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Abstract

Background: Changes in metabolic pathway preferences are key events in the reprogramming process of somatic

cells to induced pluripotent stem cells (iPSCs). The optimization of metabolic conditions can enhance reprogramming;

however, the detailed underlying mechanisms are largely unclear. By comparing the gene expression profiles

of somatic cells, intermediate-phase cells, and iPSCs, we found that carnitine palmitoyltransferase (Cpt)1b, a rate-limiting

enzyme in fatty acid oxidation, was significantly upregulated in the early stage of the reprogramming process.

Methods: Mouse embryonic fibroblasts isolated from transgenic mice carrying doxycycline (Dox)-inducible Yamanaka

factor constructs were used for reprogramming. Various fatty acid oxidation-related metabolites were added during the

reprogramming process. Colony counting and fluorescence-activated cell sorting (FACS) were used to calculate

reprogramming efficiency. Fatty acid oxidation-related metabolites were measured by liquid chromatography–mass

spectrometry. Seahorse was used to measure the level of oxidative phosphorylation.

Results: We found that overexpression of cpt1b enhanced reprogramming efficiency. Furthermore, palmitoylcarnitine

or acetyl-CoA, the primary and final products of Cpt1-mediated fatty acid oxidation, also promoted reprogramming.

In the early reprogramming process, fatty acid oxidation upregulated oxidative phosphorylation and downregulated

protein kinase C activity. Inhibition of protein kinase C also promoted reprogramming.

Conclusion: We demonstrated that fatty acid oxidation promotes reprogramming by enhancing oxidative

phosphorylation and inhibiting protein kinase C activity in the early stage of the reprogramming process. This study

reveals that fatty acid oxidation is crucial for the reprogramming efficiency.

Keywords: Cpt1, Palmitoylcarnitine, Oxidative phosphorylation, Acyl-CoA, Reprogramming, Fatty acid oxidation,

Protein Kinase C, Induced pluripotent stem cells

Background

Metabolic regulation is crucial for maintaining stem cell

homeostasis and cell differentiation [1–8]. During

embryonic development, pluripotent stem cells exist

mostly in a hypoxic environment and are associated with

the preference for glycolysis over oxidative phosphorylation

(OXPHOS) [2, 9]. Several studies have indicated that

glycolysis-mediated changes control the pluripotency and

differentiation of embryonic stem cells (ESCs) [3, 4, 6, 7].

Similar to ESCs, induced pluripotent stem cells (iPSCs)

proliferate much faster than somatic cells, which require the

fast accumulation of biomass [10, 11]. Changes in metabolic

pathway preferences are associated with the reprogramming

process from somatic cells to iPSCs [5, 7, 12–16].

The metabolic switch from OXPHOS to glycolysis is

required for the reprogramming process [5, 15, 16]. The
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results that show that the reprogramming efficiency is

increased in a hypoxic environment also support the

hypothesis that modification of metabolic pathways can

affect the reprogramming efficiency [17]. Recent studies

have shown that reprogramming factors, such as Lin28,

c-Myc, and hypoxia-inducible factor (HIF)1α, regulate

the reprogramming process via glucose metabolism

[18–20]. Glycolysis also regulates histone acetylation

and methylation according to recent reports [3, 4].

However, OXPHOS is also important in the early stage of

reprogramming [13]. Taken together, metabolic regulation

is complex and crucial for reprogramming.

Fatty acid oxidation is essential for oocyte and early

embryonic development [9]. Recent work suggests that

fatty acid synthesis is critical for pluripotency [14].

Unfortunately, the study of fatty acid oxidation during

reprogramming has been largely ignored [8]. Classic

fatty acid metabolism involves the breakdown of fatty

acids by beta-oxidation within the mitochondria. However,

the activated long-chain fatty acids, such as palmitoyl-

CoA, cannot diffuse through the mitochondrial inner

membrane. A shuttle system, composed of carnitine

palmitoyltransferase (Cpt)1, translocase, and Cpt2, is

required to transfer activated long-chain fatty acids into

mitochondria. The reaction mediated by Cpt1 is the rate-

limiting step of this shuttle system. Cpt1 catalyzes the

transfer of the acyl group from coenzyme A to carnitine.

In this study, we used gene expression profiles

obtained in our previous study [21] to identify fatty acid

metabolism-associated genes. We found that Cpt1b was

significantly upregulated at the early stage of the

reprogramming process. Furthermore, the fatty acid

oxidation-related metabolites play a crucial role in the

induction of iPSCs.

Methods

Mouse breeding and ethics statement

Mice used in this study were generated by mating two

strains imported from the Jackson Laboratory (011004

and 008214). Mice were maintained in an Association

for Assessment and Accreditation of Laboratory Animal

Care International-accredited specific pathogen-free

(SPF) animal facility. Animal welfare and experimental

procedures were approved by the Animal Care and Use

Committee of the Model Animal Research Center,

Nanjing University.

Cell culture

Mouse ESCs and iPSCs were maintained in M15

medium, which is composed of Dulbecco’s modified

Eagle’s medium (DMEM; Gibco Invitrogen, Carlsbad,

CA, USA) supplemented with 15% fetal bovine serum

(FBS; Gibco), 100 μM β-mercaptoethanol (Sigma-Aldrich,

St. Louis, MO, USA), 2 mM nonessential amino acids

(Gibco), 2 mM L-glutamine (Gibco), 1 mM sodium

pyruvate (Gibco), and 10 ng/ml leukemia inhibitory

factor (LIF; Chemicon, Temecula, CA, USA) on feeder

cells composed of mitomycin C-treated primary mouse

embryonic fibroblast (MEF) cells. All experimental

cultures were maintained at 37 °C in a moist atmos-

phere of 95% air and 5% CO2. Palmitoylcarnitine (PC),

acetylcarnitine, perhexiline maleate sodium (PMS), GF

109203X (GFX), and etomoxir (ETO) were obtained

from Sigma-Aldrich.

Derivation of MEF cells

MEFs were derived from d13.5 mouse embryos. The head

and visceral tissues were removed first. The remaining

regions were subsequently washed with phosphate-

buffered saline (PBS), minced into small pieces with

scissors, and digested with a 0.25% trypsin/1 mM

EDTA solution (0.5 ml per embryo) in a 37 °C water

bath for 15 min. After trypsinization, an equal volume

of MEF medium (DMEM supplemented with 10% FBS)

was added and pipetted up and down to dissociate the

cells. Next, the cells were collected by centrifugation

(1000 × g for 3 min) and resuspended in MEF medium.

A total of 1 × 106 cells per 100-mm dish were cultured

and marked as “passage 0”. MEFs were used within

three passages.

Plasmid construction

The PiggyBac system, which was obtained from Dr. Liu

Pengtao’s laboratory, includes a donor vector, the

M2rtTA vector, and the PiggyBac transposase vector.

The Cpt1b overexpression plasmid was constructed by

insertion of the Cpt1b coding region into the donor

vector through the EcoR I and Xba I sites. The primer

sequences were as follows: forward, 5′-GGAGAAATGGC

GGAAGCACACCAGGC-3′; reverse, 5′-TCTAGATCAG

CTGTCTGTCTTGGAAATTTTG-3′.

