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Introduction: Pluripotent stem cells can be generated from somatic cells by the

Yamanaka factors Oct4, Sox2, Klf4 and c-Myc.

Methods: Mouse embryonic fibroblasts (MEFs) were transduced with the

Yamanaka factors and generation of induced pluripotent stem cells (iPSCs) was

assessed by formation of alkaline phosphatase positive colonies, pluripotency

gene expression and embryod bodies formation.

Results: The thyroid hormone triiodothyronine (T3) enhances MEFs

reprogramming. T3-induced iPSCs resemble embryonic stem cells in terms of

the expression profile and DNA methylation pattern of pluripotency genes, and

of their potential for embryod body formation and differentiation into the three

major germ layers. T3 induces reprogramming even though it increases

expression of the cyclin kinase inhibitors p21 and p27, which are known to

oppose acquisition of pluripotency. The actions of T3 on reprogramming are

mainly mediated by the thyroid hormone receptor beta and T3 can enhance iPSC

generation in the absence of c-Myc. The hormone cannot replace Oct4 on

reprogramming, but in the presence of T3 is possible to obtain iPSCs, although

with low efficiency, without exogenous Klf4. Furthermore, depletion of the

corepressor NCoR (or Nuclear Receptor Corepressor 1) reduces MEFs

reprogramming in the absence of the hormone and strongly decreases iPSC

generation by T3 and also by 9cis-retinoic acid, a well-known inducer of
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reprogramming. NCoR depletion also markedly antagonizes induction of

pluripotency gene expression by both ligands.

Conclusions: Inclusion of T3 on reprogramming strategies has a potential use in

enhancing the generation of functional iPSCs for studies of cell plasticity, disease

and regenerative medicine.
KEYWORDS

thyroid hormone, mouse embryonic fibroblasts, reprogramming, pluripotency, nuclear
receptor corepressor 1
1 Introduction

Somatic cells can be reprogrammed to induced pluripotent stem

cells (iPSCs) with the introduction of the Yamanaka factors (Oct4,

Sox2, Klf4 and c-Myc or OSKM) (1, 2), which can also induce

totipotency in vivo (3). Herein, reprogramming refers to the reversion

of somatic cells into an embryonic stem (ES) cell-like state. As iPSCs

have the ability of self-renewal and the potential to differentiate into

virtually any type of somatic cell, they provide an invaluable tool for

the study of cell plasticity and have revolutionized the fields of

regenerative medicine, tissue engineering and drug screening (4–6).

iPSCs are genetically similar to ES cells and express ES cell-specific

markers, although they can present genetic and epigenetic

abnormalities (7, 8). Reprogramming is dominated by a small

number of “elite” clones that are especially poised to become

pluripotent stem cells (9, 10). To be converted into iPSCs, cells

must first exit the differentiated state undergoing a mesenchymal to

epithelial transition associated to down-regulation of somatic genes

(11, 12). Cells then progress through an intermediate state in which

they activate embryonic markers such as alkaline phosphatase (AP),

and finally express endogenous core pluripotency genes including

Oct4, Sox2 and Nanog, acquiring a stable self-sustaining pluripotent

immortal state, which no longer requires exogenous Yamanaka

factors (13–15). This process requires a largescale epigenetic

modelling. Besides DNA demethylation of pluripotency genes,

which is required for reprogramming, pluripotent cells exhibit

global DNA hypomethylation, a pattern that may indicate an open

chromatin state (16–19). Accordingly, iPSCs, compared with somatic

cells, are enriched for histone modifications associated with active

chromatin such as histone acetylation, and depleted for histone

methylation marks characteristic of transcriptional repression,

suggesting that pluripotent cells are more euchromatic than

somatic cells (20). Thus, chromatin structure is a key controller of

reprogramming and several studies have demonstrated the

importance of different epigenetic regulators in converting somatic

cells into iPSCs (21, 22).

The thyroid hormones thyroxine (T4) and triiodothyronine (T3)

are crucial regulators of growth, development and metabolism (23).

