
RESEARCH ARTICLE

Physiological oxygen culture reveals retention

of metabolic memory in human induced

pluripotent stem cells

Alexandra J. Harvey1,2, Carmel O’Brien2,3, Jack Lambshead2,3, John R. Sheedy1,

Joy Rathjen1,2,4, Andrew L. Laslett1,2,3, David K. Gardner1,2*

1 School of BioSciences, University of Melbourne, Parkville, Victoria, Australia, 2 ARC Special Research

Initiative, Stem Cells Australia, Melbourne, Victoria, Australia, 3 CSIRO Manufacturing, and Australian

Regenerative Medicine Institute, Monash University, Clayton, Victoria, Australia, 4 School of Medicine,

University of Tasmania, Hobart, Tasmania, Australia

* david.gardner@unimelb.edu.au

Abstract

Reprogramming somatic cells to a pluripotent cell state (induced Pluripotent Stem (iPS)

cells) requires reprogramming of metabolism to support cell proliferation and pluripotency,

most notably changes in carbohydrate turnover that reflect a shift from oxidative to glycolytic

metabolism. Some aspects of iPS cell metabolism differ from embryonic stem (ES) cells,

which may reflect a parental cell memory, or be a consequence of the reprogramming pro-

cess. In this study, we compared the metabolism of 3 human iPS cell lines to assess the

fidelity of metabolic reprogramming. When challenged with reduced oxygen concentration,

ES cells have been shown to modulate carbohydrate use in a predictably way. In the same

model, 2 of 3 iPS cell lines failed to regulate carbohydrate metabolism. Oxygen is a well-

characterized regulator of cell function and embryo viability, and an inability of iPS cells to

modulate metabolism in response to oxygen may indicate poor metabolic fidelity. As metab-

olism is linked to the regulation of the epigenome, assessment of metabolic responses of

iPS cells to physiological stimuli during characterization is warranted to ensure complete

cell reprogramming and as a measure of cell quality.

Introduction

Reprogramming of somatic cells to pluripotency is associated not only with the remodelling of

nuclear architecture, epigenetics and gene expression but also with the reprogramming of

metabolism. Significantly, changes to metabolism precede the up-regulation of pluripotent

gene expression and constitute one of the earliest events in induced pluripotent stem (iPS) cell

formation [1, 2]. Manipulation of metabolism during somatic cell reprogramming impacts

reprogramming efficiency, highlighting the importance of metabolic change to the process.

Reprogramming is enhanced by agents that promote glycolysis [2, 3], or by culture under

physiological oxygen conditions [4], while inhibition of glycolysis impairs iPS reprogramming

[2, 3]. Like embryo-derived embryonic stem (ES) cells, successfully reprogrammed iPS cells
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show a dependence on glycolysis for ATP production, and significantly higher lactate produc-

tion, when compared to either fibroblasts or their somatic progenitors [5, 6]. Total cellular

ATP [2, 7, 8], oxygen consumption [2, 8], mitochondrial mass [9] and mitochondrial DNA

(mtDNA) copy number [10, 11], are reprogrammed to more ES cell-like levels in mouse and

human iPS cells, while genes regulating glycolysis, the Pentose Phosphate Pathway (PPP), the

TCA cycle, and mitochondrial complex activity are also altered to levels similar to that of ES

cells [1, 2, 8, 11]. These changes demonstrate the occurrence of a shift in metabolism during

reprogramming to a pluripotent cell state and underscore the importance of metabolism in the

acquisition and maintenance of pluripotency.

Investigating the fidelity of reprogramming to pluripotency has suggested that some iPS

cell lines retain a somatic transcriptional and epigenetic memory [12, 13] and, for virally trans-

fected lines, a propensity to revert to a pluripotent phenotype following short-term differentia-

tion [14]. In addition, several reports have demonstrated that some metabolic pathways are

not reliably reprogrammed to ES-cell like levels during iPS cell formation. Human iPS cells

characteristically show lower levels of unsaturated fatty acid metabolites and increased levels

of metabolites involved in the s-adenosyl methionine (SAM) cycle when compared to ES cells

[15]. Several studies have concluded that reprogramming is associated with a complete remod-

elling of mitochondria to a pluripotent state in iPS cells. However, transmission electron

micrographs show a proportion of mitochondria in mouse and human iPS cells which retain a

cristae-rich, elongated architecture [2, 8, 9, 11], contrasting with the spherical, cristae-poor

mitochondria of the inner cell mass and embryonic stem cells [16]. Microarray analyses have

detected differences in the expression of genes regulating mitochondria between human iPS

cells and ES cells [7, 8, 17, 18]. In addition, Prigione et al [19] reported the acquisition of muta-

tions in human iPS cell mtDNA not present in the parental cells. Inconsistencies between ES

cell and iPS cell metabolism could be explained by incomplete or inappropriate reprogram-

ming of metabolism during iPS cell formation, which links directly with the modulation of epi-

genetic mechanisms, and raises questions of how reliably metabolism is reprogrammed during

this process.

The metabolic profiles of human ES cells in culture are relatively well characterized, as are

the metabolic changes that these cells undergo in response to oxygen, a well characterized reg-

ulator of cell physiology and gene expression. In comparison to cells cultured in ambient

(20%) oxygen, human ES cells increase glucose consumption and lactate production under

physiological (5%) oxygen [20–23], accompanied by increased total amino acid turnover [21,

22, 24]. These changes are mediated via Hypoxia-Inducible Factor 2 activity [25]. Oxygen is

similarly a significant physiological regulator of preimplantation embryo development, which

displays an ability to modulate carbohydrate and amino acid metabolism in response to oxy-

gen [26, 27]. Well documented negative effects of atmospheric oxygen on development to the

blastocyst, cell number, apoptosis, gene expression, global DNA methylation, the proteome,

and ultimately embryo viability [28–35], support a regulatory role for physiological oxygen

conditions during development.

In contrast to ES cells, the responses of iPS cells to environmental challenge, and specifically

to culture under physiological oxygen conditions, have not been extensively studied. There-

fore, the aim of this study was to compare the metabolism of three independently derived

human iPS cell lines cultured in 5% and 20% oxygen to determine whether the reprogrammed

metabolism of these cells was consistent with the metabolism of an embryo-derived (ES) cell

line, and whether the metabolism of iPS cells was able to respond to physiological challenge.

Metabolic profiles of human iPS cells were estimated using 1H-NMR spectroscopy of medium

metabolites in spent culture medium and compared to a control human ES cell line. Only one

of the human iPS cell lines tested modulated carbohydrate metabolism, as did the ES cell line,

Metabolic fidelity in human iPS cells
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in response to changing oxygen concentration. Significantly, the oxygen responsive human

iPS cell line was easily discriminated from the human ES cell line and the other iPS cell lines

using partial least squares discriminant analysis (PLSDA), indicating that it differed in other

metabolic pathways. These findings infer that the metabolism of the iPS cell lines examined

has not been functionally reprogrammed and does not recapitulate the metabolic responsive-

ness of ES cells, and emphasise the need to develop reprogramming methods that promote a

normal and responsive underlying cellular physiology.

Materials and methods

Pluripotent stem cell culture

MEL1 human ES cells [36], PDL-D1C6 (PDL [37]), NHF1.3 [38], and IMR90 iPS cells [39]

were used in this study. PDL iPS cells were generated by lentiviral transduction of human

periodontal ligament fibroblasts using the four Yamanaka factors (OCT4, SOX2, KLF4 and

cMyc; [40]). NHF1.3 iPS cells were generated from human fibroblasts using an episomal vector

based strategy using the four Yamanaka factors. IMR90 iPS cells were generated by retroviral

transduction of OCT4, SOX2, KLF4 and LIN28 into human fetal lung fibroblasts. All research

performed on human cell lines was approved by the CSIRO Ethics Committee and The Uni-

versity of Melbourne Ethics Committee.

Cell lines were transferred from their original culture conditions to mTeSR1™ medium

(Stem Cell Technologies, Vancouver, Canada) [41] on ES-cell qualified Matrigel™ (Corning

Life Sciences, Tewksbury, MA, USA)–coated tissue culture plates (Corning Life Sciences)

and maintained at 37˚C in an atmosphere of 5% CO2 in a humidified Forma CO2 Steri-

Cycle incubator (Thermo Scientific, Scoresby, VIC, Australia). Cells were passaged every

5–7 days using Dispase (Stem Cell Technologies) and were cultured in mTeSR1™ for a mini-

mum of 4 passages under ambient oxygen conditions prior to experimentation. To assess

oxygen responsiveness cells were sub-cultured into paired plates that were maintained at

37˚C in an atmosphere of either 20% oxygen as outlined above, or 5% oxygen in a Forma tri-

gas Steri-Cycle incubator (Thermo Scientific). Medium was pre-equilibrated under the

respective oxygen condition and used to replace the culture medium every 24 hours. All cell

cultures were acclimated to 5% or 20% oxygen conditions for a minimum of 2 passages

before collection and analysis. At subsequent passages, concurrently seeded wells of cells

were used to establish cultures in Falcon 12-well tissue culture plates (Becton Dickinson).

