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A B S T R A C T   

Rutin is a natural flavonoid glycoside found in several vegetables and fruits such as buckwheat and onion. Rutin 
has a range of pharmacological effects that include anti-oxidant, anti-inflammation, anti-bacterial, and anti- 
cancer activities. α-glucosyl-rutin (AGR) is a derivative of rutin with increased water solubility that is used in 
cosmetics and foods. However, the effects of AGR on cellular responses have not been clarified, especially in stem 
cells. Induced pluripotent stem cells (iPSCs) show high proliferative activity and pluripotency; however, regu-
lation of molecular machinery such as cell cycle, metabolism, and DNA repair differs between iPSCs and somatic 
cells. Here, we compared the effects of AGR on iPSCs and differentiated cells (fibroblasts and skin keratinocytes). 
AGR-treated iPSCs exhibited increased cell viability. RNA sequencing and reverse transcriptase PCR analysis 
revealed that AGR induced expression of immediate early genes (IEGs) and differentiation-related genes in iPSCs. 
Our results suggest that AGR may activate differentiation signals mediated by IEG responses in iPSCs, resulting in 
altered metabolic activity and increased cell viability.   

1. Introduction 

Pluripotent stem cells (PSCs), such as embryonic stem cells and 
induced pluripotent stem cells (iPSCs) are defined as high proliferative 
cells with a short G1 phase that have specifically regulated molecular 
machinery, e.g., cell cycle, metabolism, and DNA repair (Liu et al., 2019; 
Tsogtbaatar et al., 2020; Vitale et al., 2017; Zhang et al., 2018). In 
previous reports, we analyzed the DNA damage response in human 
iPSCs and differentiated cells derived from iPSCs (neural stem/precursor 
cells and skin keratinocytes [KCs]) (Miyake et al., 2019; Shimada et al., 
2019); these studies demonstrated that iPSCs were highly proliferative 
with increased DNA damage response and apoptosis in comparison with 
the behavior of differentiated cells, suggesting specific gene regulation 
in iPSCs. 

Rutin is a flavonoid glycoside that is found in several vegetables and 
fruits such as buckwheat and onion. Rutin has known pharmacological 
effects, including anti-oxidant, anti-diabetic, anti-inflammation, anti- 
bacterial, and anti-cancer activities (Ganeshpurkar et al. 2017; Prasad 
et al., 2019). α-glucosyl-rutin (AGR) was developed by enzymatic 
glycosylation to improve the water solubility of rutin, and AGR has been 

used as an antioxidant and colorant for cosmetics and foods in Japan 
(Engen et al., 2015; Shimoi et al., 2003; Suzuki et al., 1991). Radio-
protective effects of flavonoids including AGR have been reported 
(Aizawa et al., 2018). However, the effects of AGR on cellular response 
remain unclear, especially in stem cells. 

Cellular homeostasis is maintained by regulating gene expression in 
response to various stimuli. The transcription factor activator protein-1 
(AP-1) is induced by stimuli such as growth factors, cytokines, bacterial 
infections, and genotoxic and chemical stress (Bejjani et al., 2019; 
Shaulian et al., 2002). AP-1 is dimeric complex composed of proteins 
from the JUN, FOS, and ATF families and regulates cellular responses 
including cell proliferation, differentiation, and survival. JUN and FOS 
genes are also known as major immediate early genes (IEGs). Extracel-
lular stimulation induces IEGs such as AP-1, although these are rapidly 
activated within minutes and often have a transient response (Bahrami 
et al., 2016). IEG responses play an important role in cell cycle regula-
tion and are involved in cellular responses such as cell proliferation and 
differentiation, and more than 100 IEGs, including JUN, FOS, ATF3, and 
EGR1, have so far been reported (Arner et al., 2015; Murai et al., 2020). 
The IEG response differs depending on the cell type and stimuli. 
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oxidative phosphorylation; PSCs, pluripotent stem cells. 
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Extracellular stimuli activate intracellular mitogen-activated protein 
kinase (MAPK) pathways such as extracellular signal-regulated kinase, 
and then the MAPK cascade activates transcription factors (Bahrami 
et al., 2016). Serum response factor (SRF) is a major regulator of IEGs 
and involved in various cellular responses including proliferation, 
adhesion, and differentiation (Gualdrini et al., 2016; Weinhold et al., 
2000). SRF increase FOS and EGR1 expression, then JUN and FOS pro-
mote cell cycle by upregulating expression of CCND1 (gene product: 
cyclin D1) (Bahrami et al., 2016; Langfermann et al., 2018; Shaulian 
et al., 2002). 