The actions of the active thyroid hormone T3 are initiated by binding

to the thyroid hormone receptors (TRs), which belong to the

superfamily of nuclear receptors (24). Two different genes encode
02
TRa (Nr1a1 or THRA) and TRb (Nr1a2 or THRB) proteins,

respectively, which show different expression pattern and functions

(25). TRs, as well as other nuclear receptors, bind their response

elements on target genes preferentially as heterodimers with another

nuclear receptor, the retinoid X receptor (RXR). RXR binds the vitamin

A derivative 9-cis-retinoic acid (9c-RA) and other selective ligands

known as rexinoids (26), which can play an active role in signaling by

some of their partner receptors (24). 9c-RA can also bind the retinoic

acid receptors (RARs), which are also activated by another vitamin A

metabolite, all-trans retinoid acid (27). The actions of the nuclear

receptors on transcription are mediated by the recruitment of

coregulators: coactivators and corepressors. When bound to

corepressors such as NCoR (or nuclear receptor corepressor 1) or

SMRT (silencing mediator of retinoic and thyroid receptor or NCoR2),

the receptors can cause chromatin compaction and repress

transcription because corepressors belong to multicomponent

complexes that contain histone deacetylases (HDACs) (28).

Corepressors play critical and specific roles in nuclear receptor action

in vivo (29, 30). NCoR is preferentially associated with the TRs, while

SMRT shows a preference for RARs (31). Although NCoR/SMRTwere

first identified by their interaction with TRs and RARs, later studies

demonstrated that they also could bind to other numerous

transcription factors (32). Conformational changes upon ligand

binding lead to the dissociation of corepressors and the recruitment

of coactivator complexes, which include proteins with histone acetyl-

transferase (HAT) activity such as CBP/p300 or p160 coactivators that

allow an open chromatin conformation to facilitate transcriptional

activation (24, 25).

Several nuclear receptors, including Esrrb (16, 33, 34), Dax1

(35), the Nr5a family (36–38) and RARs (38–40) have been

demonstrated to play essential roles in the acquisition and

maintenance of pluripotency of human and mouse cells (41). In

addition, the stable repression of maternal Dlk1-Dio3 transcripts

acts as a roadblock for the establishment of full pluripotency in

iPSCs (42). Dio3 is a deiodinase that regulates thyroid hormone

signaling catalyzing the conversion of T4 and T3 to their inactive

forms (23). This implies that thyroid hormones could be involved in

cellular reprogramming. Accordingly, it has been described that T3

can enhance the reprogramming of somatic human cells (43).

Nuclear receptors coactivators and corepressors can also regulate

somatic cell reprogramming. Thus, the p160 coactivator NCoA3 is
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required for iPSC generation (44) and bromodomain inhibition of

the coactivator CBP/p300 facilitates efficient reprogramming of

human iPSCs, while catalytic inhibition of this coactivator

prevents iPSC formation (45). In addition, NCoR and SMRT have

been described to cooperate with c-Myc to create an epigenetic

barrier to somatic cell reprogramming (46).

The aim of this work has been to define the effect of T3 on

reprogramming of mouse embryonic fibroblasts (MEFs) and to

explore a possible role of NCoR in this process. Our results show

that T3 induces a strong increase of MEFs reprogramming to iPSCs,

although its effect is less potent than that induced by 9c-RA. Although

there is a strong increase of TRa and TRb transcripts during

reprogramming, TRb is the main receptor isoform mediating this

effect of T3. iPSCs generated following T3 treatment show increased

expression of pluripotency genes, the promoter regions of some of

these genes undergo loss of DNA methylation resembling the pattern

found in ES cells, and iPSCs were able to form embryoid bodies (EBs)

that gave rise to cells of the three germ layers, displaying major

hallmarks of pluripotency. Unexpectedly, NCoR appears to be

required for the induction of cellular reprogramming, since

depletion of the corepressor blocked to a significant extent basal

reprogramming, as well as the number of iPSC colonies generated by

T3, and also by 9c-RA, inhibiting expression of pluripotency genes.
2 Materials and methods