Precisely 24 hours after medium replenishment on day 4 after passage, spent medium was

collected, centrifuged to remove cellar debris, transferred to rubber o-ring vials (Jet Biofil,

Bengaluru, Karnataka, India) to prevent gas exchange and stored at -80˚C until metabolite

extraction. Cell numbers were determined by generating a single cell suspension using Try-

pLE Select (Life Technologies, Scoresby, VIC, Australia) and counting on a hemocytometer.

Two wells from each of the 5% and 20% oxygen plates were chosen for NMR analysis, based

on the similarity of total cell numbers, and the experiments were repeated 4 times. One well

coated with ES-cell qualified Matrigel™, containing medium only, was used as an unspent

medium control. Spent medium samples were examined from the following passage ranges:

MEL1 human ES cells: p41-46; PDL iPS cells: p27-32; NHF1.3 iPS cells: p69-74; and IMR90

iPS cells: p40-45.

The use of a fully defined, commercially available medium (mTeSR1™) that maintains a

largely undifferentiated pluripotent cell population enabled accurate determination of the

effect of oxygen on metabolic characteristics and eliminated confounding factors, such as feed-

ers, serum and high levels of differentiation.

Metabolic fidelity in human iPS cells
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Fibroblast cell culture

PDL fibroblasts were maintained in α-minimal essential medium (α-MEM; Sigma-Aldrich)

containing 10% fetal calf serum (FCS; Hyclone Laboratories, Logan, UT), 2 mm L-glutamine

(Sigma-Aldrich), 100 μM L-ascorbate-2-phosphate (Sigma-Aldrich), 1 mM sodium pyruvate

(Sigma-Aldrich), 50 U/mL penicillin G and 50 μg/mL streptomycin (Sigma Aldrich) [37].

IMR90 fibroblasts were cultured in Eagle’s Minimum Essential Medium (Sigma-Aldrich) sup-

plemented with 10% fetal bovine serum (FBS; HyClone), 0.1 mM non-essential amino acids

(Sigma-Aldrich), 1.0 mM sodium pyruvate (Invitrogen) and 1X Pen/Strep (Invitrogen) [39].

Media were refreshed every 48h for both cell lines.

Spent medium metabolite extraction for NMR spectroscopy

For the determination of human ES and iPS cell metabolite use by NMR spectroscopy,

metabolite extraction was performed on 180 μL of medium sample as described previously

[22]. Briefly, each sample was spiked with 20 μL of 5 mmol/L imidazole in deuterium

oxide (D2O) as an internal standard for metabolite recovery. Samples were diluted with

ice-chilled methanol-d4 in a 2:1 ratio. Samples were rested on ice for 15 min, centrifuged

(10000g, 21˚C, 15 min) and 270 μL of protein-free supernatant (containing 90 μL spiked

medium) was recovered. Subsequently, 270 μL (200 mmol/L) of sodium phosphate in

D2O (buffered to pH 7 using deuterium chloride) was added to each sample along with a

further 60 μL of D2O containing 5 mmol/L 2,2-dimethyl-2-silapentane-5-sulfonic acid-d6

sodium salt (DSS) as an NMR reference compound and 0.2% w/v sodium azide (final sam-

ple volume of 600 μL). Prepared samples were loaded into NMR tubes (7 inch, 507 grade

with a 5 mm diameter; Wilmad LabGlass, Vineland, NJ, USA) for subsequent spectroscopic

analysis.

NMR spectroscopy, spectral identification and metabolite quantification

Samples were analysed on a 600MHz NMR spectrometer (Bruker Biospin, Alexandria, NSW,

Australia) and quantified according to the procedure outlined in Sheedy et al. [42]. The follow-

ing parameters were used: NOSEY 1D pulse sequence (90˚ pulse width = 20 μs, d1 = 1.5 s,

d8 = 0.5 s, d11 = 0.03 s, d12 = 0.00002 s), 256 scans, sample temperature = 25˚C, sweep

width = 12 ppm. Automatic Exponential Fourier transformation and phase correction was

performed using Topspin 3.1 (Bruker) followed by amplitude normalization of all spectra to

the internal standard (DSS). Signals were identified and quantified using Chenomx NMR

Suite software (Chenomx, Edmonton, Alberta, Canada). Validation of peak identity was per-

formed by a 2D TOCSY NMR experiment as described previously [43].

Logarithm (log10) transformation and median normalization was applied to a data

matrix of quantified metabolites to centre and scale prior to multivariate data analysis as

previously described [43]. To visualize the cluster pattern of the data set, PCA and PLSDA

were then applied to the data using Unscrambler X software (Camo, Oslo, Norway). Quanti-

fied amino acids, glucose and lactate were normalized to imidazole to correct for variation

in metabolite recovery, and to cell number. Control values (spent medium without cells)

were subtracted from their matching samples to give consumption and production values.

Amino acid turnover was calculated as the sum of amino acids consumed and produced.

Glycolytic rate was calculated on the assumption that one mole of glucose would give

rise to 2 moles of lactate, where percentage glycolysis = (# moles of lactate) / (# moles of glu-

cose x2).

Metabolic fidelity in human iPS cells
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Analysis of fibroblast carbohydrate utilisation

PDL and IMR90 fibroblasts were cultured as described under either 5% or 20% oxygen for a

minimum of 2 passages prior to analysis. For analysis, cells were seeded into 12-well plates and

cultured for 96h. A medium only control lacking cells was also maintained. Spent medium

samples (n = 3 independent biological replicates over 3 passages) were collected from each

well 48 hours after medium renewal, snap-frozen in liquid nitrogen and stored at -80˚C. Cells

were then reduced to a single-cell suspension using trypsin EDTA (Invitrogen) and counted

on a haemocytometer.

Glucose consumption was determined by the reduction of nicotinamide adenine dinucleo-

tide phosphate (NADP+) by glucose 6-phosphate dehydrogenase to NADPH as described

previously [21]. Lactate production was determined through the reduction of nicotinamide

adenine dinucleotide (NAD+) to NADH by lactate dehydrogenase. Collected media samples

were added to a glucose assay (3.7 mM MgSO4.7H2O, 0.6 mM NADP+, 0.5 mM ATP, 0.5 mM

dithiothreitol, 12 U hexokinase/mL, and 6 U G6PDH/mL in EPPS buffer, pH 8.0; [44]) and to

a lactate cocktail (4.76 mM NAD+, 100 U LDH/mL, and 2.6 mM EDTA in glycine-hydrazine

buffer, pH 9.4; (Gardner and Leese 1990) and incubated for 30 minutes. Following incubation,

the fluorescence of NADPH or NADH produced was quantified fluorometrically, respectively.

The concentration of glucose and lactate in the spent medium samples was determined from a

standard curve generated from known concentrations of glucose or lactate respectively.

Statistical analyses

All data were analysed for normality and homogeneity of variance using SPSS Statistics (IBM

Corporation, Armonk, NY) and GraphPad Prism (GraphPad Software, La Jolla CA). Metabo-

lite data were analysed by ANOVA with Bonferroni post hoc analysis, or non-parametrically

by Kruskal-Wallis with Dunn’s comparison using SPSS Statistics and GraphPad Prism. Fibro-

blast carbohydrate use data were analysed by unpaired t-tests. PLS-DA, for the 2 principal

factors accounting for the greatest amount of covariance in the quantified data matrix of

metabolites, were used to create 2D scores plots (representing the relationship between sam-

ples) and loadings plots (representing the relationship between metabolites). Each factor

modelling the greatest amount of covariance within the data matrix of metabolites was plotted

orthogonally to each other, to provide a model for visual interpretation of relationships in a

data set with high-dimensionality [43]. Results were considered statistically significant at

P< 0.05. All data are presented as mean ± SEM.

