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Abstract
Generation of induced pluripotent stem cells (iPSCs) from somatic cells by defined factors is a
mechanism-unknown, yet extremely time-consuming process. Inefficient reprogramming leads to
prolonged periods of in vitro iPSC selection, resulting in subtle genetic and epigenetic
abnormalities. To facilitate pluripotent reprogramming, we have identified the thyroid hormone
triiodothyronine (T3) as an endogenous factor that can enhance reprogramming of human dermal
fibroblasts (HDF) and umbilical cord mesenchymal stem cells (UCMSC). This potentiation of
iPSC induction is associated with metabolic remodeling activity, including up-regulation of key
glycolytic genes, an increase in cell proliferation, and the induction of mesenchymal-epithelial
transition (MET). We further identify the activation of the PI3K/AKT signal pathway by T3 as an
underlying mechanism for the enhanced conversion to cell pluripotency in this model. These
studies demonstrate that T3 enhances metabolic remodeling of donor cells in potentiating cell
reprogramming.
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1. INTRODUCTION
The transgenic expression of defined factors that are important for maintaining the
pluripotent properties of embryonic stem cells can epigenetically reprogram somatic cells to
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a pluripotent state, resulting in the generation of induced pluripotent stem cells (iPSCs) [1–
2]. Human iPSCs display a variety of embryonic stem cell (ESC)-like properties, and are
characterized by the capacity for self-renewal and the potential for differentiating into all
three germ layers. The features of these stem cells are associated with the specific
expression of an array of pluripotency genes (e.g. NANOG, OCT3/4 and SOX2) and a
complex transcriptional regulatory circuitry. Most notably, the iPSC technology may
surmount technical difficulties in therapeutic cloning to create patient-specific stem cells for
regenerative therapy, including Parkinson disease [3], sickle cell anemia [4–5], Huntington
disease and other genetic diseases [6]. Thus, iPSCs may provide a versatile and ethical
alternative for regenerative medicine and human disease research [7].

However, full reprogramming of human somatic cells is a very inefficient and considerably
time-consuming process [8–9], especially when using non-viral methods. During the long
period of cell culture and iPSC selection, tremendous cellular stress is created within the
defined factor-transfected cells. Prolonged exposure to cellular stress may cause subtle
genetic and epigenetic abnormalities in iPSCs, such as de novo generation of copy number
variations (CNVs) [10], somatic coding mutations [11], un-erased epigenetic memory [12–
14], aberrant DNA methylomes [15], and altered genomic imprinting [16–17]. Obviously,
this reprogramming process places a heavy burden on cellular integrity and highlights the
importance of discovering new methods to shorten and make more efficient the induction of
pluripotency.

Attempts to improve the generation of iPSC cells include the use of DNA methylation
inhibitors [18], histone modification inhibitors [19], and inhibition of tumor suppresser
genes such as p53 and p16 [20–22]. In addition, a number of small molecules have been
identified as being capable of enhancing the reprogramming efficiency [23], including
valproic acid (VPA) [19], vitamin C [24], SB431542 and PD0325901 [25]. These small
molecules can be characterized as antioxidants, epigenetic modulators and signaling
pathway inhibitors. However, the long-term safety of these exogenous chemicals remains
unknown.

While the mechanisms underlying the reprogramming process remain mysterious, it has
been suggested that the activation of endogenous pluripotency-related genes and certain
epigenetic changes are essential for successful iPSC induction [26]. Self-renewal of stem
cells requires the down-regulation of senescence-related p53 signaling pathways, the
activation of the telomerase system [27], and a very unusual cell cycle characterized by a
short G1 phase and a high proportion of cells in S-phase [28–29]. In human epithelial hair
follicles, both local and central hormones play key roles in adult stem cell maintenance,
proliferation and differentiation [30]. Thus, the microenvironment (or niche), as maintained
by endogenous signals (hormones and growth factors), may significantly affect both the
behavior of stem cells, as well as the induction of iPSCs. To promote the induction of cell
pluripotency, we have attempted to identify endogenous factors that are involved in the
maintenance of cell stemness.

2. MATERIALS AND METHODS
2.1. Cell Culture

293T cells were purchased from ATCC and cultured in DMEM (Invitrogen) supplemented
with 10% FBS (Hyclone), 0.1 mM non-essential amino acids (Invitrogen), 50 units/ml
penicillin, and 50 mg/ml streptomycin (Invitrogen).