In this study, we compared AGR-induced cellular responses 
including cell viability, cell death, cell cycle, reactive oxygen species 
(ROS) generation, and metabolism among genetically identical cells, 
fibroblasts, iPSCs, and iPSC-derived KCs. We performed comprehensive 
gene expression analysis using RNA-seq and demonstrated that AGR 
activates the IEG response. Furthermore, we found transient increasing 
of cellular metabolic products, acetyl-CoA (Ac-CoA), lactate, and 
glucose in AGR treated iPSCs. These results suggest that AGR transiently 
induce IEG response and cellular metabolic change in iPSCs. 

2. Materials and methods 

2.1. Cell culture 

Primary human skin fibroblasts (NB1RGB) and human iPSCs (201B7) 
were obtained from Riken Cell Bank. C2 iPSCs have been previously 
generated from NB1RGB (Shimada et al., 2019). NB1RGB and human 
colon cancer cells (HCT116) were cultured in Dulbecco’s modified Ea-
gle’s medium (Sigma-Aldrich, USA) containing 10% fetal bovine serum 
(Hyclone, GE Healthcare, USA), 100 U/mL penicillin, and 100 μg/mL 
streptomycin. iPSCs were cultured in feeder-free conditions. C2 iPSCs 
and 201B7 cells were maintained in Nutristem XF/FF Culture Medium 
(Stemgent, USA) on iMatrix 511 (Nippi, Japan)-precoated dishes at 
37 ◦C in 5% CO2 incubator. Cell passage was performed with TrypLE 
Select (Thermo Fisher Scientific, USA). Following passage, cells were 
cultured for 24 h in Nutristem XF/FF Culture Medium supplemented 
with 5 μM Rho-associated protein kinase inhibitor (Y27632) (WAKO, 
Japan). 

2.2. Differentiation of iPSCs into keratinocytes 

P1 KCs were differentiated from C2 iPSCs as previously described 
(Miyake et al., 2019). Briefly, on day 0, C2 iPSCs were cultured in 
Nutristem XF/FF Culture Medium supplemented with 5 μM Y27632 on 
iMatrix 511. On day 1, culture medium was replaced with defined ker-
atinocyte serum-free medium (DKSFM) supplemented with 1 μM reti-
noic acid (Sigma-Aldrich) and 10 ng/mL bone morphogenic protein 4 
(R&D Systems, USA). On day 4, culture medium was replaced with 
DKSFM supplemented with 20 ng/mL epidermal growth factor (EGF) 
(R&D Systems). On day 14, the first passage was performed. First pas-
sage cells were cultured in DKSFM supplemented with 20 ng/mL EGF 
and 10 μM Y27632 for 1 week on dishes precoated with 0.03 mg/mL 
type I collagen (Advanced BioMatrix, USA) and 0.01 mg/mL fibronectin 
(Sigma-Aldrich); these cells were then used as P1 KCs. 

2.3. WST-8 assay 

C2 iPSCs, P1 KCs, and NB1RGB fibroblasts, 201B7, and HCT116 cells 
at 5 × 103 / well were cultured in a 96-well plate. NB1RGB fibroblasts 
and HCT116 cells were cultured for 1 day, C2 iPSCs and 201B7 cells for 
2 days, and P1 KCs for 1 week. Cells were then treated with AGR (Toyo 
Sugar Corp., Japan) at 0.05–100 μM for 24 h; cell viability was then 
analyzed using a Cell Counting Kit-8 (Dojindo, Japan). Cells were 
incubated for 2 h with medium containing assay reagents in a 96 well 
plate, and then absorbance was measured at 450 nm with an iMark ™ 
Microplate Absorbance Reader (Bio Rad, USA). 

2.4. Cell number measurement 

NB1RGB fibroblasts, C2 iPSCs, and P1 KCs were cultured in a 24-well 
plate. The initial cell number was 3 × 104 / well, 2 × 104 / well, and 4 ×
104 / well, respectively. NB1RGB fibroblasts were cultured for 1 day, C2 
iPSCs for 2 days, and P1 KCs for 1 week. Cells were then treated with 
AGR at 0.05–100 μM for 24 h. Next, cells were collected from a 24-well 
plate and the cell number was then analyzed using a Coulter counter Z1 
(Beckman Coulter, USA). 