PiggyBac plasmid electroporation and iPSC induction

Before transformation, MEFs were detached from the

dish with trypsin. Dissociated cells were collected and

counted. Cells were resuspended at a density of 5 × 106

cells per ml. Then, 400 μl of the cell mixture were added

to a 2-cm cuvette with 12 μg plasmids and electroporated

at 250 V 10 times using the square pulse setting of the

Bio-Rad Gene Pulser X cell™ System, with a duration of

each pulse of 1 ms followed by an interval of 10 s. For the

primary reprogramming system, after electroporation,

MEFs were seeded at a density of 1 × 106 cells per well in

a six-well plate in MEF medium. Twenty-four hours later,

cells were cultured in M15 medium containing 2 mM

doxycycline (Dox) and small molecular compounds.

Palmitoylcarnitine (Sigma-Aldrich) and acetylcarnitine

(Sigma-Aldrich) were added as described. After 14 days of
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culture, colonies were picked or stained for further

analysis. For the secondary reprogramming system,

MEFs were isolated from transgenic mice carrying

Dox-inducible Yamanaka factors and a green fluorescent

protein (GFP) reporter gene controlled by the Oct4

promoter. MEFs were seeded at a density of 1 × 105 cells

per well in a six-well plate in MEF medium. Twenty-

four hours later, cells were cultured in M15 medium

with 2 mM Dox and small molecular compounds.

Palmitoylcarnitine (Sigma-Aldrich) and acetylcarnitine

(Sigma-Aldrich) were added as described. After 21 days of

culture, colonies were picked or stained for further analysis.

Quantitative reverse-transcription polymerase

chain reaction (qRT-PCR)

Total RNA was extracted using RNAiso Plus (Takara,

Dalian, China). For reverse transcription, the PrimeScript

RT Reagent Kit (Takara) was used. Each gene was

quantified using a StepOne Plus (ABI) machine. Primers

are listed in Additional file 1.

Alkaline phosphatase staining

Alkaline phosphatase (AP) staining was performed with

AP buffers containing 1 mg/ml Fast Red TR Salt (Sigma-

Aldrich) and 0.04% Naphthol AS-MX Phosphate Alka-

line Solution (Sigma-Aldrich). Cells were washed with

PBS twice, fixed in 4% paraformaldehyde (PFA) for 1

min, and stained with AP buffers for 15 min.

Western blots

Cells were harvested with RIPA lysis buffer containing

0.5% NP-40, 150 mM NaCl, 1 mM EDTA (pH 8.0),

50 mM Tris-HCl (pH 8.0), and protease inhibitors.

Protein extracts were quantified and separated by

electrophoresis on a 15% SDS–PAGE gel. Primary anti-

bodies including HIF1α (1:1000, NB100–105, Novus,

Littleton, CO, USA), HIF2α (1:500, NB100–132, Novus),

GAPDH (1:10,000, SC32233, Santa Cruz Biotechnology,

Santa Cruz, CA, USA), α-tubulin (1:10,000, bs1699,

Bioworld, Dublin, OH, USA), GSK3β (1:1000, Cell

Signaling Technology, 9332, Danvers, MA, USA), p-GSK3β

(1:1000, Cell Signaling Technology, 9336), ERK1/2 (1:1000,

bs1112, Bioworld), and p-ERK1/2 (1:1000, bs4621,

Bioworld) were used. The secondary antibodies used were

goat anti-mouse (1:10,000, 31,439, Pierce, Rockford, IL,

USA) and goat anti-rabbit (1:10,000, Sigma-Aldrich).

Flow cytometry

Cells were dissociated with 0.25% trypsin/1 mM EDTA

solution and passed through 35-μm nylon mesh (BD

Biosciences) to obtain single-cell suspensions. Cells were

analyzed on a FACSAria II instrument (BD Biosciences).

Cutoffs were set using uninduced MEFs. Data were

analyzed by FlowJo software (FlowJo, LLC).

Immunocytochemistry

Cells were fixed in 4% PFA for 30 min and washed three

times with PBST. After blocking with 10% goat serum

for 1 h at room temperature, the cells were washed again

with PBST three times. Primary antibodies, including

Nanog (1:1000, Abcam, Cambridge, MA, USA) and

Oct4 (1:50, Santa Cruz), were added overnight. For detec-

tion, goat anti-rabbit IgG-FITC (1:500, Sigma-Aldrich)

and goat anti-mouse IgG-rhodamine (1:1000, Pierce) were

added to the dishes and incubated for 30 min.

RNA-seq library generation, sequencing, and analysis

Total RNA was isolated from cells using RNAiso Plus

(Takara). Libraries were prepared from 100 to 1000 ng

total RNA using the VAHTS™ mRNA-seq v2 Library

Prep Kit for Illumina® (Vazyme, Nanjing, China)

according to the manufacturer’s protocol. Libraries

were validated by the 2100 BioAnalyzer (Agilent, Beijing,

China), normalized, and pooled for sequencing. Libraries

were sequenced on the Illumina HiSeq X Ten using bar-

coded multiplexing and a 150-bp read length. Image

analysis and base calling were performed with Illumina

CASAVA-1.8.2. This yielded approximately 10 M usable

reads per sample. Short read sequences were mapped to a

UCSC mm10 reference sequence using Tophat [22].

Differential gene expression analysis, statistical testing, and

annotation were performed using the number of uniquely

mapped reads per kilobase transcriptome per million

mappable reads (RPKM) based on previous reports [23].

Liquid chromatography–mass spectrometry

(LC-MS) analysis

When the MEFs reached confluency, cells were treated

with drugs and gently harvested. For short-chain acyl-CoA,

high-pressure liquid chromatography (HPLC) analysis was

performed using the Surveyor LC system (Thermo Fisher,

Bremen, Germany) with MS plus pumps and the Micro As

auto sampler. Mass spectral analysis was performed on the

LTQ-Orbitrap XL mass spectrometer (Thermo Fisher,

Bremen, Germany) with an electrospray ionization (ESI)

probe operated in positive ion mode. For long-chain acyl-

CoA, HPLC analysis was performed using the LC20 UFLC

system (SHIMADU, Japan) composed of a column oven

and an autosampler. Mass spectral analysis was performed

on the Triple Quad™ 5500 LC/MS/MS system (AB Sciex,

USA) with a TurboV™ ESI source operated in positive ion

mode that was held at 450 °C. More detailed protocols are

provided in Additional file 2.

Seahorse measurement of mitochondrial

bioenergetic parameters

An XF24 Analyzer (Seahorse Bioscience, North Billerica,

MA, USA) was used to measure the bioenergetic

function of MEFs. A total of 25,000 MEFs were seeded
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per well. The culture medium was replaced by assay

medium 1 h before measurements. The oxygen con-

sumption rate (OCR) and extracellular acidification rate

(ECAR) were monitored in real time in an incubation

chamber at 37 °C according to the manufacturer’s rec-

ommendations. More detailed protocols are provided in

Additional file 2.

Statistical analysis

The mean and standard deviation (SD) were derived

from at least three independent experiments, as presented

in the figure legends. In the figures, bar graphs represent

the mean, whereas error bars represent the standard error

of mean (SEM). Statistical analysis was performed using a

two-tailed Student’s t test. The microarray data were

normalized by GeneSpring GX software and analyzed

by DAVID Functional Annotation Bioinformatics

Microarray Analysis software [24, 25].