Results

Pluripotent stem cells display distinct metabolite profiles

Metabolite production and consumption by the three iPS cell lines and a control human ES

cell line were profiled using 1H-NMR spectroscopy. Partial Least Squares Discriminant Analy-

sis (PLSDA) of metabolite levels from all cell lines revealed distinct metabolic profiles across

cell lines, with a marked difference in metabolite use in response to oxygen displayed by MEL1

human ES cells and IMR90 iPS cells (Fig 1A and 1B). In contrast, the overall metabolite profile

of NHF1.3 iPS and PDL iPS cells appeared to be unaffected by a reduction in oxygen concen-

tration from 20% to 5%. The analysis of metabolite levels of lines cultured under either 5% (Fig

1C and 1D) or 20% (Fig 1E and 1F) oxygen showed a similar discrimination based on cell line,

where the overall metabolite profile of IMR90 iPS cells was distinct compared with that of

NHF1.3 and PDL iPS cells, and MEL1 human ES cells.

Metabolic fidelity in human iPS cells
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Fig 1. Partial Least Squares Discriminant Analysis (PLSDA) of metabolite concentrations present in spent medium from IMR90, PDL and NHF1.3 human iPS

cells and MEL1 human ES cells. (A, C, E) PLSDA scores plots of medium samples from human ES and iPS cells cultured in 5% and 20% oxygen (A), 5% only (C) and

20% only (E). Each data point represents the entire metabolite profile for each sample. Samples closer together have similar metabolite profiles; samples diagonally

opposed are more dissimilar. (B, D, F) PLSDA loadings plots of metabolite use by human ES and iPS cells cultured in 5% and 20% oxygen (B), 5% only (D) and 20%

only (F). n = 8 samples per line per treatment, from 4 independent biological replicates. Numbers refer to metabolites: (1) alanine, (2) arginine, (3) aspartate, (4) cystine,

(5) GABA, (6) glucose, (7) glutamate, (8) glutamine, (9) glycine, (10) histidine, (11) isoleucine, (12) lactate, (13) leucine, (14) lysine, (15) methionine, (16) phenylalanine,

(17) proline, (18) pyruvate, (19) serine, (20) threonine, (21) tryptophan, (22) tyrosine, (23) valine.

https://doi.org/10.1371/journal.pone.0193949.g001

Metabolic fidelity in human iPS cells
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Amino acid use and turnover discriminates individual iPS cell lines

Amino acid use, in cells cultured under reduced (5%) oxygen, discriminated between cell lines

(Fig 2A and 2B). Under 5% oxygen, alanine production and arginine consumption were signif-

icantly reduced in IMR90 iPS cells (P = 0.0004 and P = 0.012 respectively; Fig 2C). In contrast

to the production of proline by human ES cells in culture [21–24, 45], proline use by human

pluripotent stem cell lines cultured under 5% oxygen was variable in the current study, with

proline being produced by MEL1 ES cells and IMR90 iPS cells, while being consumed by

NHF1.3 and PDL iPS cells (P = 0.013; Fig 2C). In addition, the use of leucine and tryptophan

was significantly altered in IMR90 iPS cells cultured under 5% oxygen, compared with

NHF1.3 iPS cells (Fig 2C, P = 0.05 and P = 0.025 respectively). Glutamine consumption dis-

criminated between NHF1.3 iPS cells and both MEL1 ES cells and IMR90 iPS cells, with con-

sumption being significantly higher in NHF1.3 iPS cells at 5% oxygen (P = 0.0048; Fig 2C).

Quantitation of amino acid use by cells cultured under 20% oxygen also discriminated

between the cell lines (Fig 3A and 3B). Similar to cells cultured under 5% oxygen, alanine and

arginine were able to discriminate IMR90 iPS cells cultured under 20% oxygen (P = 0.0004

and 0.007 respectively; Fig 3C). Additionally, proline was consumed by PDL iPS cells under

20% oxygen, while it was produced in MEL1 ES cells and NHF1.3 and IMR90 iPS cells

(P = 0.002; Fig 3C). The use of glutamate (P = 0.014), lysine (P = 0.001) and tyrosine (P = 0.05)

also discriminated between MEL1 ES cells and NHF1.3 iPS cells at 20% oxygen (Fig 3C).

Independent of oxygen concentration, total amino acid consumption and turnover by

IMR90 iPS cells was less than that observed for MEL1 ES cells and NHF1.3 iPS cells (P = 0.02,

P = 0.001 and P = 0.001 respectively; Figure A in S1 File). Similarly, total amino acid produc-

tion was significantly different between lines, independent of oxygen treatment (P<0.001),

where both PDL and IMR90 iPS cells differed significantly from MEL1 human ES and NHF1.3

iPS cells (Figure A in S1 File).

Under 5% oxygen conditions, total amino acid production by MEL1 human ES and

NHF1.3 iPS cells was significantly higher than PDL iPS cells (P = 0.0022, Fig 2D). Total amino

acid consumption by IMR90 iPS cells was significantly lower than that of NHF1.3 iPS cells, but

not significantly different from MEL1 human ES or PDL iPS cells (P = 0.024; Fig 2D). Simi-

larly, total amino acid turnover by IMR90 iPS cells was significantly lower than that of NHF1.3

iPS cells, but not significantly different from MEL1 human ES or PDL iPS cells (P = 0.005; Fig

2D). Neither total amino acid consumption nor total amino acid turnover differed signifi-

cantly between lines under 20% oxygen conditions (Fig 3D), however total amino acid produc-

tion was significantly higher in MEL1 human ES and NHF1.3 iPS cells compared with IMR90

iPS cells (P = 0.0001; Fig 3D).

Oxygen regulated carbohydrate use delineates between high and low

metabolic fidelity in human pluripotent stem cell lines

Following culture under 5% oxygen, glucose uptake and lactate production were significantly

lower in IMR90 iPS cells when compared with MEL1 human ES cells (P = 0.012 and 0.026

respectively; Fig 2E). Comparison of cell lines cultured under 20% oxygen found only glucose

uptake by PDL iPS cells to be significantly higher than that observed in IMR90 iPS cells

(P = 0.021; Fig 3E), with no other significant differences in lactate production between lines

apparent. Independent of oxygen concentration, IMR90 iPS cells consumed less glucose

(P = 0.001) and produced less lactate (P<0.001) than either PDL or NHF iPS cells (Figure B in

S1 File).

Culture at 5% oxygen has been shown previously to increase the flux of glucose and lactate

measured in human pluripotent cells [20, 21]. A significant increase in glucose flux to lactate

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 7 / 19

https://doi.org/10.1371/journal.pone.0193949


Fig 2. Comparison of metabolite use by cell lines cultured under 5% oxygen conditions. (A) PLSDA scores plot of amino acid

concentrations of human ES and iPS cells cultured in mTeSR medium under 5% oxygen. (B) PLSDA loadings plot of amino acid

concentrations of human embryonic and iPS cells cultured in mTeSR medium under 5% oxygen. (C) Significant differences in amino acid

utilisation, (D) total amino acid consumption, production and turnover, and (E) glucose uptake and lactate production between MEL1 human

Metabolic fidelity in human iPS cells
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was seen when MEL1 human ES cells (P = 0.01) and IMR90 iPS cells (P = 0.02) were trans-

ferred to an atmosphere containing 5% oxygen (Fig 4A and 4G respectively). No difference

in glucose consumption or lactate production by PDL or NHF1.3 iPS cells was observed in

response to oxygen (Fig 4C and 4E respectively, P>0.05). When expressed as the conversion of

1 mole of glucose to 2 moles of lactate, glycolytic flux was significantly altered by oxygen in

MEL1 human ES cells (Fig 4B), but was not statistically different between oxygen treatments

for any iPS cell line (Fig 4D, 4F and 4H, P>0.05).

To examine metabolic regulation of the parental fibroblasts in response to oxygen, carbohy-

drate use was determined for PDL and IMR90 fibroblasts cultured under 5% and 20% oxygen

conditions. Exposure of PDL fibroblasts to physiological oxygen conditions did not alter glu-

cose consumption or lactate production (P>0.05; Figure A and Figure C in S2 File, respec-

tively). In contrast, physiological oxygen culture significantly altered carbohydrate use in

IMR90 fibroblasts. Culture under 5% oxygen significant increased glucose use by IMR90

fibroblasts (P = 0.002; Figure B in S2 File), while it significantly reduced lactate production

(P = 0.01; Figure D in S2 File).

Oxygen modulates individual amino acid use in human iPS cells

Oxygen did not consistently regulate specific amino acids across all lines examined. MEL1

human ES cell glutamine (P = 0.02), methionine (P = 0.02) and serine (P = 0.03) consumption

were significantly higher under 20% compared to 5% oxygen, while cysteine consumption was

higher in MEL1 human ES cells cultured under 5% oxygen (P = 0.03; Fig 5A). Individual

amino acid use by PDL iPS cells was largely unaffected by oxygen, with only increased alanine

production and decreased glycine consumption observed in cells cultured under 20% com-

pared to 5% oxygen (P = 0.01, Fig 5C). Oxygen concentration significantly altered the utiliza-

tion of aspartate (P = 0.05), lysine (P<0.001) and proline (P<0.001) levels in NHF1.3 iPS cells.