2.1 Experimental animals

All animal work was done in compliance with European Union

Council guidelines (directive 2010/63/UE) and Spanish regulations

(RD 53/2013), with approval of the Ethics Committee of the Consejo

Superior de Investigaciones Cientıfícas and by the Comunidad

Autónoma de Madrid Review Board (PROEX 053/15). Mice were

maintained under a 12:12 light–dark cycle, at a constant temperature of

22°C ± 2°C and ad libitum access to food and water. Experiments were

carried out with 3 different sets of animals: I) transgenic mice carrying a

lentiviral doxycycline-inducible polycistronic cassette encoding the four

murine Yamanaka factors Oct4, Sox2, Klf4, and c-Myc (3), a kind

donation of M. Serrano and Marıá Abad; II) wild-type C57BL/6 mice

were used for experiments with retroviral vectors; and III) TRa1−/
−/TRb+/+ (KOa) mice, TRa1+/+/TRb−/− (KOb) mice, rederived to a

CD1 genetic background, and wild-type TRa1+/+/TRb+/+ embryos

with the same genetic background (47). KO mice lines were

maintained in heterozygosis by crossing heterozygous male mice

with heterozygous female mice. For induction of pluripotency

experiments, homozygous crosses were used for obtaining WT and

KO MEFs. Mice were genotyped (48) and used for the analysis of the

contribution of each TR.
2.2 Primary cultures and cell lines

Primary cultures of mouse embryonic fibroblasts (MEFs) from

the animals described above were obtained from embryos at E13.5
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and cultured in standard medium (DMEM supplemented with 10%

of FBS and penicillin-streptomycin). All the experiments were

performed with MEFs at an early passage (passage 2-4).

HEK293T cells used for transfection experiments were cultured in

the same medium. Murine ES cell line R1 (ATTC, SCRC-1011),

used as a control for stemness, was cultured in iPSC medium: high-

glucose DMEM supplemented with 15% serum replacement (KSR,

Invitrogen), leukemia inhibitory factor (LIF;1,000 U/ml, Millipore),

non-essential amino acids, glutamax, penicillin-streptomycin and

b-mercaptoethanol. Cultures were routinely tested for mycoplasma

and were always negative.
2.3 MEFs reprogramming

For OSKM transgenic mice-derived MEFs, induction of

reprogramming was initiated with iPSC medium supplemented

with doxycycline (1µg/ml). Reprogramming of MEFs using

exogenous Yamanaka factors was performed as previously

described (49), using the retroviral plasmids pMXs-Oct4, pMXs-

Sox2, pMXs-Klf4 or pMXs-cMyc (obtained from Addgene). Briefly,

HEK293T cells were transfected with the plasmid and packaging

vectors using Fugene 6 (Promega). Viral supernatants were

collected twice a day on two consecutive days starting 24 h after

transfection and were used to infect MEFs, adding polybrene (8 µg/

ml). MEFs were treated with the supernatants containing the four

factors (OSKM) or with different combinations of three factors

(OSK, OSM, SKM), or two factors and cultured in iPSC medium

starting 24h after the last treatment. For hormonal treatment, iPSC

medium was supplemented with 10nM T3, 1µM 9c-RA, or 10nM

GC-1 (all from Sigma). The reprogramming medium was replaced

every other day. For quantification of retroviral transduction

efficiency, parallel infections containing all the retroviruses used

for reprogramming plus a GFP retroviral supernatant (pBABE-

PURO-GFP plasmid) were performed, followed by FACS analysis at

day 3 post-infection. The total number of AP+ colonies was counted

at different time points after staining the plates for AP activity

(BCIP/NBT color development substrate kit, Promega). Cell

proliferation was analyzed in 96-well plates (40,000 cells/well)