Human dermal fibroblasts were cultured from tissue obtained at surgery from a 25 year old
healthy male after circumcision in Shenzhen Hospital of Peking University. Human
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umbilical cord mesenchymal stem cells were cultured from cord tissues collected after
caesarean section of a normal pregnancy from Nanshan Hospital of Shenzhen. Primary HDF
and UCMSC cells were cultured as previously described [31–32]. Briefly, foreskin and
umbilical cord tissues were washed in cold phosphate-buffered saline (PBS) containing
penicillin/streptomycin. The tissues were dissected into 0.5–1 mm size pieces and placed in
100 mm dishes containing 3ml FBS. After incubation at 37C, 5% CO2 overnight, 5 ml
growth medium were added. Outgrowth of fibroblasts or mesenchymal cells appeared after
5–8 days. HDF or UCMSC cells were cultured in growth medium: DMEM/F12 (Gibco)
supplemented with 20% FBS (Hyclone), 0.1 mM beta-mercaptoethanol, L-Glutamine
(Invitrogen), 1×10−4 M nonessential amino acids (Invitrogen), 50 units/ml penicillin, and 50
mg/ml streptomycin (Invitrogen). The cells from passages 3 to 5 were used for infection by
a retrovirus carrying all of the four defined factors. Human embryonic stem cell line (hESC)
H9 and human iPSC were maintained on mitomycin C-inactivated mouse embryonic
fibroblasts (MEF) in hES medium: DMEM/F12 (Gibco) supplemented with 20% knockout
serum replacement (KSR) (Invitrogen), 10ng/ml b-FGF (PeproTech), 0.1 mM beta-
mercaptoethanol, L-Glutamine (Invitrogen), 1×10−4 M nonessential amino acids
(Invitrogen), 50 units/ml penicillin, and 50 mg/ml streptomycin (Invitrogen).

2.2. Cell proliferation assays
Cell proliferation was assessed using WST-1 reagent (Roche). OSKM-infected cells were
seeded into 96-well plates at 4×103/well and incubated for 24h. The medium was changed to
DMEM/F12 supplemented with 20% KSR, and then treated with various concentrations of
T3. After 3 days, 100μl WST-1 reagent was added and incubated for 4h. The absorbance at
450nm was read by Multiskan MK3 (Thermo).

2.3. Retroviral Production and iPSC Generation
One day before transfection, 293T cells were plated at 1.2×106 per 60mm dishes (0.1%
gelatin coated). Human reprogramming factors pMXs-OCT3/4, pMXs-SOX2, pMXs-KLF4
and pMXs-cMYC (Addgene) were transfected with retrovirus packaging vectors pVPack-
VSV-G and pVPack-GP (Stratagene) using Fugene 6 reagent (Roche). For each transfection,
the DNA-Fugene 6 mixture contained 400μl Opti-MEM (Invitrogen), 4 μg individual
reprogramming factor, 2.5 μg pVPack-GP, 1.5 μg pVPack-VSV-G and 20 μl Fugene 6.
After incubation overnight with 293T cells, the media was replaced with 5ml fresh medium.
The virus-containing supernatants were collected at 48h and 72h after transfection, and then
mixed and filtered through a 0.45-μm cellulose acetate filter (Sartorius). Viral supernatants
were concentrated with Amicon Ultra-15 Centrifugal Filter Units (Millipore) at 4C, at
5000rpm for 30 minutes. The concentrated viruses were collected using a side to side
washing motion in DMEM, yielding ~ 4ml concentrated retroviruses (48+72h viruses) from
four 60mm dishes. We used pMXs-GFP retrovirus as infection control.

The day before infection, HDF or UCMSC cells were seeded into 12-well plates at 3×104

cells per well in serum free medium: DMEM/F12 (Gibco) supplemented with 20% KSR
(Invitrogen), 0.1 mM beta-mercaptoethanol, L-Glutamine (Invitrogen), and 1×10−4 M
nonessential amino acids (Invitrogen). For viral infection, 0.8ml concentrated retrovirus
solution (containing an equal amount of each of the 4 factors), 0.5ml serum free medium and
6 μg/ml polybrene (Sigma) were added to target cells. After incubation for 24h, the cells
were washed with PBS and 1 ml fresh growth medium was added. For thyroid hormone
treatment, the serum-free medium was supplemented with 5 nM T3. Two days after
infection, the media was replaced with growth medium.