Lysine consumption was significantly lower following 20% oxygen culture. Both asparatate

and proline were consumed under 5% oxygen, while they were produced under 20% oxygen

(Fig 5E). Similar to PDL iPS cells, alanine production was higher in IMR90 iPS cells cultured

under 20% oxygen compared with those cultured under 5% (P = 0.006), while glycine con-

sumption was higher under 5% oxygen culture compared with 20% oxygen (P = 0.03; Fig 5G).

Atmospheric oxygen did not significantly alter total amino acid production, consumption or

turnover in any pluripotent stem cell line compared with those cultured at 5% oxygen (Fig 5B,

5D, 5F and 5H respectively).

Discussion

Historically, the analysis of iPS cell lines has focused on the characterization of pluripotency

and differentiation potential, genomic integrity and the degree to which these cells do or do

not retain characteristics of their somatic progenitors. Such analyses have shown significant

variability between iPS cell lines at the level of transcription and within the epigenome [12,

46–48]. The realization that metabolic remodelling plays a key role in the reprogramming pro-

cess [1] raises similar questions around the consistency of metabolic reprogramming and the

ES, PDL, NHF1.3 and IMR90 iPS cells cultured under 5% oxygen. Metabolites were quantified in spent medium samples following a 24-hour

incubation period (day 4–5) by 1H-NMR, and normalised to cell number and an internal standard (imidazole). Data are presented as

mean ± SEM; n = 8 samples per line per treatment. a,b Different superscripts represent statistically significant differences within a metabolite,

production, consumption or total amino acid turnover; P<0.05. Numbers refer to metabolites: (1) alanine, (2) arginine, (3) aspartate, (4)

cystine, (5) GABA, (6) glucose, (7) glutamate, (8) glutamine, (9) glycine, (10) histidine, (11) isoleucine, (12) lactate, (13) leucine, (14) lysine,

(15) methionine, (16) phenylalanine, (17) proline, (18) pyruvate, (19) serine, (20) threonine, (21) tryptophan, (22) tyrosine, (23) valine.

https://doi.org/10.1371/journal.pone.0193949.g002
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Fig 3. Comparison of metabolite use between cell lines cultured under 20% oxygen conditions. (A) PLSDA scores plot of amino acid

concentrations of human embryonic and iPS cells cultured in mTeSR medium under 20% oxygen. (B) PLSDA loadings plot of amino acid

concentrations of human embryonic and iPS cells cultured in mTeSR medium under 20% oxygen. (C) Significant differences in amino acid

utilisation, (D) total amino acid consumption, production and turnover, and (E) glucose uptake and lactate production between MEL1 human ES,
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metabolic fidelity of reprogrammed cells. Here we examined metabolic properties of three

independently derived human iPS cell lines and assessed the ability of these cell lines to modu-

late metabolism in response to oxygen, a known regulator of the embryonic and pluripotent

metabolome [20–24, 26, 27]. The iPS cell lines examined were metabolically distinct from the

control human ES cell line, and failed to display equivalent, or characteristic responses to

changes in extracellular oxygen concentration. Results of the present study suggest that these

iPS cell lines fail to acquire metabolic fidelity, defined by an inability to regulate their metabo-

lism in response to oxygen, plausibly as a result of metabolic memory and incomplete or aber-

rant metabolic programming during the reprogramming process.

Reprogrammed cells display a metabolic memory

The human iPS cell lines examined in the current study displayed high levels of glycolysis, in

the range of 70–80%, a feature of human ES cell lines in culture [2, 8, 21, 22, 45] and the MEL1

ES cell line examined, which likely reflects an acquired dependence on glycolysis for biosyn-

thesis. However, in contrast to human ES cells, the preimplantation embryo, and the majority

of cell types, NHF1.3 and PDL iPS cell lines failed to regulate glucose uptake and lactate pro-

duction in response to changes in the extracellular oxygen concentration. Significantly, the

inability of PDL iPS cells to respond to oxygen appears to reflect a somatic metabolic memory,

as the parent fibroblasts likewise did not regulate carbohydrate metabolism in response to oxy-

gen challenge. Conversely, the ability of IMR90 iPS cells to regulate carbohydrate metabolism

plausibly reflects oxygen responsiveness in the parental fibroblasts, although the regulation

of lactate production was inverse to that reported for derived iPS cells, suggesting a partial

restructuring of metabolism. Data similarly suggest that while IMR90 iPS cells display regula-

tion of carbohydrate use, they display a distinct metabolic phenotype, and that the activity of

other metabolic pathways discriminates these cells from human ES cells and the other iPS cell

lines. Hence, these data suggest that metabolism can discriminate between iPS cell lines, and

that the metabolism of all iPS cell lines is not equivalent to that of human ES cells.

Folmes et al [49] discriminated between mouse iPS cell lines based on acetate, lactate and

glucose metabolism, showing that iPS cells generated using cMyc consumed more glucose and

produced more lactate and acetate, than those generated in the absence of cMyc. Although the

lines examined in the present study were derived differently, the IMR90 iPS cells were singular

in that they were generated in the absence of cMyc [39] and showed lower glucose consump-

tion and lactate production and a metabolism distinct from the other cell lines examined.

Inclusion of cMyc is known to repress fibroblast-specific gene expression while enhancing

metabolic gene expression during the early phase of reprogramming [50]. Plausibly, the

absence of cMyc during reprogramming hinders the acquisition of a more glycolytic pheno-

type. Analysis of additional reprogrammed cell lines will be necessary to confirm the impact of

cMyc on metabolic reprogramming, as well as determine whether other reprogramming fac-

tors, and/or methods, result in complete metabolic reprogramming.

While this study was limited to the assessment of 3 iPS cell lines, derived using different

parental cell types and methods of generation, findings highlight the inability of standard

PDL, NHF1.3 and IMR90 iPS cells cultured under 20% oxygen. Metabolites were quantified in spent medium samples following a 24 hour incubation

period (day 4–5) by 1H-NMR, and normalised to cell number and an internal standard (imidazole). Data are presented as mean ± SEM; n = 8

samples per line per treatment. a,b Different superscripts represent statistically significant differences within a metabolite, production, consumption

or total amino acid turnover; P<0.05. NS = not significantly different. Numbers refer to metabolites: (1) alanine, (2) arginine, (3) aspartate, (4)

cystine, (5) GABA, (6) glucose, (7) glutamate, (8) glutamine, (9) glycine, (10) histidine, (11) isoleucine, (12) lactate, (13) leucine, (14) lysine, (15)

methionine, (16) phenylalanine, (17) proline, (18) pyruvate, (19) serine, (20) threonine, (21) tryptophan, (22) tyrosine, (23) valine.

https://doi.org/10.1371/journal.pone.0193949.g003
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Fig 4. Carbohydrate utilisation and percentage glycolysis in MEL1 human ES (A, B), PDL (C, D), NHF1.3 (E, F) and

IMR90 (G, H) human iPS cells in response to oxygen. (A, C, E, G) Glucose consumption and lactate production,

quantified in spent medium samples by 1H-NMR, normalised to cell number and an internal standard (imidazole). (B, D, F,

H) Glycolytic rate (% glycolysis) for each cell line was calculated as the number of moles of lactate / 2 x number of moles of

glucose. Black bars: 5% oxygen; white bars: 20% oxygen. Data are presented as mean ± SEM; n = 8 samples per line per

treatment. � P<0.05, �� P<0.01.

https://doi.org/10.1371/journal.pone.0193949.g004
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Fig 5. Amino acid utilisation profiles in MEL1 human ES (A, B), PDL (C, D), NHF1.3 (E, F) and IMR90 (G, H)

human iPS cells in response to oxygen. Spent media samples were collected after a 24-hour incubation period (day

4–5), normalised to cell number and an internal standard (imidazole) for analysis by 1H-NMR. Black bars: 5% oxygen;
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metabolic profiling in isolation to reveal key physiological differences. Additional metabolic

analyses, and the inclusion of additional lines, would further elucidate the extent of metabolic

memory retention by iPS cells. Recently, Park et al [51] reported significant differences in mito-

chondrial activity and specific metabolite levels in partially reprogrammed iPS cells, relative to

fully reprogrammed iPS cells. In addition, Prigione et al [19] documented the acquisition of

mtDNA mutations in human iPS cell lines not present in the parental cell line following repro-

gramming, while mouse iPS cells show altered mitochondrial replication upon differentiation

relative to ES cells [10]. These data suggest that mitochondria may be particularly sensitive dur-

ing the reprogramming process. Whether the inability to regulate metabolism in response to

oxygen reflects compromised mitochondrial regulation remains to be determined.