2.5. Cell cycle analysis 

After treating NB1RGB fibroblasts, C2 iPSCs, and P1 KCs with 50 μM 
AGR for 24 h, cells at 80–90% confluency on 6-cm dish were harvested. 
The cells were fixed overnight with 100% methanol at − 80 ◦C, and then 
washed with 0.1% bovine serum albumin (BSA)/PBS. The cells were 
stained with 10 μg/mL Propidium Iodide (PI)/PBS containing 100 μg/ 
mL RNase A and 0.02% sodium azide for 1 h at room temperature in the 
dark. The cell cycle was analyzed using flow cytometry Cell Lab Quanta 
SC (Beckman Coulter). 

2.6. TUNEL assay 

2 × 104 cells / well of NB1RGB fibroblasts, C2 iPSCs, and P1 KCs 
were cultured on an 8-well plate. NB1RGB fibroblasts were cultured for 
1 day, C2 iPSCs for 2 days, and P1 KCs for 1 week. Cells were then 
treated with 50 μM AGR for 24 h. Apoptotic cells were detected by 
TUNEL assay using the Apoptag Fluorescent Direct in situ Apoptosis 
Detection Kit (Merck Millipore, USA), following the manufacturer’s 
procedure. Briefly, after fixing with 100% methanol at − 30◦ C for 10 
min, ethanol: acetic acid 2: 1 was treated at − 30 ◦C for 5 min, and the 
TdT enzyme was reacted at 37 ◦C for 1 h. The positive cell ratio in 200 or 
more cells was calculated by observing with a fluorescence microscope 
(Carl Zeiss, Germany). 

2.7. Immunofluorescence 

2 × 103 cells / well of C2 iPSCs were cultured on an 8-well plate. C2 
iPSCs were treated with 50 μM AGR for 24 h or 1 week. The medium was 
changed once every few days for each medium. After PBS washing, cells 
were fixed with 4% paraformaldehyde at room temperature for 10 min 
and permeabilized with 0.5% Triton-X100/PBS at 4 ◦C for 5 min. Pri-
mary antibodies for OCT4 (rabbit, 1:1000, cat# 09_0023, Stemgent) and 
SSEA4 (mouse, 1:500, cat# sc-21704, Santa Cruz Biotechnology, USA) 
were diluted with 1% BSA/PBS-T, followed by incubation at room 
temperature for 4 h. Subsequently, after PBS-T washing, the secondary 
antibodies; Alexa Fluor Plus 488 (mouse, 1:2000, cat# A32723, Thermo 
Fisher Scientific) and Alexa Fluor Plus 594 (rabbit, 1:2000, cat# 
A32740, Thermo Fisher Scientific) diluted with 1% BSA/PBS-T were 
incubated at room temperature for 1 h. After that, cells were observed 
with a fluorescence microscope. 

2.8. ROS measurement 

1 × 104 cells / well of NB1RGB fibroblasts and C2 iPSCs were 
cultured on an 8-well plate for 3 days. 2 × 104 cells / well of P1 KCs were 
cultured for 1 week. And then cells were treated with 50 μM AGR for 24 
h. ROS assay was performed using the DCFDA / H2DCFDA – Cellular 
ROS Assay kit (ab113851, Abcam, UK) followed by the manufacturer’s 
procedure. Briefly, cells were stained with 20 μM DCFDA for 45 min at 
37 ◦C in the dark. Fluorescence of the live cell was observed with a 
fluorescence microscope. Fluorescence intensity of each image was 
quantified using ImageJ. 
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2.9. RNA-seq 

After treating NB1RGB fibroblasts, C2 iPSCs, and P1 KCs with 50 μM 
AGR for 4 h, total RNA was extracted using FastGene RNA premium kit 
(Nippon Genetics, Japan). RNA sequencing was performed in duplicate 
by Macrogen Japan Corp using NovaSeq6000. FASTQ files were im-
ported into illumina BaseSpace Sequence Hub, and trimming and quality 
checking performed with FASTQ Toolkit and FAST QC. Differential 
expression analysis by DESeq2 was performed using RNA-Seq Differ-
ential Expression. Cutoff value of upregulation was log2Foldchange > 1, 
P value < 0.01, whereas that for downregulation was log2Foldchange <

− 1, P value < 0.01. Gene ontology (GO) of upregulated genes was 
analyzed by STRING version 11.0 (Nihashi et al., 2019; Szklarczyk et al., 
2017). 