Three to five days after infection, morphologically epithelial-like cells appeared. The cells
were digested and 3–4 ×104 cells were transferred to 100 mm dishes on mitomycin C-
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inactivated MEF feeder cells (2×104 /cm2). The media were replaced with hES medium on
day 9, and hES-like colonies appeared on day 12 to 14.

2.4. Live cell staining
From day 12 to 16, the hES-like colonies were labeled by live cell staining. The cells were
washed with pre-warmed PBS, and then incubated with TRA-1-60 (1:50 dilution, Millipore)
and appropriate secondary antibody in phenol red free DMEM (Invitrogen). The cells were
washed twice, and the live image was observed in phenol red free media. The TRA-1-60
positive colonies were picked and transferred to 12 well plates with feeder cells.

2.5. Alkaline phosphatase staining and Immunofluorescence
Alkaline phosphatase (AP) staining was performed using the Alkaline Phosphatase Staining
kit (Millipore) following the manufacturer’s instruction. The cells were fixed in 4%
paraformaldehyde/PBS for 1–2 minutes, rinsed with PBS and then incubated with staining
solution in the dark at room temperature. After 15 minutes, colonies of cells expressing AP
(red colonies) were recorded using a microscope–mounted camera.

Immunofluorescent staining was used to examine the stem cell markers in iPSC colonies.
Briefly, cells were fixed by 4% paraformaldehyde/PBS for 10–15 min and rinsed with PBS,
then permeabilized and blocked with 0.1% Triton X-100/PBS containing 3% BSA for 30
min. After incubation with primary antibodies for 1 h at room temperature or overnight at
4C, the samples were washed three times with PBS, and then incubated with secondary
antibody for 1 h.

The following antibodies were used: mouse anti-TRA-1-60(1:100 dilution, Millipore),
mouse anti-TRA-1-81(1:100 dilution, Millipore), mouse anti-SSEA4 (1:100 dilution,
Millipore), mouse anti-Nanog (1:200 dilution, Abcam), Rabbit anti-Nanog (1:100 dilution,
Santa Cruz), mouse anti-Oct3/4 (1:100 dilution, Millipore), rabbit anti-Sox2 (1:100 dilution,
Millipore), rabbit anti-E-cadherin (1:100 dilution, Cell Signaling), mouse anti-Tuj1 (1:100
dilution, Millipore), goat anti-Sox17 (1:100 dilution, R&D), and mouse anti-Vimentin
(1:100 dilution, Santa Cruz). The cell samples were subsequently incubated with Cy3 or
Alexa Fluor 488 labeled secondary antibodies for 1 hour. After washing three times with
PBS, samples were counterstained with Hoechst 33258 (Invitrogen). Negative controls were
stained without the use of primary antibodies. Fluorescence images were acquired with a
Zeiss AxioCam Camera.

2.6. Karyotype analysis
For karyotype analysis, iPS cells were maintained on matrigel. The following steps were
carried out at Shenzhen Women and Children Hospital, Department of Pathology. Cells
were treated with 0.2 μg/mL of colcemid for 3 hours and subsequently harvested by trypsin.
After treatment with hypotonic solution and fixation with 3:1 methanol and acetic acid, the
samples were analyzed by standard G-banding methodology.

2.7. Real Time-PCR
Total RNA was extracted using TRI Reagent (TaKaRa), and then treated with DNase I
(Sigma) to remove genomic DNA contamination [33–34]. M-MLV Reverse Transcriptase
(Invitrogen) was used to synthesize complementary DNA from 2 μg total RNA. For non-
quantitative RT-PCR analysis, 100–200 ng cDNA were amplified by GoTaq® Green Master
Mix (Promega) with DNA Engine Thermal Cycler (BIO-RAD). For quantitative analysis,
cDNA samples (no more than 100 ng) were amplified using CFX96TM real-time system
(BIO-RAD) by SYBR PrimeScript™ RT-PCR Kit (TaKaRa). PCR primer sequences are
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shown in Table S1. The mRNA expression level of each gene relative to GAPDH
(housekeeping gene) was calculated as previously described [33, 35].