In addition to the retention of a somatic metabolic memory, the lack of acquisition of embry-

onic stem cell-like metabolic fidelity in iPS cells may arise from cell age, the culture conditions

or practices used, or alternatively, may become established during the reprogramming process

itself, independent of the acquisition of pluripotency. Nevertheless, as glucose-derived pyruvate

has been shown to be important in modulating acetyl-CoA levels in human ES cells, required for

the maintenance of histone acetylation [52], altered glucose flux, mitochondrial activity and met-

abolic adaptation and plasticity by iPS cells will plausibly lead to altered epigenetic dynamics.

Perturbations in metabolite use may alter cell viability

Physiological oxygen resulted in varying amino acid regulation in the current study. Differ-

ences in alanine and glycine utilization were evident in response to oxygen in IMR90 and PDL

iPS cells, while NHF1.3 iPS cells regulated aspartate, lysine and proline use in response to oxy-

gen. More significantly, while oxygen did not elicit consistent changes in specific amino acids

across the pluripotent stem cell lines studied, analysis of amino acid turnover highlighted cell

line specific perturbations in alanine, glycine and proline production and consumption. Pro-

nounced differences in amino acid metabolism have been documented previously in mouse

iPS cells relative to ES cells [53]. In the current study, a change in proline use from production

to consumption was observed in PDL iPS cells, irrespective of oxygen concentration, as well as

in NHF1.3 iPS cells cultured under 5% oxygen conditions, relative to both MEL1 human ES

cells and IMR90 iPS cells examined in this study, and to documented profiles in other ES cell

lines [21–24]. Alterations in proline use have been documented in response to the presence of

KOSR in human ES cell culture medium [45]. More significantly, proline is the only amino

acid whose availability has been associated with the induction of differentiation of ES cells [54,

55], accompanied by changes to replication timing [56]. The ramifications of even subtle

changes in amino acid use on human pluripotent stem cell physiology, and more significantly

their differentiated derivatives, remain unclear, but likely impact the epigenome [57], as has

been observed with the provision or exclusion of glutamine [58] and threonine [59], and the

presence of proline [56] in mouse ES cell cultures, and in the absence of methionine in human

ES cell culture [60]. Plausibly, altered amino acid use reflects an altered cell state.

Implications of loss of metabolic fidelity for human iPS cell generation

While alterations in metabolism do not appear to alter the maintenance of self-renewal within

the iPS cells examined per se [37–39], remodelling of cellular metabolism may alter other

aspects of cell function. The importance of appropriate metabolic control is well documented

white bars: 20% oxygen. (A, C, E, G) Individual amino acid production and consumption. (B, D, F, H) Total amino

acid production, consumption and turnover. Data are presented as mean ± SEM; n = 8 samples per line per treatment.
� P<0.05, �� P<0.01.

https://doi.org/10.1371/journal.pone.0193949.g005
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in preimplantation embryos, as well as numerous diseases. Perturbations in carbohydrate and

amino acid metabolism have been shown to affect the pre- and post-implantation viability and

differentiation of mammalian blastocysts [32, 61, 62]. Therefore, while pluripotent stem cell

self-renewal may not be adversely affected by alterations in metabolism, such plasticity could

have significant functional consequences for differentiated derivatives, or may impact differen-

tiation kinetics.

As methods of iPS cell generation evolve there is a need to establish whether cell physiology

and acquisition of a responsive pluripotent stem cell metabolic profile is achieved, along with

improvements in efficiency. Establishment of metabolic fidelity in iPS cells, equivalent to that

of ES cells, will be particularly important for iPS models of disease where characterization of

disease aetiology, as well as utility for drug discovery, is reliant on an accurate manifestation of

disease. Modelling diseases will require not only detailed characterization of multiple cell lines

derived from multiple patients, but our data reveal the need to assess whether the cellular phe-

notypes of these cells is truly representative of the disease irrespective of whether the disease

has a metabolic phenotype. Significantly, metabolic profiling in isolation is insufficient to

delineate the metabolic fidelity of pluripotent stem cells. Rather, examination of metabolism in

response to physiological challenge both prior to and following differentiation will be neces-

sary to ensure the metabolic stability of these cells.

Conclusions

It is clear that reprogramming of somatic cells to an embryonic-stem cell like state can result

in significantly altered metabolite profiles without impacting the acquisition of self-renewal.

Unlike previous reports that document baseline metabolite profiles under equivalent culture

conditions, it is apparent from this study that not only do overall profiles differ between plu-

ripotent cell types, but the ability of reprogrammed iPS cell lines to modulate metabolism in

response to a physiological stimulus in culture can be impaired. Data indicate the retention of

a parental fibroblast metabolic response to oxygen. If the clinical and commercial potential of

human iPS cells is to be reached, a greater understanding of metabolic activity and the regula-

tion of metabolic processes during iPS cell generation and differentiation will need to be devel-

oped. The ability of pluripotent stem cell lines to establish an appropriate physiology with

different methods of generation, and from different starting cell types, particularly with respect

to their ability to respond to stimuli, requires further investigation. This may also involve criti-

cal development of culture medium formulations that support the appropriate reprogramming

of metabolism. Differences between iPS cells and ES cells documented in the current study,

and previously, highlight the need to incorporate more exhaustive evaluations of both pluripo-

tent stem cell sources, particularly at a physiological level, before the utility of these cells in

research, disease models and drug testing can be realized.

Supporting information

S1 Fig. Metabolite utilisation by MEL1 human ES, PDL, NHF1.3 and IMR90 human iPS

cells independent of oxygen. (A) Total amino acid production, consumption and turnover.

(B) Glucose consumption and lactate production. Spent media samples were collected after a

24-hour incubation period (day 4–5 of passage), normalised to cell number and an internal

standard (imidazole) for analysis by 1H-NMR. Data are presented as mean ± SEM. a,b Different

superscripts represent statistically significant differences within a metabolite, production, con-

sumption or total amino acid turnover; P�0.003.

(EPS)

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193949.s001
https://doi.org/10.1371/journal.pone.0193949


S2 Fig. Carbohydrate utilisation in PDL (A, B) and IMR90 (C, D) fibroblasts in response

to oxygen. (A, C) Glucose consumption, quantified in spent medium samples, normalised to

cell number and an unspent medium control. (B, D) Lactate production, quantified in spent

medium samples, normalised to cell number and an unspent medium control Black bars: 5%

oxygen; white bars: 20% oxygen. Data are presented as mean ± SEM; n = 3 samples per line

per treatment. �� P = 0.01, ��� P = 0.002.

(EPS)

Author Contributions

Conceptualization: Alexandra J. Harvey, Andrew L. Laslett, David K. Gardner.

Data curation: Alexandra J. Harvey, John R. Sheedy.

Formal analysis: Alexandra J. Harvey, John R. Sheedy, Andrew L. Laslett, David K. Gardner.

Funding acquisition: David K. Gardner.

Investigation: Alexandra J. Harvey, Carmel O’Brien, Jack Lambshead, John R. Sheedy.

Methodology: Alexandra J. Harvey, John R. Sheedy, David K. Gardner.

Project administration: Alexandra J. Harvey, David K. Gardner.

Resources: Andrew L. Laslett, David K. Gardner.

Software: John R. Sheedy.

Supervision: Carmel O’Brien, Joy Rathjen, Andrew L. Laslett, David K. Gardner.

Validation: Alexandra J. Harvey, John R. Sheedy, Andrew L. Laslett, David K. Gardner.

Visualization: Alexandra J. Harvey, John R. Sheedy.

Writing – original draft: Alexandra J. Harvey.

Writing – review & editing: Alexandra J. Harvey, Carmel O’Brien, John R. Sheedy, Joy Rath-

jen, Andrew L. Laslett, David K. Gardner.

References
1. Folmes CD, Arrell DK, Zlatkovic-Lindor J, Martinez-Fernandez A, Perez-Terzic C, Nelson TJ, et al.

Metabolome and metaboproteome remodeling in nuclear reprogramming. Cell Cycle. 2013; 12

(15):2355–65. https://doi.org/10.4161/cc.25509 PMID: 23839047.

2. Folmes CD, Nelson TJ, Martinez-Fernandez A, Arrell DK, Lindor JZ, Dzeja PP, et al. Somatic oxidative

bioenergetics transitions into pluripotency-dependent glycolysis to facilitate nuclear reprogramming.