2.10. RT-PCR 

After treating C2 iPSCs, P1 KCs, and NB1RGB and 201B7 cells with 
50 μM AGR for 0.5–24 h, total RNA was extracted using the FastGeneTM 
RNA Basic kit (Nippon Genetics). cDNA was synthesized with the Pri-
meScript ™ 1st strand cDNA Synthesis Kit (Takara Bio, Japan) from 
1500 ng of total RNA, and PCR was performed with TaKaRa PCR 

Fig. 1. α-glucosyl-rutin enhances cell viability in iPSCs. (A) Chemical structure of α-glucosyl-rutin (AGR). (B) Cell viability was measured by WST-8 assay in C2 
iPSCs, P1 KCs, and 201B7, HCT116, and NB1RGB cells. Cells were treated with AGR at indicated concentrations for 24 h. Cell viability of AGR-treated cells was 
normalized by that of cells without treatment. (C) Cell number was measured after AGR treatment at indicated dose for 24 h in NB1RGB fibroblasts, C2 iPSCs, and P1 
KCs. Cell number of AGR treated cells was normalized with no treated cells and shown as ratio. (D) Cell cycle of NB1RGB fibroblasts, C2 iPSCs, and P1 KCs and C2 P1 
with 50 μM AGR for 24 h was measured. (E) TUNEL assay of NB1RGB fibroblasts, C2 iPSCs, and P1 KCs with 50 μM AGR for 24 h was performed. “n.s.” indicates no 
significance. (F) ROS assay of NB1RGB fibroblasts, C2 iPSCs, and P1 KCs with 50 μM AGR for 24 h was performed. All experiments were independently performed 
three times. Error bar represented standard error. (G) Expression of pluripotency markers OCT4 and SSEA4 was compared at 50 μM AGR for 1 week and 24 h. 
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Thermal Cycler Dice TP 650 (Takara Bio), following the manufacturer’s 
recommendations. cDNA was amplified by PCR using GoTaq® Green 
Master Mix (Promega, USA) for 30 cycles of 98 ◦C for 10 s, 55 ◦C for 5 s, 
and 72 ◦C for 1 min. Primers are shown in Supplemental Table 1. PCR 
products were electrophoresed and band intensity was quantified using 
ImageJ. 

2.11. Real time PCR (qRT-PCR) 

For qRT-PCR, the cDNA and primers described in RT-PCR were used. 
qRT-PCR was performed using TB Green Premix Ex Taq II (Takara Bio) 
and EcoTM RealTimePCR System (Illumina, USA) under the manufac-
turer’s recommended conditions. First, Taq polymerase was activated at 
95 ◦C for 30 s. Thereafter, PCR was performed for 40 cycles of 95 ◦C for 
5 s and 60 ◦C for 1 min. Each standard were prepared using cDNA 
diluted in six steps. The correlation coefficient of each standard was 0.99 
or more. The expression level in each sample was calculated from the 
standard and corrected by GAPDH. Primer sets are shown in Supple-
mental Table 1. 

2.12. Cellular metabolism assay 

4.5 × 105 cells of C2 iPSCs and 6.5 × 105 cells of P1 KCs were 
cultured on 10-cm dish for 3 days and 1 week respectively. And then 
cells were treated with 50 μM AGR for 24 h. Cells were washed with PBS 
and collected from the dish by TrypLE select. Cells were lysed with 0.1% 
Triton X-100 and the macromolecules was removed using 10 kDa cut-off 
spin filter (Merck Millipore). The concentration of Ac-CoA in the 
cytolysis was measured using Coenzyme A Assay Kit (Sigma-Aldrich). 
The concentrations of Glucose and Lactate in the cytolysis were 
measured using Glucose Assay Kit-WST (Dojindo) and Lactate Assay Kit- 
WST (Dojindo). The component concentration in each sample was 
calculated from standard curve according to the manufacturer’s 
procedure. 