Results

Cpt1b enhances reprogramming efficiency

To identify candidate genes related to fatty acid metabolism

that are involved in the reprogramming process, we

analyzed the gene expression profiles of mouse embryonic

fibroblasts (MEFs), reprogrammed intermediate phase

cells, and iPSCs [21]. A DAVID functional analysis was

performed, and the relative expression levels of the

candidate genes were confirmed by qRT-PCR and

Western blot. The expression of Cpt1b was upregulated

during the reprogramming process while Cpt1a was

downregulated (Fig. 1a and Additional file 3). To

determine the role of Cpt1b in reprogramming, we

inserted the coding sequence of Cpt1b into the PiggyBac

reprogramming system established by Wang et al. [26].

The efficiency of iPSC induction was increased by

overexpressing Cpt1b in combination with the Yamanaka

factors during reprogramming (Fig. 1b). To eliminate the

potential problem caused by the variable transfection

efficiency of the ‘primary’ system, we repeated the experi-

ment using a ‘secondary’ reprogramming system generated

by Carey et al. [27]. This system uses MEFs isolated from

transgenic mice carrying doxycycline (Dox)-inducible

Yamanaka factor constructs. In this system, all MEFs

express the reprogramming factors after Dox induction

and the reprogrammed cells can be identified by express-

ing a GFP reporter gene controlled by the Oct4 promoter.

In this system, we confirmed higher reprogramming

efficiency in response to Cpt1b overexpression. The

numbers of alkaline phosphatase (AP)-positive colonies

and GFP-positive colonies were both significantly higher

in the Cpt1b overexpression group than in the control

group (Fig. 1c). Since the ‘secondary’ reprogramming

system is more reliable, it was used in the following exper-

iments. Furthermore, the addition of palmitoyl-CoA and

carnitine, the substrates for Cpt1b, also increase

reprogramming efficiency (see Additional file 4).

These results demonstrate that Cpt1b plays an important

role in the reprogramming process.

Palmitoylcarnitine, the direct metabolite of the

Cpt1b-mediated reaction, enhances reprogramming

Fatty acid metabolism involves three steps: fatty acid

activation, mitochondrial transfer of acyl-CoA, and fatty

acid oxidation in the mitochondria. Cpt1b is one of the

key enzymes involved in the second step, mediating the

conversion of palmitoyl-CoA and L-carnitine to L-palmi-

toylcarnitine. L-Palmitoylcarnitine then passes through

the inner membrane of the mitochondria and serves as a

primary metabolite for fatty acid oxidation. To confirm

whether Cpt1b regulates reprogramming through the

modification of fatty acid metabolism, we added palmi-

toylcarnitine (PC) to the culture medium during the

reprogramming process. PC increased the reprogramming

efficiency in both reprogramming systems (Fig. 1d–f ) with

an optimal concentration range of 25 μM to 50 μM

(Fig. 1e). PC became lethal at concentrations higher

than 50 μM. We also confirmed that PC increased

the reprogramming efficiency in the human fibroblast

system, indicating a conserved regulatory mechanism

(Additional file 5). These results demonstrate that PC,

the direct fatty acid metabolite of the Cpt1b-mediated

reaction, enhances reprogramming and also suggests

that fatty acid oxidation plays an important role in

reprogramming.

We compared palmitoylcarnitine-induced pluripotent

stem cells (PC-iPSCs) with ESCs and normal iPSCs to

confirm that there were no differences in pluripotency.

Immunofluorescence indicated no difference in Oct4 or

Nanog expression patterns in colonies derived from

iPSCs and PC-iPSCs (Fig. 2a). qRT-PCR showed that

pluripotency markers were expressed at similar levels in

PC-iPSCs compared with those in normal iPSCs and

ESCs (Fig. 2b and Additional file 6). Embryonic body

(EB) differentiation assays coupled with qRT-PCR showed

that markers of all three germ layers were expressed in

both cell types (Fig. 2c and Additional file 6). Furthermore,

the Pearson correlation coefficient analysis of global gene

expression from RNA-seq showed that PC-iPSCs were

similar to iPSCs and ESCs (Fig. 2d). The pluripotent gene

expression pattern and global gene expression pattern

were also similar among PC-iPSCs, iPSCs, and ESCs

(Fig. 2e and Additional files 6 and 7). Thus, the above

results suggest that PC-iPSCs possess the same degree of

pluripotency as normal iPSCs.

Fatty acid oxidation regulates reprogramming

To further confirm whether fatty acid oxidation regulates

reprogramming, we treated cells with a Cpt1 inhibitor,
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etomoxir (ETO). ETO blocks the enzymatic activity of

Cpt1 family proteins. Treatment with 40 μM ETO

markedly inhibited reprogramming (Fig. 3a). This inhi-

bition was rescued by the addition of PC (Fig. 3a),

suggesting that the enzymatic activity of Cpt1 family

proteins is crucial for reprogramming. This conclusion

was confirmed by treating cells with another Cpt1 inhibi-

tor, perhexiline maleate salt (PMS; Additional file 8). The

percentage of Oct4-GFP-positive cells, determined by

fluorescence-activated cell sorting (FACS), was consistent

with the colony counting results (Additional file 8).

We also examined the metabolite changes involved in

the alteration of fatty acid oxidation by LC-MS. The

intracellular level of acetyl-CoA, the final product of

fatty acid oxidation, was increased 1 h after PC treatment

(Fig. 3b–d and Additional file 9). Furthermore, the levels

of lauroyl-CoA and myristoyl-CoA, the direct downstream

products of palmitoyl-CoA, were also increased 10 min

after PC treatment (Fig. 3e–g and Additional file 9).

Interestingly, acetyl-CoA (by acetylcarnitine) also en-

hanced reprogramming and rescued the PMS/ETO-medi-

ated inhibition of reprogramming, similar to PC (Fig. 3h, i,

and Additional file 8). These results confirm that

increased fatty acid oxidation promotes reprogramming.

Fatty acid oxidation enhances OXPHOS

during early reprogramming

To investigate the functional stage at which fatty acid

oxidation affects reprogramming, we measured repro-

gramming efficiency by treating cells with PC for various

Fig. 1 Cpt1b and palmitoylcarnitine enhance reprogramming efficiency. a Quantitative RT-PCR analysis of cpt1b mRNA levels in mouse embryonic

fibroblasts (MEFs) and induced pluripotent stem cells (iPSCs). b Strategy of the PiggyBac Transposon derived reprogramming process and

the relative levels of alkaline phosphatase (AP)-positive colonies in the primary reprogramming system with or without cpt1b overexpression. c Strategy

of the reprogramming process in the secondary reprogramming system and the relative levels of AP- and green fluorescent protein

(GFP)-positive colonies with or without cpt1b overexpression. d Images of AP-stained colonies in control and palmitoylcarnitine (PC)-treated

plates. e Relative levels of AP-positive colonies with or without PC (25 μM or 50 μM) in the primary reprogramming system. f Relative levels of AP- and

GFP-positive colonies with or without PC (50 μM) in the secondary reprogramming system. Data are presented as the mean ± SEM (n = 3). *P < 0.05;

**P < 0.01; ***P < 0.005 (Student’s t test). Cpt carnitine palmitoyltransferase, Dox doxycycline, WT wild-type
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times. PC enhanced reprogramming efficiency only at

the first week (Fig. 4a) and had no effect when

added more than 1 week after Dox induction. The

percentage of OCT4-GFP-positive cells determined

by FACS was also consistent with the colony counting

results (Additional file 8).

Next, we measured the changes in OXPHOS capacity

during induced reprogramming using the Seahorse

system. The OXPHOS peak appeared on the third day of

reprogramming and subsequently decreased on the fifth

day. The OXPHOS capacity was lower in cells after 7 days

of reprogramming than in normal MEFs (Fig. 4b, c).