2.8. Bisulfite sequencing analysis
Genomic DNA was extracted using Universal Genomic DNA Extraction Kit Ver.3.0
(TaKaRa). According to the manufacture’s recommendation, 1μg DNA samples were
bisulfate-treated with CpGenome Universal DNA Modification Kit (Millipore). The
promoter regions of OCT4, NANOG were amplified by PCR; primer sequences are shown
in Table S1. PCR products were subcloned into pMD®18-T (TaKaRa), and ten clones of
each sample were verified by sequence analysis. The methylation status was analyzed by
CpGViewer software.

2.9. In vitro differentiation
For embryoid body (EB) formation, human PSCs were trypsinized by collagenase IV
(Invitrogen), and cell clumps were transferred to 60 mm dishes in hES medium without b-
FGF. After being maintained in floating culture for 4–6 days, EB were seeded in 0.1%
gelatin-coated 6-well plates in DMEM/F12 containing 20% FBS for spontaneous
differentiation into mesodermal and endodermal lineages. For neuronal differentiation, EB
were cultured in medium containing N2 and B27 supplement (Invitrogen). The
differentiated cells were cultured with appropriate antibodies and detected by
Immunofluorescence [36].

2.10. Teratoma formation
Human iPS cells were digested with collagenase IV, and resuspended at 5×106 cells/ml in
200 μl matrigel (BD Biosciences) supplemented with 20% FBS. The cell suspension was
injected subcutaneously into the dorsal flank of SCID mice. Tumors appeared 6–8 weeks
after injection. Teratomas were harvested, fixed in 4% paraformaldehyde, dissected and
embedded in paraffin. The sections were stained with hematoxylin and eosin (HE) for
histological analysis.

2.11. Activity of the PI3K/AKT pathway
The activation of the phosphatidyl-inositol 3-kinase (PI3K)/AKT pathway was examined by
measuring AKT phospho-serine 473, PFKFB2 phospho-serine 466, and AS160 phospho-
threonine 642. Western blotting was used to measure phosphoproteins as previously
described [33, 37]. Briefly, cells were harvested and proteins were separated by 7.5% (wt/
vol) sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were transferred to
polyvinylidene fluoride membranes for immunoblotting with the following antibodies:
phospho-AKT Ser473 (#9271, Cell signaling Technology, USA), AKT (#9272, Cell
signaling Technology, USA), phospho-AS160 Thr642 (#4288, Cell signaling Technology,
USA), p-PFKFB2 Ser466 (SC-32966, Santa Cruz Biotechnologies, USA) and β-actin
(ab3280, Abcam, USA).

To study the role of the PI3K/AKT pathway, the OSKM 4F-transduced cells were treated
with 10 nM L-triiodothyronine in the presence of 50 μM PI3 kinase-specific inhibitor
LY294002 (Cell signaling Technology, USA). Three to five days after treatment, the cells
were harvested for western blot analysis, or were transferred to MEF feeder cells (2×104 /
cm2) for iPS induction and AP staining of the iPSC colonies.
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2.12. Statistical analysis
All data are represented as mean ± SD from 3 independent experiments. Statistical analysis
of the data was performed using SPSS13.0, and the significance of differences was
examined with Student’s t test. P <0.05 was considered significant.

3. RESULTS
3.1. Identification of T3 as an enhancer of induced cell pluripotency

In order to identify endogenous factors that can enhance the development of cell
pluripotency, we tested a variety of chemicals, including hormones, amino acids, vitamins,
and growth factors. Using the standard iPSC protocol, we first transfected two human donor
cell lines, dermal fibroblasts (HDF) and umbilical cord mesenchymal stem cells (UCMSC),
with retroviruses containing four defined transcription factors (Oct4, Sox2, Klf4, and c-
Myc). The transfected cells were then incubated with the test substances. Alkaline
phosphatase (AP) staining and live cell staining for TRA-1-60 were employed to evaluate
the effect of the various substances on cell reprogramming efficiency. On day 14 post-
infection, AP and TRA-1-60 positive colonies were selected and the reprogramming
efficiency was then assessed in three independent experiments.

The thyroid hormone T3 was the most potent promoter of iPSC induction. Incubation with
T3 at the optimal concentration of 10 nM remarkably increased the number of AP-positive
colonies in virally infected HDFs and UCMSCs as compared with controls (Figs.1A–1B).
Similar results were also observed in treated cells using TRA-1-60 staining (Fig.1C). Figure
1D shows typical examples of increased TRA-1-60 immunostaining of iPSC colonies in
HDF and UCMSC cells. TRA-1-60 positive colonies were placed into 12-well plates for
further amplification. For convenience, we use the term “T3-iPSCs” to denote the iPSCs
generated from this protocol. A total of more than 30 T3-iPSC lines were obtained.