using a colorimetric MTT kit (Calbiochem) following

manufacturer ’s recommendations at different days of

reprogramming in the presence and absence of T3 or 9c-RA.
2.4 NCoR silencing

Lentiviral plasmids for shRNA-mediated NCoR gene silencing

were purchased from Sigma and the better performing one

(TRCN0000318009) was used in the assays. TRCN0000096477

plasmid transduction resulted in negligible silencing as compared

to the empty vector (pLKO.1-puro vector) or no vector, and was

used as a control shRNA. Self-inactivating replication incompetent

viral particles were produced in HEK293T packaging cells by co-

transfection with packaging plasmids using Fugene 6. Twenty-four

hours after transduction, the protocol for reprogramming was
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started by incubation with doxycycline in the presence and absence

of T3 or 9c-RA in iPSC medium. For silencing efficiency tests,

parallel untreated plates were harvested after 3 days and RNA and/

or protein were extracted. NCoR mRNA silencing was also tested at

the end of the experiments.
2.5 Colony expansion

Individual colonies were picked, disaggregated with trypsin,

seeded on mitomycin-inactivated MEF feeders in iPSC medium and

cultured without doxycycline in the absence or presence of T3, first

to 24-wells plates and then to P60 plates. Expanded colonies were

used for further analysis of gene expression and DNA methylation

after removal of MEF feeders by plating for 30 min.
2.6 EBs formation

The hanging-droplet culture method was used for generating

EBs. Briefly, single cells from expanded individual colonies were

harvested by trypsinization and diluted in LIF-free iPSC medium, to

allow for spontaneous differentiation in the absence and presence of

T3. Hanging droplets of 20 µl (5,000 cells per droplet) were

suspended on the underside of P100 Petri dishes lids. After 3

days, each droplet was transferred to a non-adherent round-

bottom P96 well for 5 days and then to a P24 well for 7 or 18

days, when they were harvested for histological staining.
2.7 Western blot

Cell extracts were prepared using RIPA buffer, resolved on 12%

acrylamide gels and transferred to a nitrocellulose membrane. The

membrane was cut and hybridized with antibodies against NCoR

(270kDa), and lamin B (67kDa) used as a loading control.
2.8 Immunodetection

For immunofluorescence cells were grown in 24-well plates,

fixed with 4% paraformaldehyde, washed with PBS, and blocked

with 4% BSA. For whole mount immunofluorescence EBs were

seeded on 8-wells chambered coverslips (IBIDI, 80826), fixed,

blocked and permeabilized as described in Martı ́ et al. (50). Cells
or EBs were incubated overnight with the corresponding primary

antibody, washed with PBS and incubated with secondary

antibodies. Samples were also counterstained with DAPI

(Invitrogen, 21490). Slides were mounted with ProLong

(Molecular Probes) and analyzed with an Espectral Leica TCS

SP5 confocal microscope (40×/1.25–0.75 oil). Maximum-intensity

projections of the image stacks were then generated using Software

LAS-AF. A subset of EBs were fixed, paraffined and cut on 5 µm

sections on Superfrost slices for standard Hematoxylin&Eosin

staining or immunohistochemistry. Images were analyzed by light

microscopy (Zeiss Axiophot microscope with DP70 Olympus
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digital camera). The primary and secondary antibodies used in

this study are listed in Supplementary Table 1.
2.9 Quantitative real time PCR

Total RNA was extracted from whole wells with Trizol (Life

Technologies) or with ReliaPrep™ RNA Cell Miniprep System

(Promega). Samples were treated with DNase I before reverse

transcription using iScrip cDNA Synthesis Kit (BioRad), according

to the manufacturer’s protocols. Quantitative real-time PCR was

performed using an Mx3005P (Stratagene) and Power Sybr Green

(Applied Biosystems). Calculation was made using the DDCt method

using Gus1 mRNA as an internal control. Supplementary Table 2

shows name and sequence for the used primers.
2.10 DNA methylation analysis by
bisulfite sequencing