Cell Metab. 2011; 14(2):264–71. Epub 2011/08/02. https://doi.org/10.1016/j.cmet.2011.06.011 PMID:

21803296.

3. Zhu S, Li W, Zhou H, Wei W, Ambasudhan R, Lin T, et al. Reprogramming of human primary somatic

cells by OCT4 and chemical compounds. Cell Stem Cell. 2010; 7(6):651–5. https://doi.org/10.1016/j.

stem.2010.11.015 PMID: 21112560.

4. 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. Epub 2009/09/01.

5. Harvey AJ, Rathjen J, Gardner DK. The metabolic framework of pluripotent stem cells and potential

mechanisms of regulation. In: Simon C, Pellicer A, Reijo Pera R, editors. Stem Cells in Reproductive

Medicine. 3rd ed. New York: Cambridge University Press; 2013. p. 164–79.

6. Wang P, Na J. Mechanism and methods to induce pluripotency. Protein Cell. 2011; 2(10):792–9. Epub

2011/11/08. https://doi.org/10.1007/s13238-011-1107-1 PMID: 22058034.

7. Prigione A, Adjaye J. Modulation of mitochondrial biogenesis and bioenergetic metabolism upon in vitro

and in vivo differentiation of human ES and iPS cells. Int J Dev Biol. 2010; 54(11–12):1729–41. Epub

2011/02/10. https://doi.org/10.1387/ijdb.103198ap PMID: 21305470.

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193949.s002
https://doi.org/10.4161/cc.25509
http://www.ncbi.nlm.nih.gov/pubmed/23839047
https://doi.org/10.1016/j.cmet.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21803296
https://doi.org/10.1016/j.stem.2010.11.015
https://doi.org/10.1016/j.stem.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21112560
https://doi.org/10.1007/s13238-011-1107-1
http://www.ncbi.nlm.nih.gov/pubmed/22058034
https://doi.org/10.1387/ijdb.103198ap
http://www.ncbi.nlm.nih.gov/pubmed/21305470
https://doi.org/10.1371/journal.pone.0193949


8. Varum S, Rodrigues AS, Moura MB, Momcilovic O, Easley CAt, Ramalho-Santos J, et al. Energy

metabolism in human pluripotent stem cells and their differentiated counterparts. PLoS One. 2011; 6

(6):e20914. Epub 2011/06/24. https://doi.org/10.1371/journal.pone.0020914 PMID: 21698063.

9. Suhr ST, Chang EA, Tjong J, Alcasid N, Perkins GA, Goissis MD, et al. Mitochondrial rejuvenation after

induced pluripotency. PLoS One. 2010; 5(11):e14095. Epub 2010/12/03. https://doi.org/10.1371/

journal.pone.0014095 PMID: 21124794.

10. Kelly RD, Sumer H, McKenzie M, Facucho-Oliveira J, Trounce IA, Verma PJ, et al. The Effects of

Nuclear Reprogramming on Mitochondrial DNA Replication. Stem Cell Rev. 2013; 9(1):1–15. Epub

2011/10/14. https://doi.org/10.1007/s12015-011-9318-7 PMID: 21994000.

11. 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.

Epub 2010/03/05. https://doi.org/10.1002/stem.404 PMID: 20201066.

12. Kim K, Doi A, Wen B, Ng K, Zhao R, Cahan P, et al. Epigenetic memory in induced pluripotent stem

cells. Nature. 2010; 467(7313):285–90. https://doi.org/10.1038/nature09342 PMID: 20644535

13. Ohi Y, Qin H, Hong C, Blouin L, Polo JM, Guo T, et al. Incomplete DNA methylation underlies a tran-

scriptional memory of somatic cells in human iPS cells. Nat Cell Biol. 2011; 13(5):541–9. https://doi.org/

10.1038/ncb2239 PMID: 21499256.

14. Polanco JC, Ho MS, Wang B, Zhou Q, Wolvetang E, Mason E, et al. Identification of unsafe human

induced pluripotent stem cell lines using a robust surrogate assay for pluripotency. Stem Cells. 2013; 31

(8):1498–510. Epub 2013/06/04. https://doi.org/10.1002/stem.1425 PMID: 23728894.

15. Panopoulos AD, Yanes O, Ruiz S, Kida YS, Diep D, Tautenhahn R, et al. The metabolome of induced

pluripotent stem cells reveals metabolic changes occurring in somatic cell reprogramming. Cell Res.

2012; 22(1):168–77. Epub 2011/11/09. https://doi.org/10.1038/cr.2011.177 PMID: 22064701.

16. Lees JG, Gardner DK, Harvey AJ. Pluripotent Stem Cell Metabolism and Mitochondria: Beyond ATP.

Stem Cells Int. 2017; 2017:2874283. Epub 2017/08/15. https://doi.org/10.1155/2017/2874283 PMID:

28804500.

17. Chin MH, Mason MJ, Xie W, Volinia S, Singer M, Peterson C, et al. Induced pluripotent stem cells and

embryonic stem cells are distinguished by gene expression signatures. Cell Stem Cell. 2009; 5(1):111–

23. Epub 2009/07/03. https://doi.org/10.1016/j.stem.2009.06.008 PMID: 19570518.

18. Lowry WE, Richter L, Yachechko R, Pyle AD, Tchieu J, Sridharan R, et al. Generation of human

induced pluripotent stem cells from dermal fibroblasts. Proc Natl Acad Sci U S A. 2008; 105(8):2883–8.

Epub 2008/02/22. https://doi.org/10.1073/pnas.0711983105 PMID: 18287077.

19. Prigione A, Lichtner B, Kuhl H, Struys EA, Wamelink M, Lehrach H, et al. Human induced pluripotent

stem cells harbor homoplasmic and heteroplasmic mitochondrial DNA mutations while maintaining

human embryonic stem cell-like metabolic reprogramming. Stem Cells. 2011; 29(9):1338–48. Epub

2011/07/07. https://doi.org/10.1002/stem.683 PMID: 21732474.

20. Forristal CE, Christensen DR, Chinnery FE, Petruzzelli R, Parry KL, Sanchez-Elsner T, et al. Envi-

ronmental oxygen tension regulates the energy metabolism and self-renewal of human embryonic

stem cells. PLoS One. 2013; 8(5):e62507. https://doi.org/10.1371/journal.pone.0062507 PMID:

23671606.

21. Harvey AJ, Rathjen J, Yu LJ, Gardner DK. Oxygen modulates human embryonic stem cell metabolism

in the absence of changes in self-renewal. Reprod Fertil Dev. 2016; 28(4):446–58. https://doi.org/10.

1071/RD14013 PMID: 25145274.

22. Lees JG, Rathjen J, Sheedy JR, Gardner DK, Harvey AJ. Distinct profiles of human embryonic stem cell

metabolism and mitochondria identified by oxygen. Reproduction. 2015; 150(4):367–82. https://doi.org/

10.1530/REP-14-0633 PMID: 26159831.

23. Turner J, Quek LE, Titmarsh D, Kromer JO, Kao LP, Nielsen L, et al. Metabolic profiling and flux analy-

sis of MEL-2 human embryonic stem cells during exponential growth at physiological and atmospheric

oxygen concentrations. PLoS One. 2014; 9(11):e112757. https://doi.org/10.1371/journal.pone.

0112757 PMID: 25412279.

24. Christensen DR, Calder PC, Houghton FD. Effect of oxygen tension on the amino acid utilisation of

human embryonic stem cells. Cell Physiol Biochem. 2014; 33(1):237–46. https://doi.org/10.1159/

000356665 PMID: 24496287.

25. Forristal CE, Wright KL, Hanley NA, Oreffo RO, Houghton FD. Hypoxia inducible factors regulate pluri-

potency and proliferation in human embryonic stem cells cultured at reduced oxygen tensions. Repro-

duction. 2010; 139(1):85–97. Epub 2009/09/17. https://doi.org/10.1530/REP-09-0300 PMID:

19755485.

26. Gardner DK, Wale PL. Analysis of metabolism to select viable human embryos for transfer. Fertil Steril.

2013; 99(4):1062–72. https://doi.org/10.1016/j.fertnstert.2012.12.004 PMID: 23312219.