3. Results 

3.1. Effect of AGR on cell viability 

To investigate the effect of AGR (Fig. 1A) on cell viability, cells were 
treated with AGR at several concentrations for 24 h and their viability 
was measured using WST-8 assay (Fig. 1B). 

The cell viability of human primary skin fibroblasts (NB1RGB), skin 
keratinocytes derived from human iPSCs (P1 KCs), and human colon 
cancer cells (HCT116) peaked at 0.05 μM (107%, 104%, and 102%). 
Above 0.5 μM, it decreased in a concentration-dependent manner, and 
the cell viability at 50 μM were 98%, 89%, and 96%, respectively. In 
contrast, AGR treatment drastically increased cell viability of iPSCs (C2 
and 201B7) with the effect peaking at 50 μM (134% and 138%). We 
counted cell number after AGR treatment at indicated dose for 24 h. Cell 
number of AGR treated cells were normalized with no treated cells and 
shown as ratio in Fig. 1C. AGR increased cell proliferation in skin ker-
atinocytes but not in fibroblasts and iPSCs. Cell cycle analysis by flow-
cytometry in AGR treated skin keratinocytes showed increasing of G2/M 
population, confirming high proliferation rate (Fig. 1D). To examine 
whether AGR affect to the cell death, we used TUNEL assay. AGR 
treatment did not significantly affect to the cell death (Fig. 1 E). More-
over, AGR treated cells showed no significant change in ROS generation 
(Fig. 1F). Immunofluorescence with pluripotent marker OCT4 and 
SSEA4 antibodies showed AGR treatment did not affect to the pluripo-
tency (Fig. 1G). These results suggested that the effect of AGR is 
dependent on the cell type and that AGR treatment increases cell 
viability in iPSCs. 

3.2. Comprehensive gene expression analysis by RNA-seq in AGR-treated 
cells 

Since AGR-induced cellular response differed depending on cell type, 
we compared gene expression changes by RNA-seq between NB1RGB 
fibroblasts, C2 iPSCs, and P1 KCs, which share the same genetic back-
ground. The number of upregulated genes (NB1RGB: 903, C2 iPSCs: 87, 
and P1 KCs: 205) and downregulated genes (NB1RGB: 634, C2 iPSCs: 42, 
and P1 KCs: 459) induced by AGR treatment with 50 μM for 4 h are 
shown in Fig. 2A. 

Next, GO enrichment analysis was performed to investigate the as-
sociation of AGR-upregulated genes. Fig. 2B shows the top 10 enriched 
terms of biological processes in each cell line. NB1RGB fibroblasts pro-
cesses included increasing of cell cycle, cell division, DNA repair and P1 
KCs processes included increasing of response to chemical and temper-
ature stimuli; processes in C2 iPSCs included cellular developmental 
factors and organ morphogenesis. The log2 (fold change) of several 
genes upregulated were indicated by heat mapping (Fig. 2C). In 
NB1RGB fibroblasts, the expression of cell cycle regulatory genes 
increased, which have also been reported as IEGs in previous studies 
(Arner et al., 2015; Murai et al., 2020). In C2 iPSCs, the expression of 
IEGs such as JUN and DUSP8 also increased. In addition, the expression 
of multiple genes related to development, e.g., PAX5 and ZIC1 for neural 
development (Adams et al., 1992; Aruga et al., 2011), SP8 for limb 
development (Haro et al., 2014), and INHBA for testis development 
(Tomaszewski et al., 2007) was also affected. The expression of heat 
shock proteins (HSPs) and their co-chaperones was increased in P1 KCs. 
HSPs are protein-folding chaperones but are also related to keratinocyte 
differentiation, UVB protection, and DNA repair. The expression profile 
of HSPs has been reported to differ depending on the differentiation 
level of epidermal keratinocytes (Scieglinska et al., 2019). These results 
suggest that AGR-induced gene expression changes significantly differed 
among the three cell types, but were related to IEG response and 
differentiation. 

3.3. Induction of IEGs by AGR 

IEGs are usually induced very quickly within a few minutes following 
stimulation. Therefore, cells treated with AGR for 0.5–4 h were analyzed 
by RT-PCR (Fig. 3A and B). Expression of major IEGs, such as JUN, FOS, 
and EGR1, was increased in NB1RGB fibroblasts at a peak of 0.5–1 h. 
EGR1 expression also peaked in 1 h in C2 iPSCs, but expression of FOS 
and JUN increased with treatment in a time-dependent manner. In 
contrast, expression of these genes did not increase in P1 KCs. 