The addition of PC in the first 3 days significantly

increased the OXPHOS levels in both normal and

reprogrammed MEFs, indicating that fatty acid oxi-

dation may help maintain peak OXPHOS capacity,

which is important during early reprogramming

(Fig. 4d, e). Reprogramming efficiency in the group

treated with PC for 3 days was not higher than that

in the group treated with PC for 21 days. However,

the group treated with PC for 7 days showed the

highest efficiency (Fig. 4f ). The above results suggest

Fig. 2 Palmitoylcarnitine induced pluripotent stem cells (PC-iPSCs) have the same pluripotency as embryonic stem cells (ESCs) and iPSCs.

a Immunofluorescence staining for pluripotent markers in PC-iPSCs and iPSCs (blue is Hoechst for nucleus, red is Nanog, green is Oct4).

Scale bar = 100 μm. b Quantitative RT-PCR analysis of pluripotent markers for ESCs (B6/Blu), iPSCs, and PC-iPSCs. c Quantitative RT-PCR

analysis of markers for three germ layers in embryonic bodies (EBs) formed by ESCs, iPSCs, and PC-iPSCs. Gata6: endoderm; FGF5, Otx2:

ectoderm; Brachyury, Sox4: mesoderm. d Pearson correlation coefficient analysis of global gene expression in RNA-seq analysis performed on mouse

embryonic fibroblasts (MEFs), ESCs, iPSCs, and PC-iPSCs. e Heat map of pluripotent gene expression in RNA-seq analysis performed on MEFs, ESCs,

iPSCs, and PC-iPSCs (detailed expression data are shown in Additional file 7). Data are presented as the mean ± SEM (n = 3)
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that fatty acid oxidation enhances the early stage of

reprogramming by promoting OXPHOS levels, although

another pathway that affects reprogramming may

also exist.

Protein kinase C is required for fatty acid oxidation

function in regulating reprogramming efficiency

To investigate the underlying molecular mechanism,

we examined the pathways required for fatty acid

oxidation-mediated high reprogramming efficiency.

Cell proliferation is one possible target of fatty acid

oxidation because increased oxidation may provide

more energy and biomaterials for cell division. First,

MEFs carrying Dox-inducible Yamanaka factors were

cultured with or without Dox at a normal density (2 × 104

cells per well on a six-well plate). PC suppressed the

proliferation of MEFs in culture medium without Dox but

promoted the proliferation of MEFs when Dox was added

(Fig. 5a). When MEFs were cultured at a higher density

(1 × 105 cells per well of a six-well plate, a concentra-

tion used in the reprogramming experiment) for 48 h,

the cell number of the group treated with PC was

significantly higher compared with that of the groups

without PC treatment. However, after 48 h of Dox

induction, PC treatment displayed no effect on cell

proliferation (Fig. 5b). The PC-induced increase in cell

proliferation may be eliminated by confluent cell inter-

actions. Furthermore, PMS, which blocks reprogramming

by inhibiting Cpt1, did not affect cell proliferation (Fig. 5c),

suggesting that the enhancement of cell proliferation is

not the underlying mechanism by which PC regulates the

reprogramming process.

Although PC is the direct product of Cpt1-mediated

fatty acid oxidation, this does not preclude the possibility

that PC also affects reprogramming through other

pathways. It is known that PC enhances the formation of

erythroid colonies [28], suggesting that PC may associate

with a hypoxia-like state. To explore this possibility, we

Fig. 3 Fatty acid oxidation enhances reprogramming efficiency. a Relative levels of GFP-positive colonies with or without etomoxir (ETO; 40 μM)

after reprogramming in the presence of palmitoylcarnitine (PC; 25 μM). b HPLC total ion chromatogram of short-chain acyl-CoA of fatty

acid oxidation. c Positive ion electrospray scan mass spectra of acetyl-CoA (810). d Acetyl-CoA (C2-CoA) concentration before and after

palmitoylcarnitine treatment. e Multiple reaction monitoring (MRM) chromatograms of long-chain acyl-CoA of fatty acid oxidation. f Lauroyl-CoA

(C12-CoA) concentration before and after palmitoylcarnitine treatment. g Myristoyl-CoA (C14-CoA) concentration before and after palmitoylcarnitine

treatment. h Relative levels of AP-positive colonies with or without acetylcarnitine (AC; 25 μM) after reprogramming. i Relative levels of

AP-positive colonies with or without AC (AC; 25 μM) and perhexiline maleate salt (PMS; 2 μg/ml) after reprogramming. Data are presented as the

mean ± SEM (n = 3). *P < 0.05; **P < 0.01, ***P < 0.005 (Student’s t test)
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measured the protein levels of HIF1α and HIF2α using

the primary reprogramming system with and without

PC treatment at two different time points in three

independent experiments. HIF1α and HIF2α levels

were changed only slightly, with no significant differences

(Additional file 10).

GSK3β and ERK1/2 are associated with the mainten-

ance of pluripotency and reprogramming. We measured

the phosphorylation levels of these two proteins during

the early stage of reprogramming. The phosphorylation

level of GSK3β was decreased, whereas the phosphoryl-

ation of ERK1/2 was increased (Fig. 5d). GSK3β (Ser9)

and ERK1/2 are the downstream targets of protein

kinase C (PKC), and PC is a well-known PKC inhibitor

[29]. We confirmed that PKC activity was inhibited by

PC in the secondary reprogramming system (Fig. 5e).

Next, we measured the phosphorylation of GSK3β (Ser9)

and ERK1/2 in cells cultured with PC and in cells

cultured with a PKC inhibitor (GFX). The level of

p-GSK3β was reduced following treatment with both

PC and GFX. However, the level of p-ERK1/2 was de-

creased only following GFX treatment (Fig. 5f, g). Moreover,

both PKC activity and p-GSK3β were also downregulated

in Cpt1b overexpressed cells (Additional file 11). The

change in GSK3β phosphorylation occurred during the

early stage of reprogramming, which correlated with the

observation that PC showed the highest efficiency when in-

troduced within the first 7 days. The decreased p-

GSK3β (Ser9) levels suggest increased GSK3β activity

[30], which could promote the mesenchymal-to-epithelial

transition (MET) process to enhance reprogramming in

the early stage, consistent with previous reports [21, 31].

Fig. 4 Fatty acid oxidation enhances OXPHOS during early reprogramming. a Relative levels of AP-positive colonies with palmitoylcarnitine (PC)

at different stages (1–7 days (7d), 1–14 days (14d), and 1–21 days (21d)) after reprogramming. b Mitostress test of reprogramming mouse embryonic

fibroblasts (MEFs) shows the basal oxygen consumption rate (OCR) and the maximal oxidative phosphorylation (OXPHOS) capacity. c Statistical results

of maximal OCR levels of (b). d Mitostress test showed the increased maximal OXPHOS capacity after PC treatment (3 days) in normal MEFs

and reprogramming MEFs. e Statistical results of maximal OCR levels of (d). f Relative levels of AP-positive colonies with PC in different stages

(1–3 days, 1–7 days, and 1–21 days) after reprogramming. Data are presented as the mean ± SEM (n = 3 in a and f, n = 5 in b–e). *P < 0.05

(Student’s t test). Dox doxycycline
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To confirm the function of GSK3β, we treated cells with

CHIR99021, an inhibitor of GSK3β, for the first 3 days

during iPSC induction. The results showed that inhib-

ition of GSK3β in the early stage decreased reprogram-

ming efficiency (Additional file 12).