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 17 / 19

https://doi.org/10.1371/journal.pone.0020914
http://www.ncbi.nlm.nih.gov/pubmed/21698063
https://doi.org/10.1371/journal.pone.0014095
https://doi.org/10.1371/journal.pone.0014095
http://www.ncbi.nlm.nih.gov/pubmed/21124794
https://doi.org/10.1007/s12015-011-9318-7
http://www.ncbi.nlm.nih.gov/pubmed/21994000
https://doi.org/10.1002/stem.404
http://www.ncbi.nlm.nih.gov/pubmed/20201066
https://doi.org/10.1038/nature09342
http://www.ncbi.nlm.nih.gov/pubmed/20644535
https://doi.org/10.1038/ncb2239
https://doi.org/10.1038/ncb2239
http://www.ncbi.nlm.nih.gov/pubmed/21499256
https://doi.org/10.1002/stem.1425
http://www.ncbi.nlm.nih.gov/pubmed/23728894
https://doi.org/10.1038/cr.2011.177
http://www.ncbi.nlm.nih.gov/pubmed/22064701
https://doi.org/10.1155/2017/2874283
http://www.ncbi.nlm.nih.gov/pubmed/28804500
https://doi.org/10.1016/j.stem.2009.06.008
http://www.ncbi.nlm.nih.gov/pubmed/19570518
https://doi.org/10.1073/pnas.0711983105
http://www.ncbi.nlm.nih.gov/pubmed/18287077
https://doi.org/10.1002/stem.683
http://www.ncbi.nlm.nih.gov/pubmed/21732474
https://doi.org/10.1371/journal.pone.0062507
http://www.ncbi.nlm.nih.gov/pubmed/23671606
https://doi.org/10.1071/RD14013
https://doi.org/10.1071/RD14013
http://www.ncbi.nlm.nih.gov/pubmed/25145274
https://doi.org/10.1530/REP-14-0633
https://doi.org/10.1530/REP-14-0633
http://www.ncbi.nlm.nih.gov/pubmed/26159831
https://doi.org/10.1371/journal.pone.0112757
https://doi.org/10.1371/journal.pone.0112757
http://www.ncbi.nlm.nih.gov/pubmed/25412279
https://doi.org/10.1159/000356665
https://doi.org/10.1159/000356665
http://www.ncbi.nlm.nih.gov/pubmed/24496287
https://doi.org/10.1530/REP-09-0300
http://www.ncbi.nlm.nih.gov/pubmed/19755485
https://doi.org/10.1016/j.fertnstert.2012.12.004
http://www.ncbi.nlm.nih.gov/pubmed/23312219
https://doi.org/10.1371/journal.pone.0193949


27. Wale PL, Gardner DK. Oxygen regulates amino acid turnover and carbohydrate uptake during the pre-

implantation period of mouse embryo development. Biol Reprod. 2012; 87(1):24, 1–8. https://doi.org/

10.1095/biolreprod.112.100552 PMID: 22553221.

28. Wale PL, Gardner DK. The effects of chemical and physical factors on mammalian embryo culture and

their importance for the practice of assisted human reproduction. Hum Reprod Update. 2016; 22(1):2–

22. https://doi.org/10.1093/humupd/dmv034 PMID: 26207016.

29. Gardner DK. Changes in requirements and utilization of nutrients during mammalian preimplantation

embryo development and their significance in embryo culture. Theriogenology. 1998; 49(1):83–102.

PMID: 10732123.

30. Katz-Jaffe MG, Linck DW, Schoolcraft WB, Gardner DK. A proteomic analysis of mammalian preim-

plantation embryonic development. Reproduction. 2005; 130(6):899–905. Epub 2005/12/03. https://doi.

org/10.1530/rep.1.00854 PMID: 16322549.

31. Khosla S, Dean W, Brown D, Reik W, Feil R. Culture of preimplantation mouse embryos affects fetal

development and the expression of imprinted genes. Biol Reprod. 2001; 64(3):918–26. PMID:

11207209.

32. Lane M, Gardner DK. Understanding cellular disruptions during early embryo development that perturb

viability and fetal development. Reprod Fertil Dev. 2005; 17(3):371–8. Epub 2005/03/05. PMID:

15745645.

33. Thompson JG, Gardner DK, Pugh PA, McMillan WH, Tervit HR. Lamb birth weight is affected by culture

system utilized during in vitro pre-elongation development of ovine embryos. Biol Reprod. 1995; 53

(6):1385–91. PMID: 8562695.

34. Harvey AJ. The role of oxygen in ruminant preimplantation embryo development and metabolism. Ani-

mal reproduction science. 2007; 98(1–2):113–28. https://doi.org/10.1016/j.anireprosci.2006.10.008

PMID: 17158002.

35. Li W, Goossens K, Van Poucke M, Forier K, Braeckmans K, Van Soom A, et al. High oxygen tension

increases global methylation in bovine 4-cell embryos and blastocysts but does not affect general

retrotransposon expression. Reprod Fertil Dev. 2014. https://doi.org/10.1071/RD14133 PMID:

25515369.

36. Adewumi O, Aflatoonian B, Ahrlund-Richter L, Amit M, Andrews PW, Beighton G, et al. Characterization

of human embryonic stem cell lines by the International Stem Cell Initiative. Nat Biotechnol. 2007; 25

(7):803–16. https://doi.org/10.1038/nbt1318 PMID: 17572666.

37. Wada N, Wang B, Lin NH, Laslett AL, Gronthos S, Bartold PM. Induced pluripotent stem cell lines

derived from human gingival fibroblasts and periodontal ligament fibroblasts. J Periodontal Res. 2011;

46(4):438–47. https://doi.org/10.1111/j.1600-0765.2011.01358.x PMID: 21443752.

38. Briggs JA, Sun J, Shepherd J, Ovchinnikov DA, Chung TL, Nayler SP, et al. Integration-free induced

pluripotent stem cells model genetic and neural developmental features of down syndrome etiology.

Stem Cells. 2013; 31(3):467–78. https://doi.org/10.1002/stem.1297 PMID: 23225669.

39. Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. Induced pluripotent

stem cell lines derived from human somatic cells. Science. 2007; 318(5858):1917–20. https://doi.org/

10.1126/science.1151526 PMID: 18029452.

40. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and adult fibro-

blast cultures by defined factors. Cell. 2006; 126(4):663–76. Epub 2006/08/15. https://doi.org/10.1016/j.

cell.2006.07.024 PMID: 16904174.

41. Ludwig TE, Levenstein ME, Jones JM, Berggren WT, Mitchen ER, Frane JL, et al. Derivation of human

embryonic stem cells in defined conditions. Nat Biotechnol. 2006; 24(2):185–7. Epub 2006/01/03.

https://doi.org/10.1038/nbt1177 PMID: 16388305.

42. Sheedy JR, Ebeling PR, Gooley PR, McConville MJ. A sample preparation protocol for 1H nuclear mag-

netic resonance studies of water-soluble metabolites in blood and urine. Anal Biochem. 2010; 398

(2):263–5. Epub 2009/11/28. https://doi.org/10.1016/j.ab.2009.11.027 PMID: 19941831.

43. Sheedy JR, Gooley PR, Nahid A, Tull DL, McConville MJ, Kukuljan S, et al. (1)H-NMR analysis of the

human urinary metabolome in response to an 18-month multi-component exercise program and cal-

cium-vitamin-D3 supplementation in older men. Appl Physiol Nutr Metab. 2014; 39(11):1294–304.

https://doi.org/10.1139/apnm-2014-0060 PMID: 25198310.

44. Gardner DK, Leese HJ. Concentrations of nutrients in mouse oviduct fluid and their effects on embryo

development and metabolism in vitro. J Reprod Fertil. 1990; 88(1):361–8. Epub 1990/01/01. PMID:

2313649.

45. Rathjen J, Yeo C, Yap C, Tan BS, Rathjen PD, Gardner DK. Culture environment regulates amino acid

turnover and glucose utilisation in human ES cells. Reprod Fertil Dev. 2014; 26(5):703–16. https://doi.

org/10.1071/RD12276 PMID: 23759283.