These results suggest that AGR induces typical IEG responses in 
NB1RGB fibroblasts, whereas those in iPSCs are different. Therefore, C2 
iPSCs were treated with AGR for 4–24 h, and IEGs and differentiation- 
related factors were analyzed by RT-PCR (Fig. 4A and B). SRF, a major 
regulator of IEG expression, is essential for differentiation of PSCs into 
various cells (Connelly et al., 2010; Weinhold et al., 2000). In addition, 
CCND1 induced by JUN and FOS regulates PSCs differentiation (Pauklin 
et al., 2016; Pauklin et al.,2013). In C2 iPSCs, AGR treatment induced 
increases in expression of SRF and CCND1,2,3 (cyclin Ds) along with that 
of the IEGs (JUN, FOS, ATF3, DUSP6, and DUSP8). The expression of 
FOS, SRF, ATF, and cyclin Ds in iPSCs C2 showed the same tendency in 
qRT-PCR (Supplemental Fig. 1). However, expression of SRF and cyclin 
Ds mRNA in NB1RGB fibroblasts was not significantly increased, indi-
cating that this is a characteristic phenomenon of iPSCs. 

3.4. Effect of AGR on cellular metabolism 

High proliferation of PSCs depends on the energy efficiency of 
glycolysis. Since AGR treated iPSCs increased cell viability (Fig. 1B), we 
investigated effect of AGR on cellular metabolism. We found AGR 
treated iPSCs showed increasing of Ac-CoA, lactate, and glucose amount 
compared with no treated cells (Fig. 5). Furthermore, gene expression 
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analysis revealed that AGR treatment transiently increased expression 
level of glycolysis and tricarboxylic acid (TCA) cycle pathway associated 
genes, pyruvate dehydrogenase (PDHB), ATP citrate synthase (ACLY), 
Ac-CoA synthetase (ACSS2), and uncoupling protein 2 (UCP2) genes in 

iPSCs. These results suggest that AGR transiently enhances cellular 
metabolism in PSCs. 

Fig. 2. Gene expression analysis by RNA sequencing in AGR treated cells.(A) Total RNA of AGR treated NB1RGB fibroblasts, C2 iPSCs, and P1 KCs was extracted and 
used for RNA sequencing analysis. Differential expression genes analysis was performed by DESeq2 and upregulated (log2 (fold change) > 1, P value < 0.01) or 
downregulated (log2 (fold change) < − 1, P value < 0.01) genes were shown. (B) Gene ontology analysis was performed by STRING. The top 10 biological process 
were plotted. (C) Log2 (fold change) of genes upregulated by AGR in each cell was shown on heatmap. Genes reported as IEGs in previous studies (Arner et al., 2015; 
Murai et al., 2020) were marked with asterisk (*). 
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4. Discussion 

We investigated the effect of AGR on gene expression, cell viability, 

cell cycle, and ROS generation between fibroblasts, iPSCs, and KCs 
differentiated from iPSCs. IEG expression was induced by AGR treat-
ment in fibroblasts and iPSCs (Figs. 3 and 4), with a rapid and transient 

Fig. 3. IEGs expression analysis by RT-PCR in AGR treated cells.(A) Gene expression of IEGs, JUN, FOS, and EGR1 assessed by RT-PCR in AGR-treated cells. GAPDH 
was used as loading control. (B) Intensities of PCR gel bands were measured by ImageJ software and graphed. 

Fig. 4. IEGs and differentiation-related factors expression analysis by RT-PCR in AGR treated cells (A) Gene expression of IEGs (JUN, FOS, ATF3, DUSP6, and DUSP8) 
and differentiation-related factors (SRF and CCND1,2,3) were assessed by RT-PCR in AGR treated cells. GAPDH was used as loading control. (B) Intensities of PCR gel 
bands were measured by ImageJ software and graphed. 
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response of IEG expression in NB1RGB fibroblasts. In contrast, the peak 
of IEG expression in iPSCs occurred after 4 h, which was delayed 
compared with that of the typical response. In previous studies, SLFN11- 
dependent IEG responses involved in chromatin remodeling also 
induced IEG expression in 4–6 h (Murai et al., 2020). AGR-induced IEG 
responses in iPSCs may also include chromatin remodeling. 