Furthermore, the addition of a Cpt1 inhibitor (PMS or

ETO) increased the level of p-GSK3β, which was

rescued by PC (Fig. 6a, b and Additional file 13). The

addition of AC also decreased the phosphorylation level

of GSK3β (Fig. 6c, d). These results indicate that fatty

acid oxidation is important for PKC activity during the

early reprogramming process.

The addition of GFX (from 1 μM) during the repro-

gramming process increased reprogramming efficiency

(Fig. 6e). Similar to the results obtained following PC

treatment, we observed the highest reprogramming

efficiency when GFX was introduced during only the

first 7 days (Fig. 6f ). The percentage of OCT4-GFP-

positive cells determined by FACS was also consistent

with the colony counting results (Fig. 6g). Together,

these results suggest that the function of fatty acid

oxidation depends on the activity of PKC.

Discussion
Fatty acid oxidation for pluripotency is complex but

critical. Recent reports suggest that the beta-oxidation of

fatty acids plays an important role in the maintenance

Fig. 5 Palmitoylcarnitine (PC) regulates the phosphorylation of GSK3β in the early reprogramming process via protein kinase C (PKC). a Cell numbers

of mouse embryonic fibroblasts (MEFs) cultured in normal or reprogramming media with or without palmitoylcarnitine 3 days after seeding at 2 × 104

cells per well in a six-well plate. b Growth curve of MEFs seeded at 1 × 105 cells per well in a six-well plate in normal or reprogramming media with or

without PC. c Growth curve of MEFs seeded at 1 × 105 cells per well in a six-well plate in reprogramming media with or without perhexiline maleate

sodium (PMS). d Western blot for phosphorylation change of GSK3β and Erk1/2 at 0, 1, 3, 5, 7, and 9 days after reprogramming. e PKC activity analysis

of MEFs with or without PC. f Western blot for the phosphorylation of GSK3β and Erk1/2 in the reprogramming process with or without

PC or GF 109203X (GFX) 7 days after reprogramming. g Grayscale analysis of (f). Data are presented as the mean ± SEM (n = 3). *P < 0.05

(Student’s t test). Dox doxycycline
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Fig. 6 Fatty acid oxidation-mediated reprogramming efficiency change via downregulation of the protein kinase C (PKC)-GSK3β pathway.

a Western blot for the phosphorylation of GSK3β and Erk1/2 in the reprogramming process with or without Cpt1 inhibitors (etomoxir (ETO) or

perhexiline maleate salt (PMS)) 3 days after reprogramming. b Grayscale analysis of (a). c Western blot for the phosphorylation of GSK3β and Erk1/2 in

the reprogramming process with or without Cpt1 downstream metabolites (palmitoylcarnitine (PC) or acetylcarnitine (AC)) 5 days after reprogramming.

d Grayscale analysis of (c). e Relative levels of alkaline phosphatase (AP)-positive colonies with or without GF 109203X (GFX). f Relative levels

of AP-positive colonies with GFX in different stages (PC 1–7 days, GFX 1–7 days, and GFX 1–21 days) after reprogramming. g Percentage of

Oct4-GFP-positive cells in different stages with different treatments (PC 1–7 days, GFX 1–7 days, and GFX 1–21 days) after reprogramming.

FACS plots of green fluorescent protein (GFP) expression are shown. Cutoffs were set using uninduced mouse embryonic fibroblasts (MEFs).

The percentages of GFP-positive cells are shown in the right graph. Data are presented as the mean ± SEM (n = 3). *P < 0.05; ***P < 0.005

(Student’s t test). Dox doxycycline
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and growth of pluripotent stem cells [9, 32]. The inhibition

of Cpt1b leads to a decreased cell number in the inner

cell mass (ICM) of blastocysts [9]. Fatty acid oxidation

also plays an important role in embryonic development

after the blastocyst stage [33, 34]. Our study showed

that Cpt1-dependent beta-oxidation may be required

for promoting the reprogramming process. It is possible

that fatty acid catabolism provides the starting mate-

rials for cell signaling associated with reprogramming

and proliferation. Recent work on the critical role of

fatty acid synthesis in pluripotency is consistent with

our results [14].

Cpt1a maintained its high expression until 7 days

during the reprogramming process while the expres-

sion of Cpt1b was upregulated at the beginning of

reprogramming (Additional file 3). We believe the

increase in Cpt1b expression is required for the up-

regulation of fatty acid oxidation in the early stage of

reprogramming. PC and acetyl-CoA are the primary

and final products of Cpt1 family-mediated fatty acid

oxidation. Their functions also confirmed that Cpt1 family-

mediated fatty acid oxidation regulates reprogramming.

After the early reprogramming stage (the first 7 days)

Cpt1a was downregulated, while Cpt1b was kept at a

high level. The mechanism of this switch in Cpt1a

remains unclear. Physiologically, Cpt1a has a rather

broad expression profiling except in skeletal muscle

and brown adipose tissue. Inversely, Cpt1b is highly

expressed in the cardiac and skeletal muscle and brown

adipose tissue [35]. These two isoform enzymes display

different sensibilities to malonyl-CoA [36–39], though

it is unclear how this difference affects reprogramming.

Therefore, the function and detailed mechanism of the

switch after early reprogramming deserves more research

in the future.

In the hypoxic environment, glycolysis is the dominant

metabolic process in pluripotent stem cells and in some

adult stem cells, such as hematopoietic stem cells [3, 5].

It is believed that suppression of aerobic metabolism is

necessary to reduce the production of reactive oxygen

species (ROS), which are harmful to stem cells [34].

Nevertheless, fatty acid beta-oxidation promotes the

self-renewal of long-term hematopoietic stem cells [40].

While it will be important to study the effects of a hyp-

oxic environment and increased oxidation, our data

showed that the temporal upregulation of beta-oxidation

in the early stage of reprogramming increased repro-

gramming efficiency, suggesting that Cpt1-dependent

beta-oxidation may help overcome specific regulatory

“barriers” before entering pluripotent status, at which

time fatty acid oxidation is inhibited and glycolysis is

activated. Our results are also consistent with a recent

report showing that an OXPHOS burst is important in

early reprogramming [13] and that fatty acids serve as

the alternative energy source during early pre-implantation

development [41].

Acetyl-CoA, the end-product of fatty acid oxidation,

also improves reprogramming efficiency (Fig. 3h, i).

Acetyl-CoA can be generated by nearly all metabolic

pathways, including glucose, fatty acids, and certain

amino acids. Acetyl-CoA not only acts as fuel for cells

but also acts as a regulator of epigenetic modifications.

For example, acetyl-CoA can be transported from mito-

chondria to the nucleus to increase histone acetylation,

and control the early differentiation of ESCs [3, 5, 6, 42, 43].

However, Western blot analysis showed no significant

difference in total H3K9 or H3K12 histone acetylation

levels with or without PC (Additional file 10), sug-

gesting that acetyl-CoA produced by fatty acid oxida-

tion does not contribute to global histone acetylation,

consistent with a previous report [43].