Genomic DNA isolation was performed according to a standard

phenol/chloroform/isoamyl alcohol extraction protocol after

proteinase K digestion. Bisulfite conversion of isolated DNA was

performed in accordance with the EZ DNA Methylation Kit (Zymo

Research) following the manufacturer’s instructions. After PCR

amplification, pyrosequencing was performed using PyroMark

Q24 reagents and a vacuum prep workstation, equipment and

software (Qiagen) as described (51). The PyroMark Assay Design

tool (v. 2.0.01.15) was used to design the pyrosequencing

oligonucleotides shown in Supplementary Table 3 for the

amplification and pyrosequencing of the target genes.
2.11 Statistical analysis

Two-tailed Student’s t-tests were used for comparisons between

two groups. One-way ANOVA or Two-way ANOVA with post-hoc

Tukey test for multiple comparisons were used to compare data

from at least three different groups, and linear regression analysis

was used to analyze correlation between XY pairs. The results are

always expressed as means ± SEM. P values <0.05 were considered

statistically significant. The significance of the statistical test in the

Figures is shown as *p < 0.05, **p < 0.01, and ***p < 0.001. Statistics

were performed with GraphPad Prism 7.0 software.
3 Results

3.1 T3 enhances reprogramming of
MEFs to iPSCs

To analyze the role of TRs in cellular reprogramming we began by

measuring the expression levels of TRa and TRb transcripts, as well as

of NCoR, in MEFs, in a line of mouse ES cells and in MEFs from

transgenic mice carrying a lentiviral doxycycline-inducible

polycistronic cassette encoding the four murine factors Oct4, Sox2,
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Klf4 and c-Myc (OSKM) after 0-7 days of incubation with doxycycline

(Figure 1). These MEFs can be efficiently reprogrammed to generate

iPSCs in the presence of doxycycline (3). The levels of the three

transcripts were much lower in MEFs than in ES cells and were

gradually induced by incubation of the transgenic MEFs with

doxycycline, reaching values similar to those observed in ES cells.

This increase was concomitant with an increased expression of the

stemness markers Oct4, Nanog and Rex1 that, as expected, were

essentially undetectable in MEFs and displayed a very high

expression in ES cells. These results suggest a role for TRs in the

induction of iPSCs from MEFs. Therefore, we next analyzed the effect

of T3 on the kinetics of MEFs reprogramming by determining the

appearance of AP positive (AP+) colonies. As shown in Figure 2A,

treatment with the hormone strongly enhanced reprogramming

efficiency, although it did not appear to shorten the reprogramming

course, as colonies emerged after 5 days of doxycycline incubation both

in control and T3-treated cells. A significant increase in the number of

colonies was already observed at day 5 and was maintained up to 14

days of treatment, when cultures start to detach from the plate.

Treatment with T3 during the first 7 days also increased

reprogramming, although less strongly than when T3 was present

during the whole period, while the hormone was ineffective when

treatment started at day 7 (Figure 2B). Thus, T3 appears to be required

at the initial stages to enhance reprogramming. In addition, the TRb-
specific ligand GC-1 (sobetirome), also increased the number of AP+

colonies, although its effect was somewhat lower than that of T3, which

binds both to TRa and TRb (Figure 2C). 9c-RA also increased

significantly the efficiency of MEFs reprogramming from days 5 to

day 14 of doxycycline treatment (Figure 2D). At day 11 the effect of T3

on MEFs reprograming was less marked than that induced by 9c-RA

(3.4 and 8.1-fold, respectively) and the combination of both ligands did

not induce a further increase (Figure 2E).
Frontiers in Endocrinology 05
To study the effect of T3 on gene expression during MEFs

reprograming, we analyzed by real time quantitative PCR transcript

levels of the TRs and NCoR, of several pluripotency markers and of

the fibroblast marker Fbn2 after 11 days of doxycycline treatment.

The hormone did not alter TRs or NCoR transcripts, but induced a

significant increase of Nanog, Sox2 and Rex1 mRNA levels, while

down-regulating Fbn2 mRNA, in agreement with the enhanced

number of reprogrammed colonies in the cultures (Figure 3A).