In iPSCs, AGR treatment increased the expression of SRF and cyclin 
Ds mRNA along with IEG expression (Fig. 4). SRF is essential for IEG 
responses and differentiation in PSCs (Connelly et al., 2010; Schratt 
et al., 2001; Weinhold et al., 2000). Cyclin D1 is cell cycle regulator, and 
cell cycle regulation differs between PSCs and somatic cells (Liu et al., 
2019). The short G1 phase of PSCs is related to pluripotency. With PSC 
differentiation, the G1 phase expands and the cyclin D1 expression in-
creases accordingly. Cyclin D1 induces expression of genes that are 
involved in neuroectoderm differentiation along with cofactors such as 
P300 in the late G1 phase (Pauklin et al., 2016; Pauklin et al.,2013). 
Here, we observed upregulation of expression of neural development 
factors (PAX5, ZIC1, and OLIG3) in AGR treated iPSCs (Fig. 2). This 
suggests that differentiation signals to neuroectoderms were activated 
by AGR in iPSCs. 

High proliferation and pluripotency of PSCs predominately 
contribute to glycolysis (Tsogtbaatar et al., 2020; Zhang et al., 2018). 
The energy efficiency of glycolysis is lower than that of oxidative 
phosphorylation (OxPhos), but the ATP synthesis speed is higher. Nu-
cleotides and lipids can also be synthesized by glycolytic intermediates. 
Therefore, glycolysis can be adapted to rapid cell division and high 
proliferation in PSCs. Furthermore, reducing the level of ROS by OxPhos 
also helps maintain genomic stability. The Ac-CoA generated in glycol-
ysis also maintains histone acetylation and pluripotency (Moussaieff 
et al., 2015). In the first 24 h of cell differentiation, glycolysis is reported 
to be turned off and coupled with OxPhos in PSCs, resulting in histone 
deacetylation and reduced levels of pluripotency markers. We showed 
that 24-h AGR treatment increased the cell viability of iPSCs, but not 
that of somatic cells (Fig. 1B). The WST8 assay used in this study mea-
sures cell viability by dehydrogenase activity. Therefore, if a change in 
dehydrogenase activity occurs this will affect correlation with cell 
viability. AGR treatment transiently increased gene expression of 
metabolic factors such as ACLY, PDHB, ACSS2, and UCP2 (Fig. 5D). 
ACLY, PDHB, and ACSS2 are factors involved in the synthesis of Ac-CoA, 
and UCP2 plays a role in coupling glycolysis with OxPhos. It has been 
reported that UCP2 expression decreases with differentiation (Zhang 
et al., 2011). In addition, the concentration of intracellular metabolism- 

related components, Ac-CoA, lactate, and glucose (Fig. 5A, B, and C), 
tended to increase with the AGR treatment, although pluripotency was 
maintained (Fig. 1G). Based on these results, we hypothesize that AGR 
transiently induces IEGs and metabolic factors at least for 4 h, and it 
gradually decreases resulting maintaining pluripotency. 

In previous studies, we showed that P1 KCs has a faster DNA repair 
rate and higher radiosensitivity than more differentiated KCs (P2 and 
P3) (Miyake et al., 2019). We consider that P1 KCs are cycling precursors 
and also have properties similar to epidermal stem cells. In this study, 
the expression of HSPs related to keratinocyte differentiation was 
upregulated by AGR treatment in P1 KCs (Fig. 2); therefore, we expect 
that AGR promotes epidermal stem cell differentiation. 

This study showed that AGR activates IEG-mediated differentiation 
signals and cellular metabolism in iPSCs. Thus, our results contribute to 
the elucidation of pluripotency and metabolic regulation in iPSCs. 
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Fig. 5. AGR transiently enhances cell metabolism in iPSCs. (A-C) Concentration 
of intracellular metabolism-related components (A; Ac-CoA, B; Lactate, and C; 
Glucose,) at 50 μM AGR for 24 h was quantified. All experiments were inde-
pendently performed three times. Error bar represented standard error. (D) 
Gene expression of metabolism-related factors (ACLY, PDHB, ACSS2, and UCP2) 
were assessed by qRT-PCR in AGR treated iPSCs. 
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