice.!® Mechan-
isms of somatic reprogramming have important implications
for iPSC applications. Furthermore, iPSCs could be of great

use in exploring molecular mechanisms of many diseases and
embryonic development as models. However, the low
efficiency and stochastic nature of reprogramming hinders
the understanding of reprogramming mechanisms.

MECHANISMS OF REPROGRAMMING IN MICE
In mice, the specific order of reprogramming events has been
determined as (i) activation of alkaline phosphatase, (ii) silen-
cing of somatic-specific expression, (iii) expression of SSEAI,
and (iv) progressive silencing of exogenous genes with conco-
mitant upregulation of endogenous Oct4 and Nanog'’~'°
(Figure la). Nanog is a key player of the stem cell regulatory
network critical for acquiring a pluripotent state.?’ EpCAM,
c-Kit, and PECAM1 were identified as other surface markers
of early, intermediate, and late genes of SSEA1-positive cells,
respectively.??2 Information on roadblock genes during
reprogramming and stage-specific markers for enrichment
of intermediately reprogrammed cells prone to forming iPSCs
is being accumulated using several advanced technologies.
In addition to the marker genes, pluripotency-associated
mmu (Mus Musculus) -microRNAs (miRNAs) are sequen-
tially expressed, and implicated with induction, maturation,
and stabilization of unique characteristics of iPSCs?*~%>
(Figure 1la). In chromatin reprogramming, pioneer
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Figure 1 Sequential events, changes of gene and microRNA expression
in reprogramming mouse (a) and human (b) somatic cells to induced
pluripotent cells (iPSCs). Mesenchymal-to-epithelial transition (MET) occurs
at differential timing in the road of reprogramming. Duration of
expression of exogenous reprogramming factors, Oct4, Sox2, KIf4, and
c-Myc (OSKM) is indicated by black arrow. Expression of endogenous
Oct4/0OCT4 is indicated by the green rectangle. Derivation of timing of
intermediately reprogrammed stem cells (iRSCs) in the reprogramming
process is shown by the pink triangle in humans (b).

transcription factors bind directly to condensed chromatin
and elicit a series of chromatin remodeling events, including
histone modification of H3 lysine 4 and 27 (ref. 26) that lead
to opening of chromatin during cell division, which creates
opened chromatin situation that other transcription factors
are readily accessible.”” In cell cycle reprogramming, rapid
proliferation with a characteristic cell cycle structure of short
G1- and G2-gap phases is signature to iPSCs accompanying
self-renewal and pluripotency.?®

MET (mesenchymal-to-epithelial transition), which is the
hallmark critical event toward the derivation of iPSCs from
mouse embryonic fibroblasts (MEFs), occurs at an early stage
of reprogramming,?>?3% MET is characterized by upregulation
of epithelial genes, E-Cadherin, Cdhl, Epcam, and epithelial-
associated mmu-miRNA-200 family, and down-regulation of
mesenchymal genes, Snaill/2, Zebl/2, and N-Cadherin.3'=33
Exogenous Oct4 and Sox2 bind to the promoter regions of
mmu-miRNA-141/200c and the mmu-miRNA-200a/b/429
cluster, respectively, and induce transcription activation of the
mmu-miRNA-200 family (miRNA-200s).%°

MET is driven by a strong bone morphogenetic protein
(BMP) response through induction of mmu-miRNA-200s
and 205 according to the BMP-miRNA-MET pathway.?’
Repression of mmu-miRNA-200s with specific inhibitors
results in repression of MET and iPSC generation. Further-
more, the effects of mmu-miRNA-200s and 205 were blocked
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by Zeb2 overexpression. Collectively, the mmu-miRNA-200/
Zeb2 pathway critically functions in promoting MET at the
early stage of somatic reprogramming.>*3* Moreover, MET is
controlled under the orchestrated regulation of epigenetic
modification modulated, in part, by H3K36 demethylases
Jhdm1a/1b3> and H3K79 methylase Dot1L.3¢ Consequently,
MET accompanied by changes in morphology from the
somatic to pluripotent type cell induces expression pattern
changes in several thousands of genes.?*?*

MECHANISMS OF REPROGRAMMING IN HUMANS
Human iPSC colonies exhibit characteristic flat-shaped
morphology, which is clearly distinct from mouse iPSC
colonies that exhibit bowl-shaped morphology. Mouse iPSCs
are reprogrammed into a ‘naive’ state similar to the state of
mouse embryonic stem cells (ESCs), whereas human iPSCs
are in a ‘primed’ state similar to the state of human ESCs, and
mouse Epistem cells (EpiSCs)3”>3® (Figure 1b). Mouse ESCs,
but not mouse EpiSCs, are germline-competent in blastocyst-
injection-mediated chimeras. Notably, ‘primed’-state human
and ‘naive’-state mouse iPSCs make differential responses in
mouse ground state culture conditions with N2B27+2i+LIF
medium.?>#" Distinct pluripotent states between human and
mouse iPSCs are also demonstrated by X-chromosome
reactivation of female somatic cell reprogramming.*! Collec-
tively, the final cell fate by somatic reprogramming through
forced expression of the same exogenous OSKM transcription
factors is distinctive between humans and mice (Figure la
and b). Thus, it is predicted that parts of the reprogramming
process are shared with humans and mice, whereas others are
unique to humans or mice.