3.2. Activation of metabolic remodeling by T3 treatment
We investigated potential mechanisms underlying the T3-mediated potentiation of iPSC
induction. We first examined whether T3 altered metabolic parameters during retrovirus-
induced reprogramming. T3 was added to the medium immediately after retrovirus infection
for a period of 3 days. On day 4, the treated cells were harvested for quantitative Real-time
PCR (Q-PCR). Retroviral transfection of the four iPSC-inducing factors upregulated two
genes involved in glucose metabolism, GLUT1 and PFK1. The abundance of mRNA for two
key glycolytic enzymes, LDHA and HK2, did not change. However, in the presence of T3,
all four glycolytic genes, including GLUT1, PFK1, LDHA and HK2, were significantly
upregulated (Fig.2).

To confirm the role of T3 in regulating glucose homeostasis, we incubated a T3-beta nuclear
receptor antagonist 1-850 (TRA) [38] together with T3. TRA co-treatment blocked the
stimulatory effect of T3 on expression of these genes (Fig.2). Taken together, these data
indicated that T3 altered the metabolism of four-factor-transfected cells by increasing their
glycolytic status.

3.3. Metabolic remodeling by T3-activated PI3K/AKT signal pathway
We further examined the molecular mechanisms underlying the activation of glycolysis by
thyroid hormone during cell reprogramming. We collected the OSKM/T3-treated cells and
examined signal pathways that may participate in glycolytic metabolism. Interestingly, we
found that the AKT pathway was significantly activated in a time-dependent manner in
parallel with the upregulation of glycolysis (Fig.3A, top panel). The AKT downstream target
PFBFB2 was activated by phosphorylation at serine 466 (Fig.3A, panel 3). AS160, another
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downstream target of the PI3K/AKT pathway, was also activated by phosphorylation at
threonine 642 (Fig.3A, panel 4). However, this activation gradually declined with time,
suggesting that stimulation of the AS160 pathway was a relatively early event in the
activation of glycolysis.

We further examined the role of the PI3K/AKT pathway by applying LY294002, a specific
inhibitor of PI3 kinase (PI3K) [39]. We found that incubation with LY294002 almost
completely blocked the T3-mediated activation of AKT and its two downstream targets
PFKFB2 and AS160 (Fig.3B). Similarly, treatment of the PI3K inhibitor also abolished the
T3-mediated increase in the number of iPSC colonies as measured by AP colony staining
(Fig.3C). Together, these data suggest the critical role of the PI3k/AKT pathway in T3-
meidated activation of glycolysis during cell reprogramming (Figs. 3D, 3E).

3.4. Promotion of mesenchymal to epithelial transition by metabolic remodeling
Activation of glycolytic metabolism is often associated with plastic transition between
epithelium and mesenchyme. It has been suggested that the mesenchymal to epithelial
transition (MET) is a critical early event during the reprogramming of mouse somatic cells
[40–41]. The upregulation of epithelial related genes E-cadherin and CLDN3 and the
downregulation of the mesenchymal gene Snail were considered to be markers of the MET
process. We therefore investigated whether T3-mediated metabolic remodeling had any
positive effect on MET during cell reprogramming in this OSKM-T3 model.

We used 293T cells as a positive epithelial cell control and uninfected HDFs as a negative
control. Following the expression of the four factors, up-regulation of E-cadherin and
CLDN3 become evident on post-infection day 6 in comparison to the uninfected control. E-
Cadherin and CLDN3 expression was further increased after T3 administration (Fig.4A),
and, the expression of Snail1 and Snail2 decreased immediately after reprogramming (Figs.
4B, 4C). Further reduction of Snail1 and Snail2 was observed when T3 treatment was
combined with retroviral infection. The regulatory effect of T3 on MET-related genes was
significantly inhibited after the addition of a T3 receptor antagonist (Figs. 4A–4C).

Infected HDFs also showed morphological changes following the addition of T3 in early cell
reprogramming (Fig.4D). Upon treatment with T3, the majority of infected HDFs
demonstrated the morphology of typical epithelial cells. The effect of T3 was diminished by
co-incubation with the thyroid hormone receptor antagonist.