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 18 / 19

https://doi.org/10.1095/biolreprod.112.100552
https://doi.org/10.1095/biolreprod.112.100552
http://www.ncbi.nlm.nih.gov/pubmed/22553221
https://doi.org/10.1093/humupd/dmv034
http://www.ncbi.nlm.nih.gov/pubmed/26207016
http://www.ncbi.nlm.nih.gov/pubmed/10732123
https://doi.org/10.1530/rep.1.00854
https://doi.org/10.1530/rep.1.00854
http://www.ncbi.nlm.nih.gov/pubmed/16322549
http://www.ncbi.nlm.nih.gov/pubmed/11207209
http://www.ncbi.nlm.nih.gov/pubmed/15745645
http://www.ncbi.nlm.nih.gov/pubmed/8562695
https://doi.org/10.1016/j.anireprosci.2006.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17158002
https://doi.org/10.1071/RD14133
http://www.ncbi.nlm.nih.gov/pubmed/25515369
https://doi.org/10.1038/nbt1318
http://www.ncbi.nlm.nih.gov/pubmed/17572666
https://doi.org/10.1111/j.1600-0765.2011.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/21443752
https://doi.org/10.1002/stem.1297
http://www.ncbi.nlm.nih.gov/pubmed/23225669
https://doi.org/10.1126/science.1151526
https://doi.org/10.1126/science.1151526
http://www.ncbi.nlm.nih.gov/pubmed/18029452
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
https://doi.org/10.1038/nbt1177
http://www.ncbi.nlm.nih.gov/pubmed/16388305
https://doi.org/10.1016/j.ab.2009.11.027
http://www.ncbi.nlm.nih.gov/pubmed/19941831
https://doi.org/10.1139/apnm-2014-0060
http://www.ncbi.nlm.nih.gov/pubmed/25198310
http://www.ncbi.nlm.nih.gov/pubmed/2313649
https://doi.org/10.1071/RD12276
https://doi.org/10.1071/RD12276
http://www.ncbi.nlm.nih.gov/pubmed/23759283
https://doi.org/10.1371/journal.pone.0193949


46. Deng J, Shoemaker R, Xie B, Gore A, LeProust EM, Antosiewicz-Bourget J, et al. Targeted bisulfite

sequencing reveals changes in DNA methylation associated with nuclear reprogramming. Nat Biotech-

nol. 2009; 27(4):353–60. https://doi.org/10.1038/nbt.1530 PMID: 19330000.

47. Ma H, Morey R, O’Neil RC, He Y, Daughtry B, Schultz MD, et al. Abnormalities in human pluripotent

cells due to reprogramming mechanisms. Nature. 2014; 511(7508):177–83. https://doi.org/10.1038/

nature13551 PMID: 25008523.

48. Polo JM, Liu S, Figueroa ME, Kulalert W, Eminli S, Tan KY, et al. Cell type of origin influences the

molecular and functional properties of mouse induced pluripotent stem cells. Nat Biotechnol. 2010; 28

(8):848–55. https://doi.org/10.1038/nbt.1667 PMID: 20644536.

49. Folmes CD, Martinez-Fernandez A, Faustino RS, Yamada S, Perez-Terzic C, Nelson TJ, et al. Nuclear

reprogramming with c-Myc potentiates glycolytic capacity of derived induced pluripotent stem cells. J

Cardiovasc Transl Res. 2013; 6(1):10–21. https://doi.org/10.1007/s12265-012-9431-2 PMID:

23247633.

50. Sridharan R, Tchieu J, Mason MJ, Yachechko R, Kuoy E, Horvath S, et al. Role of the murine repro-

gramming factors in the induction of pluripotency. Cell. 2009; 136(2):364–77. https://doi.org/10.1016/j.

cell.2009.01.001 PMID: 19167336.

51. Park SJ, Lee SA, Prasain N, Bae D, Kang H, Ha T, et al. Metabolome Profiling of Partial and Fully

Reprogrammed Induced Pluripotent Stem Cells. Stem Cells Dev. 2017. https://doi.org/10.1089/scd.

2016.0320 PMID: 28346802.

52. Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G, Barasch D, 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. https://doi.org/10.1016/j.cmet.2015.02.002 PMID: 25738455.

53. Meissen JK, Yuen BT, Kind T, Riggs JW, Barupal DK, Knoepfler PS, et al. Induced pluripotent stem

cells show metabolomic differences to embryonic stem cells in polyunsaturated phosphatidylcholines

and primary metabolism. PLoS One. 2012; 7(10):e46770. https://doi.org/10.1371/journal.pone.

0046770 PMID: 23077522.

54. Washington JM, Rathjen J, Felquer F, Lonic A, Bettess MD, Hamra N, et al. L-Proline induces differenti-

ation of ES cells: a novel role for an amino acid in the regulation of pluripotent cells in culture. Am J Phy-

siol Cell Physiol. 2010; 298(5):C982–92. Epub 2010/02/19. https://doi.org/10.1152/ajpcell.00498.2009

PMID: 20164384.

55. Tan BS, Lonic A, Morris MB, Rathjen PD, Rathjen J. The amino acid transporter SNAT2 mediates L-

proline-induced differentiation of ES cells. Am J Physiol Cell Physiol. 2011; 300(6):C1270–9. Epub

2011/02/25. https://doi.org/10.1152/ajpcell.00235.2010 PMID: 21346154.

56. Hiratani I, Ryba T, Itoh M, Rathjen J, Kulik M, Papp B, et al. Genome-wide dynamics of replication timing

revealed by in vitro models of mouse embryogenesis. Genome research. 2010; 20(2):155–69. https://

doi.org/10.1101/gr.099796.109 PMID: 19952138.

57. Harvey AJ, Rathjen J, Gardner DK. Metaboloepigenetic regulation of pluripotent stem cells. Stem Cells

Int. 2016; 2016(article ID 1816525):15 pages. https://doi.org/10.1155/2016/1816525 PMID: 26839556

58. 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. https://doi.org/10.1038/

nature13981 PMID: 25487152.

59. Shyh-Chang N, Locasale JW, Lyssiotis CA, Zheng Y, Teo RY, Ratanasirintrawoot S, et al. Influence of

threonine metabolism on S-adenosylmethionine and histone methylation. Science. 2013; 339

(6116):222–6. https://doi.org/10.1126/science.1226603 PMID: 23118012.

60. Shiraki N, Shiraki Y, Tsuyama T, Obata F, Miura M, Nagae G, et al. Methionine metabolism regulates

maintenance and differentiation of human pluripotent stem cells. Cell metabolism. 2014; 19(5):780–94.

https://doi.org/10.1016/j.cmet.2014.03.017 PMID: 24746804.

61. Gardner DK, Pool TB, Lane M. Embryo nutrition and energy metabolism and its relationship to embryo

growth, differentiation, and viability. Seminars in reproductive medicine. 2000; 18(2):205–18. Epub

2001/03/21. https://doi.org/10.1055/s-2000-12559 PMID: 11256170.

62. Lane M, Gardner DK. Amino acids and vitamins prevent culture-induced metabolic perturbations and

associated loss of viability of mouse blastocysts. Hum Reprod. 1998; 13(4):991–7. PMID: 9619560.

Metabolic fidelity in human iPS cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0193949 March 15, 2018 19 / 19

https://doi.org/10.1038/nbt.1530
http://www.ncbi.nlm.nih.gov/pubmed/19330000
https://doi.org/10.1038/nature13551
https://doi.org/10.1038/nature13551
http://www.ncbi.nlm.nih.gov/pubmed/25008523
https://doi.org/10.1038/nbt.1667
http://www.ncbi.nlm.nih.gov/pubmed/20644536
https://doi.org/10.1007/s12265-012-9431-2
http://www.ncbi.nlm.nih.gov/pubmed/23247633
https://doi.org/10.1016/j.cell.2009.01.001
https://doi.org/10.1016/j.cell.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19167336
https://doi.org/10.1089/scd.2016.0320
https://doi.org/10.1089/scd.2016.0320
http://www.ncbi.nlm.nih.gov/pubmed/28346802
https://doi.org/10.1016/j.cmet.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25738455
https://doi.org/10.1371/journal.pone.0046770
https://doi.org/10.1371/journal.pone.0046770
http://www.ncbi.nlm.nih.gov/pubmed/23077522
https://doi.org/10.1152/ajpcell.00498.2009
http://www.ncbi.nlm.nih.gov/pubmed/20164384
https://doi.org/10.1152/ajpcell.00235.2010
http://www.ncbi.nlm.nih.gov/pubmed/21346154
https://doi.org/10.1101/gr.099796.109
https://doi.org/10.1101/gr.099796.109
http://www.ncbi.nlm.nih.gov/pubmed/19952138
https://doi.org/10.1155/2016/1816525
http://www.ncbi.nlm.nih.gov/pubmed/26839556
https://doi.org/10.1038/nature13981
https://doi.org/10.1038/nature13981
http://www.ncbi.nlm.nih.gov/pubmed/25487152
https://doi.org/10.1126/science.1226603
http://www.ncbi.nlm.nih.gov/pubmed/23118012
https://doi.org/10.1016/j.cmet.2014.03.017
http://www.ncbi.nlm.nih.gov/pubmed/24746804
https://doi.org/10.1055/s-2000-12559
http://www.ncbi.nlm.nih.gov/pubmed/11256170
http://www.ncbi.nlm.nih.gov/pubmed/9619560
https://doi.org/10.1371/journal.pone.0193949