Indeed, partially diverged interactions of pluripotency-
associated miRNAs and the target mRNAs between humans
and mice have been summarized.?> This is consistent with the
divergence of sequential reprogramming events between
humans and mice. In mice, MET occurs early in reprogram-
ming of MEFs to iPSCs, which precedes the activation of
endogenous Oct4;*>?3 however, in humans, MET occurs at a
later stage of reprogramming with the same timing of
endogenous OCT4 activation (Figures la and b). It is likely
that MET is a checkpoint for entry into a ‘primed’ state of
pluripotency, whereas activation of an OCT4/Oct4 is a key
step for commitment to further cellular reprogramming
through composing OCT4/Oct4-induced pluripotency mole-
cular network. In this context, human iPSCs acquired OCT4-
induced pluripotency under a ‘primed’ state prior to
conversion to a ‘naive’ state. This implies that, in mice, a
‘primed ‘ state is generated at a much earlier stage, with
additional steps required prior to Oct4-induced pluripotency.
MET is an event separable from activation of endogenous
OCT4/Oct4, as shown by differential timing of entry to MET
between human and mouse reprogramming.

The generation of human ‘naive’ iPSCs, which demon-
strated molecular characteristics and functional properties
similar to mouse ESCs/iPSCs, was reported with the
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chemically defined culture conditions, NHSM (naive human
stem cell medium).#?> Conversion from a ‘primed" state to a
‘naive’ state is facilitated by forced expression of exogenous
Kif4 under ground state culture conditions in mice.*?
Furthermore, it was revealed that the pluripotency-
associated hsa (Homo sapiens) -miRNA-290/302 family of
microRNAs regulates the transition of ESCs from a ‘naive’ to
‘primed’ state of pluripotency.** However, in humans,
mechanisms involved in ‘primed-to-naive’ conversion are
largely unknown.

In human ESCs, OCT4, SOX2, and NANOG, which play
essential roles in somatic reprogramming to iPSCs, co-occupy
a substantial portion of more than 300 target genes with
collaboration to form regulatory circuitry consisting of
autoregulatory and feedforward loops,*> suggesting that
appropriate transcription of OCT4, SOX2, and NANOG is
required to stabilize a pluripotency molecular network for
facilitating the maturation of the somatic reprogramming
process toward iPSC generation. Prior to stabilization of the
pluripotency network through MET and endogenous OCT4

Exogenous OSKM

200um

b
i I I I l 2AGFP
OCT4
& o
|RSC ; WS

CRISPR/Cas9

activation in human reprogrammed cells, a ‘primed’ plur-
ipotency competent state may be induced by forced expres-
sion of ¢-Myc and Kif4 as demonstrated by mouse
reprogramming cells.’® Recently, several ‘naive’-specific, but
not ‘primed’-specific, cell surface marker proteins were
demonstrated by comprehensive profiling of cell surface
proteins by flow cytometry in ‘naive’ and ‘primed’ human
pluripotent stem cells (PSCs).*® It is unclear whether
stabilization of human iPSCs under a ‘primed’ state but not
a ‘naive’ state resulted from passing through a transient ‘naive’
state during reprogramming. Newly identified ‘naive’-specific
marker proteins could facilitate to define the human pre-iPSC
and iPSC state in the progress of somatic reprogramming.

EXPLORING REPROGRAMMING MECHANISMS WITH AN
INTERMEDIATELY REPROGRAMMED STEM CELL LINE

In mice, intermediately reprogrammed cells characterized by
silencing somatic genes, activated SSEA1, and the potential of
conversion to iPSCs were predicted as a transient cell
partially

population,  whereas reprogrammed  cells

High cell-density
culture

Y

Endogenous OCT4

Genome editing in OCT4

Reprogramming day of OCT4-GFP iRS cells

Figure 2 (a) Sequential changes of cell morphology from human TIG fibroblast cell, intermediately reprogrammed stem cell (iRSC), to induced
pluripotent stem cell (iPSC) in somatic reprogramming. OSKM; reprogramming factor, Oct4, Sox2, KIf4, and c-Myc. (b) CRISPR/Cas9-mediated genome
editing of the endogenous OCT4 gene in human iRSCs to visualize the activity of OCT4 by fluorescence marker, GFP (Green Fluorescence Protein) in the
reprogramming process of iRSCs to iPSCs. MET; mesenchymal-to-epithelial transition.
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characterized by expression of reprogramming transgenes,
activated proliferation genes, silencing of pluripotency genes,
and aberrant expressing lineage genes were established as
several endogenous Oct4-negative pre-iPSC lines without
potential of conversion to iPSCs.>*”*8 In humans, partially
reprogrammed iPSCs resumed reprogramming by upregula-
tion of KLF4,%° and pre-iPSC-like cell lines were established as
cancer stem cell lines.>® Metabolome profiling demonstrated
that human partially reprogrammed iPSCs shared only 74%
similarly expressed metabolites with human ESCs,”! indicat-
ing that transcriptome of partially reprogrammed stem cells is
considerably different from that of ESCs. Therefore, establish-
ment of iPSC lines makes no promise to establish stable lines
of human partially reprogrammed iPSCs. Under such a state,
derivation of human intermediately reprogrammed stem cells
(iRSCs) as stable lines was unexpected.