The reprogrammed cells began to express the epithelial marker E-cadherin, but the
expression of E-cadherin was remarkably increased with the addition T3 (Fig.4E). These
results suggest that the T3-activated metabolic remodeling is capable of promoting MET
through the regulation of some key epithelial and mesenchymal genes.

Active glycolytic flux is correlated with increased proliferation of ESC cells. We thus asked
if T3-mediated metabolic remodeling would affect the growth of HDF cells as well. We
found that the growth rate of HDF was increased after metabolic remodeling by T3. This
effect was maximal at a concentration of 10 nM T3. Accelerated cell growth persisted for
only 2 to 3 days following the initial application of T3. After 72 hours, the growth-
promoting effect of T3 became less obvious as cells became confluent (Figs.S1A–S1C).

3.5. Expression of pluripotency markers in T3-iPSCs
We then performed a series of assays, including gene expression and DNA methylation
analyses, to verify that the T3-iPSC lines obtained were fully reprogrammed and behaved
like authentic human iPS cells. The T3-iPSCs generated in this study were morphologically
similar to human ES cells and were capable of self-renewal.
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Immunofluorescence analysis confirmed that T3-iPSCs expressed hESC surface markers
including TRA-1-60, TRA-1-81, SSEA4, and E-cadherin, as well as nuclear markers such as
Oct4, Sox2 and Nanog (Fig.5A). Bisulfite sequencing revealed that the promoter regions of
Oct4, Sox2 and Nanog in HDF- and UCMSC-derived T3-iPSC cells became demethylated
(Fig.5B), suggesting the reactivation of these pluripotency genes. T3-iPSCs exhibited a
normal karyotype after 26 passages (Fig.5C).

3.6. Differentiation potential of T3-iPSCs
To study the in vitro pluripotency of T3-iPSCs, we generated embryoid bodies (EBs) using
the floating cultivation method. T3-iPSCs formed EB-like structures 4–6 days after being
cultured in suspension (Fig.6A). EBs were then transferred to FBS-containing medium and
were allowed to differentiate spontaneously (Figs. 6B, 3C). Immunofluorescence analyses
confirmed that the EBs were able to differentiate into cells of all three germ layers (Figs.
6D–6F). Q-RT PCR analysis demonstrated that the expression of markers representing all
three germ layers, including AFP (endoderm), MSX1 (mesoderm) and Pax6 (ectoderm), was
increased in comparison to the undifferentiated T3-iPSC cells (Figs.6G–6I). At the same
time, the expression of pluripotency-related genes was down-regulated (Fig.6J).

The pluripotency of the T3-iPSCs was tested further by in vivo teratoma formation. Cells
from seven T3-iPSC lines were injected subcutaneously into immunodeficient (SCID) mice.
Tumor formation was observed in all of the injected mice 6–8 weeks post injection.
Histological analysis confirmed that T3-iPSCs were able to differentiate into various tissue
types of all three germ layers, including epithelium (endoderm), muscle (mesoderm),
cartilage (mesoderm) and neural rosettes (ectoderm) (Fig.6K). These results suggest that the
T3-iPSCs generated in the present study were pluripotent and had full differentiation
potential.

4. DISCUSSION
The low efficiency of the induction of pluripotency in somatic cells, such as fibroblasts, is a
major challenge to the translation of laboratory discoveries using iPSCs into patient-tailored
regenerative medicine. Moreover, reprogramming is a very stressful process for donor
somatic cells. In our early experiments, it was frequently observed that retroviral infection
led to signs of senescence, and apoptosis was common among the infected donor cells.
Other groups have reported that iPSC induction can be significantly improved by inhibition
of apoptosis following the knockdown of tumor suppresser genes (p53, p16) [20–22]. Quite
recently, it was found that during the long iPSC induction process, subtle abnormalities
occurred at both genetic and epigenetic levels [10–17], thus raising safety concerns over the
clinical application of iPSCs.

In this study, we have demonstrated that T3, a natural hormone produced by the thyroid
gland, can increase the reprogramming efficiency of the human fibroblast cell line HDF as
well as the adult stem cell line UCMSC. Incubating the cells with T3 following the
transfection of four iPSC factors significantly boosted reprogramming efficiency (Fig.1). An
obvious advantage of this reprogramming regime is that T3 is an endogenous metabolic
hormone. Unlike many foreign chemicals or virally delivered factors, T3 treatment should
be a very safe approach in generating iPSCs for clinical research.