The PKC proteins are a family of protein kinases

involved in many signal transduction cascades. Although

PC is a well-known PKC inhibitor, its precise targets

during reprogramming are unknown. According to

our results (Fig. 5f, g), PC affected the phosphoryl-

ation level of GSK3β but did not affect the level of

ERK1/2. These results suggest that the target of PC

during early reprogramming is PKCδ, which only

affects GSK3β but not ERK1/2 [29]. The other

possibility is that PC may inhibit all PKCs, but PKCδ

is the dominant component of PKCs in the early

reprogramming stage. Our results are also consistent

with the report that the inhibition of PKC helps

maintain the pluripotency of ESCs [44].

It is important to note that reprogramming efficiency

increased by metabolic regulation is not as dramatic as

the addition of genes and chemicals. In most reports,

the increase in reprogrammed colonies by metabolic

regulation is approximately two- to threefold [12, 14, 17].

Our results are consistent with previous reports

(Figs. 1 and 4). However, metabolic change is crucial

in reprogramming. Blocking this change leads to a

huge decrease in reprogramming efficiency [12–14],

consistent with our results (Fig. 3a). Metabolic regula-

tion is essential and important for reprogramming.

Conclusion
In summary, our study showed that Cpt1 is one of the

key regulators of reprogramming mediated by changes

in fatty acid oxidation and that PC and acetyl-CoA, the

products of the Cpt1-mediated reaction, can be used as

reprogramming enhancers. Our findings provide new

insight into the relationship between metabolism and

reprogramming as well as new small molecule sources

for the safe and highly efficient generation of iPSCs for

clinical applications.
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Additional files

Additional file 1: Table S1. Primer Sequences. (DOCX 17 kb)

Additional file 2: Supplementary methods. (DOCX 20 kb)

Additional file 3: Figure S1. Protein levels of Cpt1a and Cpt1b in the

reprogramming process. (a) Western blot results of Cpt1a and Cpt1b in

the reprogramming process at days 7, 14, and 21. (b) Grayscale analysis

of Western blot results in (a). (TIF 110 kb)

Additional file 4: Figure S2. Reprogramming efficiency after palmitoyl-

CoA and carnitine treatment in early stage (days 1–7). Relative levels of

alkaline phosphatase (AP)-positive colonies with or without palmitoyl-

CoA (50 μM) + carnitine (50 μM) treatment after reprogramming. Data

are presented as the mean ± SEM (n = 3). ***P < 0.005 (Student’s t test).

(TIF 72 kb)

Additional file 5: Figure S3. Reprogramming efficiency of human

fibroblasts (HFF-1) after PC treatment (days 1–14). Relative levels of

alkaline phosphatase (AP)-positive colonies with or without PC (25 μM)

treatment after reprogramming. Data are presented as the mean ± SEM

(n = 3). *P < 0.05; ***P < 0.005 (Student’s t test). (TIF 95 kb)

Additional file 6: Figure S4. Pluripotency analysis of palmitoylcarnitine

induced pluripotent stem cells (PC-iPSCs). (a) RT-PCR analysis of

pluripotent markers in embryonic stem cells (ESCs), induced pluripotent

stem cells (iPSCs), and PC-iPSCs. (b) RT-PCR analysis of markers for three

germ layers in embryonic bodies (EBs) formed by PC-iPSCs and iPSCs.

Gata6: endoderm; Olio3, Otx2: ectoderm; Brachyury, Sox4: mesoderm. (c)

Heat map of global gene expression in RNA-seq analysis performed on

B6/Blu ESCs, iPSCs, and PC-iPSCs. (TIF 297 kb)

Additional file 7: Table S2. The pluripotent gene expression of PC-iPSCs.

(DOCX 53 kb)

Additional file 8: Figure S5. Reprogramming efficiency after ETO or PC

treatment in different stages. (a) Relative levels of alkaline phosphatase

(AP)-positive colonies with or without perhexiline maleate sodium (PMS;

2 μg/ml) after reprogramming in the presence of palmitoylcarnitine (PC;

25 μM). (b) FACS results of the percentage of GFP-positive cells in

different stages with different treatments (PC 1–7 days, PC 1–14 days, PC

1–21 days, ETO 1–7 days, ETO + PC 1–7 days, and ETO + AC 1–7 days)

after reprogramming. Data are presented as the mean ± SEM (n = 3). **P

< 0.01; ***P < 0.005 (Student’s t test). (TIF 1080 kb)

Additional file 9: Figure S6. LC-MS results of acyl-CoAs. (a) Positive ion

electrospray scan mass spectra of the malonyl-CoA standard. (b) Positive

ion electrospray scan mass spectra of the butyl-CoA standard. (c) Positive

ion electrospray scan mass spectra of the n-hexanoyl-CoA standard. (d)

Positive ion electrospray scan mass spectra of the capryloyl-CoA standard.

(e) Positive ion electrospray scan mass spectra of the n-propionyl-CoA

standard. (f) Calibration curve of n-propionyl-CoA. (g) Calibration curve of

myristoyl-CoA. (h) Calibration curve of lauroyl-CoA. (i) Typical MRM

chromatograms of lauroyl-CoA from control and palmitoylcarnitine (PC)-

treated groups. (TIF 725 kb)

Additional file 10: Figure S7. The hypoxia pathway and histone

acetylation are not regulated by fatty acid oxidation. (a) Western blot

results of hypoxia markers in the reprogramming process with or without

PC on day 6, 1 or 3 h after drug addition. (b) Western blot results of

global histone acetylation in the reprogramming process with or without

palmitoylcarnitine (PC) on days 7 and 15. (TIF 356 kb)

Additional file 11: Figure S8. PKC activity and the phosphorylation of

GSK3β after Cpt1b overexpression. (a) PKC activity analysis with or

without Cpt1b overexpression. (b) Western blot for phosphorylation of

GSK3β in the reprogramming process with or without Cpt1b

overexpression. Data are presented as the mean ± SEM (n = 3). **P <

0.01 (Student’s t test). (TIF 231 kb)

Additional file 12: Figure S9. Reprogramming efficiency after GSK3β

inhibitor treatment in early stage (days 1–3). Relative levels of alkaline

phosphatase (AP)-positive colonies with or without GSK3β inhibitor

(CHIR99021, 3 μM) after reprogramming. Data are presented as the mean

± SEM (n = 3). ***P < 0.005 (Student’s t test). (TIF 75 kb)

Additional file 13: Figure S10. Western blot results of the

phosphorylation of GSK3β. (a) Western blot for phosphorylation of GSK3β

in the reprogramming process with or without CPT1 inhibitors (etomoxir

(ETO) or PMS). Repeated Western blot 1. (b) Western blot for

phosphorylation of GSK3β in the reprogramming process with or without

CPT1 inhibitors (ETO or PMS). Repeated Western blot 2. (TIF 376 kb)

Abbreviations

AC: Acetylcarnitine; AP: Alkaline phosphatase; Cpt: Carnitine palmitoyltransferase;

DMEM: Dulbecco’s modified Eagle’s medium; Dox: Doxycycline; EB: Embryonic

body; ECAR: Extracellular acidification rate; ESC: Embryonic stem cell;

ESI: Electrospray ionization; ETO: Etomoxir; FACS: Fluorescence-activated cell sorting;

FBS: Fetal bovine serum; GFP: Green fluorescent protein; GFX: GF 109203X;

HIF: Hypoxia-inducible factor; HPLC: High-pressure liquid chromatography;

ICM: Inner cell mass; iPSC: Induced pluripotent stem cell; LC-MS: Liquid

chromatography–mass spectrometry; MEF: Mouse embryonic fibroblast;

OCR: Oxygen consumption rate; OXPHOS: Oxidative phosphorylation;

PBS: Phosphate-buffered saline; PC: Palmitoylcarnitine; PC-iPSC: Palmitoylcarnitine-

induced pluripotent stem cell; PFA: Paraformaldehyde; PKC: Protein kinase C;

PMS: Perhexiline maleate salt; qRT-PCR: Quantitative reverse-transcription polymer-

ase chain reaction; ROS: Reactive oxygen species; SD: Standard deviation;

SEM: Standard error of mean

Acknowledgments

We thank Dr. Pentao Liu for the PiggyBac system, and Dr. Chaojun Li

and Dr. Zhenji Gan for their valuable suggestions.