To further characterize the iPSC colonies, the expression of the

key pluripotency markers Oct4 and Nanog was analyzed by

immunofluorescence. Colonies generated in the absence and

presence of T3 were stained, while non-reprogramed MEFs did

not express these ES cell markers. In addition, reprogrammed cells

in the colonies, but not isolated non-reprogrammed MEFs, had an

epithelial phenotype, as demonstrated by an abundant expression of

E-cadherin, which is essential for the maintenance of pluripotency

of mouse ES cells and is associated with the reprogramming of

MEFs to iPSCs (52) and also expressed fibronectin, required for the

self-renewal of ES cells (53) (Figure 3B).

Once iPSCs activate pluripotency genes they no longer require

exogenous expression of the Yamanaka factors to sustain a

pluripotent state and can form EBs under non-adherent

conditions (2). Trypsinized iPSC colonies were able to generate

EBs both in the absence and presence of T3 without further

doxycycline treatment (Figure 3C). Moreover, EBs differentiated

into the three germ layer cell types, as shown by the detection of the

mesodermal marker a-smooth muscle actin (a-SMA) by

immunohistochemistry, and by immunofluorescence staining

with Nestin and Tuj1 (ectodermal markers), as well as a-
Fetoprotein (endodermal marker) (Figure 3D).

To further analyze the role of T3 on iPSC generation, we used an

alternative method of MEFs reprograming by retroviral infection with
FIGURE 1

Reprogramming of OSKM-inducible MEFs increases the expression of T3-related transcripts and stemness markers. The main graphs show the
mRNA levels of TRa, TRb and NCoR (upper panels) and of the stemness factors Oct4, Nanog and Rex1 (lower panels) during reprogramming of
OSKM-inducible MEFs (from day 0 to day 7 of doxycycline treatment), n=3. Data are expressed relative to the values obtained at day 0 and asterisks
indicate the existence of significant differences with respect to the values obtained at time 0. * p<0.05; ** p<0.01; *** p< 0.001. For comparison,
beside each graph, the relative transcript levels in non-reprogramed MEFs and in ES cells cultured in parallel and t-tests between both groups is also
shown. Note that the Y axis of the panels corresponding to ES cells is in some cases different.
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the individual Yamanaka factors. The effect of T3 on MEFs transduced

with OSKM factors was essentially identical to that obtained with the

transgenicMEFs, increasing the number of AP+ colonies from day 4, and

again a stronger effect of 9c-RA was observed (Figure 4A). The

reprogramming process requires initial cell proliferation (54, 55).

However, the increased reprogramming efficiency by T3 or 9c-RA-

treatedMEFs was not due to cellular proliferative activity, because 9c-RA

did not alter cell growth and T3 even had a weak negative effect

(Figure 4B). This reprogramming protocol allowed us to distinguish

between the role of TRa and TRb on the effect of T3 by using MEFs

from geneticallymodifiedmice lacking the receptors.While the hormone

caused a significant increase in the number of AP+ colonies generated by

wild-type and TRa knockout MEFs, its effect was not significant when

the cells lacked TRb (Figure 4C). Similar to the results shown in

Figure 2C, the TRb specific ligand GC-1 also induced a significant

enhancement of the number of reprogrammed colonies after

transduction with the retroviral OSKM factors (Figure 4D). These

results, again suggest that the TRb isoform plays an important role in

the increased T3-dependent efficiency of MEFs reprogramming. We

next investigated whether in addition to enhancing reprogramming

efficiency T3 could replace the core reprogramming factors. c-Myc has

already been demonstrated to be dispensable for reprogramming (56),
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and T3 was equally effective in increasing the number of AP+ colonies in

MEFs transduced with OSKM and OSK. However, T3 was ineffective in

inducing colony formation in MEFs transduced with SKM, while having

a weak effect in cells transduced with OSM (Figure 4E). In addition, no

colonies were observed in the absence or presence of T3 in cells

transduced with only two factors (OS, SK or SM) (Figure S1).