Most importantly, we found that T3 accelerates iPSC induction through a mechanism
fundamentally distinct from those as previously reported for other small molecules used to
enhance iPSC production [18–25]. T3 binds to nuclear thyroid hormone receptors,
regulating transcription of target genes via the thyroid response elements on the DNA
(“genomic action”) [42]. As a catabolic hormone, T3 regulates metabolism by modulating
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protein synthesis and increasing basal metabolic rate. We have demonstrated that T3
upregulates genes involved in the glycolytic pathway, including GLUT1, PFK1, LDHA, and
HK2. Thus, T3 can facilitate the change from mitochondrial oxidative metabolism of
somatic cells to anaerobic glycolytic metabolism in support of pluripotent homeostasis. Our
results support the concept that metabolic remodeling is a critical early event leading to the
T3-accelerated pluripotency. T3 may act as a mediator assisting the essential energetic
switch from mitochondrial oxidation to glycolysis, thereby enhancing iPSC induction. In
support of the concept of metabolic remodeling, the switch to glycolytic metabolism under
mild hypoxic conditions (5%–6% O2) improved the reprogramming efficiency for both
mouse and human cells [43]. In addition, highly proliferative cells require the support of
elevated glycolytic flux and a high-flux metabolic state from threonine catabolism [44–48].

Increasing evidence indicates that T3 may also mediate some of its biological effects by cell
signaling cascades (“non-genomic action”) [49–50]. Phosphatidylinositol-3 kinases (PI3K)
constitute a lipid kinase family characterized by their ability to phosphorylate inositol ring
3'-OH groups in inositol phospholipids, initiating the cascade response of the several
signaling pathways in response to different stimuli. In this communication, we characterized
a T3-dependent signaling cascade leading to upregulation of glycolysis in the OSKM-
transduced cells. Following treatment with T3, activated PI3K turns on its downstream
target AKT by phosphorylation at serine 473. The active AKT in turns phosphorylates and
thus activates two key regulators AS160 and PFKFB2 in glycolysis (Fig.3D). Co-treatment
of the PI3K inhibitor LY29402 blocked the activation of the signal pathway (Fig.3B) and the
subsequent enhancement of iPSC induction (Fig.3C). Thus, these findings provide new
insights into the mechanism underlying T3-potentiated iPSC induction.

Of particular interest is our finding that AS160, a key regulator of glucose transport,
responds rapidly to T3. The active form of Thr 642-phophorylated AS160 is significantly
upregulated 72 hrs following T3 treatment, but levels soon decline thereafter (Fig.3A). Thus,
AS160 may function as an early responding gene of the T3-PI3K-AKT signal pathway,
mediating a rapid response to T3 treatment (Fig.3D). These data suggest that in activating
the AKT pathway, T3 may accelerate iPSC induction through an alternative non-traditional
nongenomic mechanism as previously reported [49–50]. By mobilizing the existing
extracellular glucose into the cell, T3 activates the glycolytic metabolism in a rapid manner.
Thereafter, the glycolytic activity is then maintained by a second “slow response” pathway
through the PFKFB2 enzyme, which converts 6-phospho fructose into 2,6 phospho fructose
for glycolysis. This pathway is probably induced through traditional genomic mechanisms
of the T3 receptor, although nongenomic actions of T3 cannot be ruled out (Figs. 3D, 3E).
Through the tight coordination of these two pathways, T3 activates glycolytic metabolism,
providing a novel mechanism for thyroid hormone in enhancing cell pluripotency.

In ESCs, active glycolytic flux is correlated with high levels of proliferation [44]. We also
observed that the T3-mediated metabolic remodeling promoted HDF cell growth, providing
an advantage for reprogramming of the infected cells. This is particularly true for the
stressful process of iPSC selection, during which many virally infected cells undergo
apoptosis. In support of this concept, inhibition of apoptosis by blockade of p53 and p16
enhances iPSC induction [20–22].

The mesenchymal-to-epithelial transition (MET) is a critical step in somatic cell
reprogramming. Enhanced MET accelerates the reprogramming process. Similarly, the
upregulation of E-cadherin, a cell-adhesion-mediating protein, played a key role in
promoting MET and improving reprogramming efficiency [40]. T3 has been shown to have
a positive regulatory effect on E-cadherin expression in stomach epithelium during
metamorphosis [51]. In our experiments, we also noticed that a number of cells assumed a
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typical epithelial morphology following reprogramming, and this phenomenon became more
evident when T3 treatment was combined with the standard retroviral infection (Fig.4D). T3
significantly facilitated MET by upregulating E-cadherin (Figs. 4A, 4E). Our results thus
suggest that the MET following T3 metabolic remodeling may also be important in
promoting the induction of human iPS cells.