Human iRSCs, established from the reprogrammed fetal
lung fibroblast cell lines, TIG1 and TIG3, by retroviral
transduction of OSKM reprogramming factors were char-
acterized by silencing of somatic genes, activated reprogram-
ming transgenes, self-renewal ability, activated SSEA4, and
potential of conversion to iPSCs>? (Figures 1b and 2a).
Notably, iRSCs efficiently resumed the reprogramming
process toward iPSC generation under specified culture
conditions at a high cell density. Molecular stimuli involved
in resuming reprogramming from iRSC to iPSC are
elusive. It has been reported that high cell density is
a potent negative regulator of cell cycle and expression of
genes including retrotransposon,® implying that exogenous
OSKM genes were silenced as a consequence of high cell
densitiy of iRSCs. iRSCs were marked by endogenous
expression of core pluripotency factors, SOX2 and NANOG
but not OCT4, in addition to exogenous OSKM reprogram-
ming factors. Endogenous OCT4 was activated along with
entry to MET and silencing of exogenous transgenes. GFP
(green fluorescence protein) knockin to the endogenous
OCT4 locus by  CRISPR/Cas9-mediated  genome
editing-enabled visualization of the OCT4 activation kinetics
in living reprogramming cells transit from iRSCs to iPSCs
(Figure 2b). It was revealed that activation of endogenous
OCT4 simultaneously occurring with silencing of exogenous
OSKM reprogramming factors is induced prior to entry
into MET.

Interestingly, time-lapse analyses of endogenous OCT4
activity demonstrated that OCT4-positive reprogramming
cells created OCT4-positive and negative daughter cells
through asymmetric cell division soon after OCT# activation,
while OCT4-positive cells enabled symmetric cell division to
form two daughter cells with the same pluripotent
identity in larger growing colonies.”” It is likely that
instability of endogenous OCT4 is linked to the cell
characteristics of symmetric or asymmetric division. It has
been debated whether reprogramming entails a hierarchic or
stochastic process.>* Once OSKM factors are silenced
and endogenous OCT4 is activated in a stochastic manner,
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further reprogramming is proposed to progress in a
hierarchical manner.!? Contrary to this, it was proposed
that endogenous Oct4 activation is insufficient for
progression of subsequent events in mouse somatic
reprogramming.>>>® In the maturation process of iRSC-to-
iPSC conversion, endogenous OCT4 activation is essential for
iPSC generation, but not sufficient for determining cell fate to
be iPSCs.

It is controversial whether the reprogramming pathway
from somatic cell to iPSC is a single pathway. This is linked to
hypotheses as to whether the reprogramming process occurs
in a hierarchic or stochastic manner. It has been proposed, in
mice, that the pluripotency spectrum can encompass multi-
ple, unique cell states, including an alternative somatic
reprogramming path to iPSCs through a Nanog-positive
transient state, in addition to the preconceived Nanog-
negative transient state.’”® Collectively, reprogramming
mechanisms of cellular reprogramming from somatic cells
to iPSCs are more complicated rather than those we
expected when OSKM-mediated somatic reprogramming
was discovered.

iRSC APPLICATIONS

Understanding of molecular mechanisms involved in human
somatic reprogramming will not directly contribute to curing
specific diseases of patients, but will be useful for investigating
medical biology, including human embryonic development,
anti-aging, cell physiology, and epigenetics. To do so,
application of genetic manipulation to human iPSCs, which
is desirable for repair of genetic mutations and deficiencies, is
one of the crucial approaches. Single-cell sub-cloning is an
inevitable process for genetic manipulation. However,
dissociation-induced pro-apoptosis takes place in subcultures
of iPSCs,”® even using the anti-apoptosis molecule, Rho-
associated kinase (ROCK) inhibitor Y-27632.°© An advanta-
geous property of iRSC use is that they are readily expandable
from a single cell after conventional gene modifications.
Afterwards, reprogramming from gene-manipulated iRSCs to
iPSCs can be feasibly resumed by the change of culture
conditions. iRSCs will be a powerful cell source for applying
recently developed genome-editing technologies.®"*%? Further-
more, iRSC-based identification of marker genes modulating
different reprogramming stages would greatly facilitate the
understanding of epigenetic events that occur at each stage by
enabling enrichment of subpopulations of reprogramming
cells. Integration of a inducible gene expression/repression
control system enabled by genetic modifications with iRSCs
could help for exploring genes responsible for conversion of
iRSCs to ‘naive’ iPSCs in the reprogramming. Only a part of
the reprogramming mechanism is understood in humans.
Further investigation of mechanisms of somatic reprogram-
ming by developing new technologies, and integration with
new scientific fields may shed light on the fundamental
question of ‘what is life’.
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