Funding

This work was supported by the National Natural Science Foundation of

China (grant 31301217) and the Ministry of Science and Technology of China

(grants 2014BAI02B01 and 2015BAI08B02).

Availability of data and materials

All data generated and/or analyzed during this study are available from the

corresponding author upon reasonable request.

Authors’ contributions

ZL: conception and design, financial support, collection and assembly of

data, manuscript writing. FL: collection and assembly of data. PS: collection

of data. AS: collection of data. ZH: collection of data. DZ: collection of data.

QC: collection of data. JL: conception and design, assembly of data. XG:

conception and design, financial support, manuscript writing. All authors

agree with the conclusions presented in the manuscript. All authors read

and approved the final manuscript.

Ethics approval

Animals used in this study were housed in a specific pathogen-free animal

facility and all experimental procedures were approved by IACUC of the Model

Animal Research Center, Nanjing University (IACUC approval number XG68).

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Author details
1State Key Laboratory of Pharmaceutical Biotechnology and MOE Key

Laboratory of Model Animal for Disease Study, Collaborative Innovation

Center of Genetics and Development, Model Animal Research Center,

Nanjing Biomedical Research Institute, Nanjing University, 12 Xuefu Road,

Pukou District, Nanjing, Jiangsu 210061, China. 2State Key Laboratory of

Analytical Chemistry for Life Science, School of Chemistry and Chemical

Engineering, Nanjing University, 22 Hankou Road, Nanjing, Jiangsu 210093,

China. 3Jiangsu Province Key Laboratory of Gastrointestinal Nutrition and

Lin et al. Stem Cell Research & Therapy  (2018) 9:47 Page 12 of 14

https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6
https://doi.org/10.1186/s13287-018-0792-6


Animal Health, Nanjing Agriculture University, 1 Weigang Road, Nanjing,

Jiangsu 210095, China.

Received: 2 November 2017 Revised: 25 January 2018

Accepted: 29 January 2018

References

1. Folmes CD, Dzeja PP, Nelson TJ, Terzic A. Metabolic plasticity in stem cell

homeostasis and differentiation. Cell Stem Cell. 2012;11(5):596–606.

2. Zhang J, Nuebel E, Daley GQ, Koehler CM, Teitell MA. Metabolic regulation

in pluripotent stem cells during reprogramming and self-renewal. Cell Stem

Cell. 2012;11(5):589–95.

3. Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G, Barasch D,

Nemirovski A, Shen-Orr S, Laevsky I, Amit M, et al. Glycolysis-mediated

changes in acetyl-CoA and histone acetylation control the early

differentiation of embryonic stem cells. Cell Metab. 2015;21(3):392–402.

4. Carey BW, Finley LW, Cross JR, Allis CD, Thompson CB. Intracellular

alpha-ketoglutarate maintains the pluripotency of embryonic stem cells.

Nature. 2015;518(7539):413–6.

5. Folmes CD, Nelson TJ, Martinez-Fernandez A, Arrell DK, Lindor JZ, Dzeja PP,

Ikeda Y, Perez-Terzic C, Terzic A. Somatic oxidative bioenergetics transitions

into pluripotency-dependent glycolysis to facilitate nuclear reprogramming.

Cell Metab. 2011;14(2):264–71.

6. Yanes O, Clark J, Wong DM, Patti GJ, Sanchez-Ruiz A, Benton HP, Trauger

SA, Desponts C, Ding S, Siuzdak G. Metabolic oxidation regulates embryonic

stem cell differentiation. Nat Chem Biol. 2010;6(6):411–7.

7. Gu W, Gaeta X, Sahakyan A, Chan AB, Hong CS, Kim R, Braas D, Plath K,

Lowry WE, Christofk HR. Glycolytic metabolism plays a functional role in

regulating human pluripotent stem cell state. Cell Stem Cell.

2016;19(4):476–90.

8. Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY,

Ratanasirintrawoot S, Zhang J, Onder T, Unternaehrer JJ, Zhu H, et al.

Influence of threonine metabolism on S-adenosylmethionine and histone

methylation. Science (New York). 2013;339(6116):222–6.

9. Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ,

Robker RL. Beta-oxidation is essential for mouse oocyte developmental

competence and early embryo development. Biol Reprod.

2010;83(6):909–18.

10. Singh AM, Dalton S. The cell cycle and Myc intersect with

mechanisms that regulate pluripotency and reprogramming.

Cell Stem Cell. 2009;5(2):141–9.

11. Wang Y, Baskerville S, Shenoy A, Babiarz JE, Baehner L, Blelloch R. Embryonic

stem cell-specific microRNAs regulate the G1-S transition and promote

rapid proliferation. Nat Genet. 2008;40(12):1478–83.

12. Mathieu J, Zhou W, Xing Y, Sperber H, Ferreccio A, Agoston Z,

Kuppusamy KT, Moon RT, Ruohola-Baker H. Hypoxia-inducible

factors have distinct and stage-specific roles during reprogramming

of human cells to pluripotency. Cell Stem Cell.

2014;14(5):592–605.

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

Yoshihara E, Liddle C, Ecker JR, et al. ERRs mediate a metabolic switch

required for somatic cell reprogramming to pluripotency. Cell Stem Cell.

2015;16(5):547–55.

14. Wang L, Zhang T, Wang L, Cai Y, Zhong X, He X, Hu L, Tian S, Wu M, Hui L,

et al. Fatty acid synthesis is critical for stem cell pluripotency via promoting

mitochondrial fission. EMBO J. 2017;36(10):1330–47.

15. Panopoulos AD, Yanes O, Ruiz S, Kida YS, Diep D, Tautenhahn R,

Herrerias A, Batchelder EM, Plongthongkum N, Lutz M, et al.

The metabolome of induced pluripotent stem cells reveals

metabolic changes occurring in somatic cell reprogramming.

Cell Res. 2012;22(1):168–77.

16. Prigione A, Fauler B, Lurz R, Lehrach H, Adjaye J. The senescence-related

mitochondrial/oxidative stress pathway is repressed in human induced

pluripotent stem cells. Stem Cells. 2010;28(4):721–33.

17. Yoshida Y, Takahashi K, Okita K, Ichisaka T, Yamanaka S. Hypoxia enhances

the generation of induced pluripotent stem cells. Cell Stem Cell.

2009;5(3):237–41.

18. Zhu H, Shyh-Chang N, Segre AV, Shinoda G, Shah SP, Einhorn WS, Takeuchi

A, Engreitz JM, Hagan JP, Kharas MG, et al. The Lin28/let-7 axis regulates

glucose metabolism. Cell. 2011;147(1):81–94.