5. CONCLUSION
In summary, the reprogramming process involves complex molecular changes. Numerous
studies have been conducted to promote iPSC induction by altering the epigenetic network,
using inhibitors of DNA methylation and/or histone acetylation and methylation. In this
study, the identification of T3 as a reprogramming enhancer pinpoints for the first time the
critical role of metabolic remodeling by endocrine signals in the achievement and
maintenance of stemness as well as pluripotency. This finding also sheds light on a new
research direction for screening factors and small chemicals to promote iPSC induction,
particularly by the activation of the PI3K/AKT signaling pathway.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. T3 enhances the formation of alkaline phosphatase and TRA-1-60 positive colonies
A: Alkaline phosphatase (AP) staining of reprogrammed cells; B: Quantitative analysis of
AP-positive colonies; C: Quantitative analysis of TRA-1-60 positive colonies. D:
Immunostaining of TRA-1-60 positive colonies; HDF: human dermal fibroblasts; UCMSC:
umbilical cord mesenchymal stem cells; OSKM: Oct4-Sox2-Klf4-c-Myc retroviruses.
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Figure 2. Activation of key glycolytic genes by T3-mediated metabolic remodeling
Following OSKM-retroviral infection, cells were treated with T3 for 3 days and were
harvested on day 4 for the expression of GLUT1 (A), PKF1 (B), LDHA (C) and HK2 (D) by
Real-time PCR.
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Figure 3. T3 activates metabolic remodeling through the PI3K/AKT signal transduction
pathway
A. Measurement of the PI3K/AKT pathway components by Western blot. Ser 473:
phosphorylation at AKT serine 473; Ser 466: phosphorylation at PFKFB2 serine 466; Thr
642: phosphorylation at AS160 threonine 642.
B. Inhibition of T3-mediated PI3K/AKT pathway activation by the PI3K inhibitor
LY294002.
C. Inhibition of the PI3k/AKT pathway reduces the formation of the AP-positive iPSC
colonies
D. Schematic diagram of the T3-mediated activation of the PI3K/AKT pathway
E. Upregulation of the glycolysis pathway by the T3/OSKM treatment.

Chen et al. Page 18

Biomaterials. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Metabolic remodeling by T3 promotes mesenchymal-to-epithelial transition
A. Q-PCR quantitation of two epithelial markers, E-cadherin and CLDN3. Addition of T3
receptor antagonist TRA reduces the activation of E-cadherin and CLDN3 by T3 treatment.
293 cells were used as the positive control.
B–C. Down-regulation of Snail1 and Snail2, two mediators of the epithelial-to-
mesenchymal transition.
D. Morphological changes of the reprogrammed cells in the presence or absence of T3.
E. Immunostaining of E-cadherin expression in reprogrammed cells in the presence or
absence of T3. Note that the T3 receptor antagonist TRA abolishes the T3-mediated
activation of E-cadherin.
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Figure 5. Pluripotency of T3-iPS cells
A: Expression of pluripotent markers. T3-iPS cells derived from HDFs or UCMSCs form
compact ES-like colonies and express all major pluripotency-specific markers, including
AP, TRA-1-60, Sox2, TRA-1-81, SSEA4, E-Cadeherin, Oct4 and Nanog.
B: DNA demethylation of Oct4 and Nanog promoters in T3-iPS cells as measured by
sodium bisulfite sequencing.
C. Karyotype analysis indicates that the iPS cells exhibit no chromosomal abnormities
through reprogramming and frequent passaging
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Figure 6. Differentiation potential of T3-iPS cells
A: Formation of embryoid body (EB) from iPS cells at day 8.
B: Adherent culture of EB.
C: Differentiated cells at day 8.
D–F: Immunocytochemical staining of Sox2, Vimentin, and Tuj-1.
G–J: Q-PCR analyses of markers for differentiated three germ layers (AFP, MSX-1, and
PAX6), and for pluripotency (Nanog and Oct4).
(K). Three embryonic germ layers of teratoma: epithelium, muscle, cartilage neural rosettes.
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