19. Hanna J, Saha K, Pando B, van Zon J, Lengner CJ, Creyghton MP, van

Oudenaarden A, Jaenisch R. Direct cell reprogramming is a stochastic

process amenable to acceleration. Nature. 2009;462(7273):595–601.

20. Zhou W, Choi M, Margineantu D, Margaretha L, Hesson J, Cavanaugh C, Blau

CA, Horwitz MS, Hockenbery D, Ware C, et al. HIF1alpha induced switch from

bivalent to exclusively glycolytic metabolism during ESC-to-EpiSC/hESC

transition. EMBO J. 2012;31(9):2103–16.

21. Lin Z, Perez P, Lei D, Xu J, Gao X, Bao J. Two-phase analysis of molecular

pathways underlying induced pluripotent stem cell induction. Stem Cells.

2011;29(12):1963–74.

22. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with

RNA-Seq. Bioinformatics. 2009;25(9):1105–11.

23. Audic S, Claverie JM. The significance of digital gene expression profiles.

Genome Res. 1997;7(10):986–95.

24. da Huang W, Sherman BT, Lempicki RA. Systematic and integrative analysis

of large gene lists using DAVID bioinformatics resources. Nat Protoc.

2009;4(1):44–57.

25. da Huang W, Sherman BT, Lempicki RA. Bioinformatics enrichment tools:

paths toward the comprehensive functional analysis of large gene lists.

Nucleic Acids Res. 2009;37(1):1–13.

26. Wang W, Yang J, Liu H, Lu D, Chen X, Zenonos Z, Campos LS, Rad R, Guo G,

Zhang S, et al. Rapid and efficient reprogramming of somatic cells to

induced pluripotent stem cells by retinoic acid receptor gamma and liver

receptor homolog 1. Proc Natl Acad Sci U S A. 2011;108(45):18283–8.

27. Carey BW, Markoulaki S, Beard C, Hanna J, Jaenisch R. Single-gene

transgenic mouse strains for reprogramming adult somatic cells.

Nat Methods. 2010;7(1):56–9.

28. Matsumura M, Hatakeyama S, Koni I, Mabuchi H. Effect of L-carnitine and

palmitoyl-L-carnitine on erythroid colony formation in fetal mouse liver cell

culture. Am J Nephrol. 1998;18(5):355–8.

29. Kinehara M, Kawamura S, Tateyama D, Suga M, Matsumura H, Mimura S,

Hirayama N, Hirata M, Uchio-Yamada K, Kohara A, et al. Protein kinase C

regulates human pluripotent stem cell self-renewal. PLoS One.

2013;8(1):e54122.

30. Boren J, Shryock G, Fergis A, Jeffers A, Owens S, Qin W, Koenig KB,

Tsukasaki Y, Komatsu S, Ikebe M, et al. Inhibition of glycogen synthase

kinase 3beta blocks mesomesenchymal transition and attenuates

streptococcus pneumonia-mediated pleural injury in mice. Am J Pathol.

2017;187(11):2461–72.

31. Li R, Liang J, Ni S, Zhou T, Qing X, Li H, He W, Chen J, Li F, Zhuang Q, et al. A

mesenchymal-to-epithelial transition initiates and is required for the nuclear

reprogramming of mouse fibroblasts. Cell Stem Cell. 2010;7(1):51–63.

32. Zaugg K, Yao Y, Reilly PT, Kannan K, Kiarash R, Mason J, Huang P, Sawyer SK,

Fuerth B, Faubert B, et al. Carnitine palmitoyltransferase 1C promotes cell

survival and tumor growth under conditions of metabolic stress. Genes Dev.

2011;25(10):1041–51.

33. Oey NA, den Boer ME, Wijburg FA, Vekemans M, Auge J, Steiner C,

Wanders RJ, Waterham HR, Ruiter JP, Attie-Bitach T. Long-chain

fatty acid oxidation during early human development.

Pediatr Res. 2005;57(6):755–9.

34. Shyh-Chang N, Daley GQ, Cantley LC. Stem cell metabolism in tissue

development and aging. Development. 2013;140(12):2535–47.

35. McGarry JD, Brown NF. The mitochondrial carnitine palmitoyltransferase

system. From concept to molecular analysis. Eur J Biochem.

1997;244(1):1–14.

36. Brdiczka D. Contact sites between mitochondrial envelope membranes.

Structure and function in energy- and protein-transfer. Biochim Biophys

Acta. 1991;1071(3):291–312.

37. Faye A, Esnous C, Price NT, Onfray MA, Girard J, Prip-Buus C. Rat liver

carnitine palmitoyltransferase 1 forms an oligomeric complex within the

outer mitochondrial membrane. J Biol Chem. 2007;282(37):26908–16.

38. Jenei ZA, Warren GZ, Hasan M, Zammit VA, Dixon AM. Packing of

transmembrane domain 2 of carnitine palmitoyltransferase-1A affects

oligomerization and malonyl-CoA sensitivity of the mitochondrial outer

membrane protein. FASEB J. 2011;25(12):4522–30.

39. Zammit VA. Carnitine palmitoyltransferase 1: central to cell function.

IUBMB Life. 2008;60(5):347–54.

40. Ito K, Carracedo A, Weiss D, Arai F, Ala U, Avigan DE, Schafer ZT, Evans RM,

Suda T, Lee CH, et al. A PML-PPAR-delta pathway for fatty acid oxidation

regulates hematopoietic stem cell maintenance. Nat Med.

2012;18(9):1350–8.

Lin et al. Stem Cell Research & Therapy  (2018) 9:47 Page 13 of 14



41. Yamada M, Takanashi K, Hamatani T, Hirayama A, Akutsu H, Fukunaga T,

Ogawa S, Sugawara K, Shinoda K, Soga T, et al. A medium-chain fatty acid

as an alternative energy source in mouse preimplantation development.

Sci Rep. 2012;2:930.

42. Cai L, Sutter BM, Li B, Tu BP. Acetyl-CoA induces cell growth and

proliferation by promoting the acetylation of histones at growth genes.

Mol Cell. 2011;42(4):426–37.

43. Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, Cross JR, Thompson CB.

ATP-citrate lyase links cellular metabolism to histone acetylation. Science.

2009;324(5930):1076–80.

44. Rajendran G, Dutta D, Hong J, Paul A, Saha B, Mahato B, Ray S, Home P,

Ganguly A, Weiss ML, et al. Inhibition of protein kinase C signaling

maintains rat embryonic stem cell pluripotency. J Biol Chem.

2013;288(34):24351–62.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Lin et al. Stem Cell Research & Therapy  (2018) 9:47 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Mouse breeding and ethics statement
	Cell culture
	Derivation of MEF cells
	Plasmid construction
	PiggyBac plasmid electroporation and iPSC induction
	Quantitative reverse-transcription polymerase �chain reaction (qRT-PCR)
	Alkaline phosphatase staining
	Western blots
	Flow cytometry
	Immunocytochemistry
	RNA-seq library generation, sequencing, and analysis
	Liquid chromatography–mass spectrometry �(LC-MS) analysis
	Seahorse measurement of mitochondrial �bioenergetic parameters
	Statistical analysis

	Results
	Cpt1b enhances reprogramming efficiency
	Palmitoylcarnitine, the direct metabolite of the �Cpt1b-mediated reaction, enhances reprogramming
	Fatty acid oxidation regulates reprogramming
	Fatty acid oxidation enhances OXPHOS �during early reprogramming
	Protein kinase C is required for fatty acid oxidation function in regulating reprogramming efficiency

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