Therefore, T3 could not replace Oct4, and could only very partially

replace Klf4 when c-Myc is present, in agreement with the finding that

the hormone can induce expression of Klf transcription factors (57, 58).
3.2 Depletion of NCoR reduces MEFs
reprogramming even in the presence of T3

As NCoR was found to be up-regulated together with TRa and

TRb during iPSC generation (Figure 1), we next tested the possibility

that the corepressor may also be important for the induction of

reprogramming by T3. To determine how NCoR affects

reprogramming, we used a specific shRNA to knockdown the

corepressor in the transgenic MEFs carrying OSKM and observed a

knockdown efficiency >70% after 72h of incubation with doxycycline
B

C D E

A

FIGURE 2

T3 treatment increases the number of iPSC colonies produced by reprogramming OSKM-inducible MEFs. (A) Time course for the appearance of
alkaline phosphatase positive (AP+) iPSC colonies in presence or absence of T3 (from day 0 to day 14 of induction with doxycycline), n=3. Asterisks
indicate statistically significant differences between control and T3-treated cells were obtained by two-way ANOVA. Representative photographs of
AP+ stained colonies at day 12 of induction are shown. Left images show in vivo photographs of MEFs cultures after 1 day (left) and 10 days (right) of
incubation with doxycycline in control and T3-treated MEFs. Scale bar 100 µm. (B) Number of AP+ colonies in MEFs treated with doxycycline for 14
days in the absence of T3 (C) or in the presence of T3 from days 0 to 14; 0 to 7 or 8 to 14. (C) Number of AP+ iPSC colonies at day 12 of incubation
with doxycycline in MEFS with no treatment, or treated with T3 or with GC-1, n=22. Statistical comparisons by one-way ANOVA. (D) Number of AP+

colonies obtained in the presence or absence of 9c-RA (from day 0 to day 14 of induction with doxycycline), n=3. Significant differences between
control and 9c-RA treated cells obtained by two-way ANOVA analysis are shown by asterisks. (E) Number of AP+ iPSC colonies at day 11 of
incubation with doxycycline in MEFs with no treatment, or treated with T3, 9c-RA or both, n=8. In all cases: *p<0.05, **p<0.01, ***p<0.001.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1235614
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Contreras-Jurado et al. 10.3389/fendo.2023.1235614
both at the level of mRNA and protein (Figure S2A). At this time,

control and NCoR knockdown MEFs showed no difference in cell

proliferation (Figure S2B). NCoR mRNA depletion was maintained

during reprogramming both in the absence and presence of T3, being

reduced by 75% after 12 days of doxycycline treatment (Figure 5A).

Depletion of the corepressor caused a drastic reduction in

reprogramming efficiency, as judged by the significantly lower
Frontiers in Endocrinology 07
number of AP+ colonies generated, reversing to a significant extent

T3-induced reprogramming (Figure 5B). In parallel with the reduced

iPSC generation, induction by T3 of transcripts for the pluripotency

markers Nanog, Sox2 and Rex1 was dramatically reduced in NCoR-

depleted cells. In contrast, no significant differences in Fbn2 mRNA

levels were observed (Figure 5C). We next asked whether NCoR

knockdown might inhibit reprogramming by inducing the cyclin
B

C

D

A

FIGURE 3

T3 treatment enhances OSKM-inducible MEFs reprogramming features. (A) Transcript levels of TRa, TRb, NCoR, Nanog, Sox2, Rex1 and Fbn2 at day 11 of
incubation with doxycycline in control and T3-treated MEFs, n=8. Data are expressed relative to the values obtained in the control untreated cells.
Statistical comparisons by two-tailed t test: *p<0.05, **p<0.01, ***p<0.001. (B) Detection of the stemness markers Oct4 and Nanog and of the epithelial
markers E-cadherin and Fibronectin by immunofluorescence in non-treated and T3-treated iPSC colonies after 5 days of incubation with doxycycline,
and in non-induced MEFs. Scale bar 75 µm. (C) Sections of embryoid bodies (EBs) obtained from trypsinized iPSC colonies after 7 or 18 days of
formation stained with Hematoxylin&Eosin. Scale bar 100 µm. (D) Whole EBs stained for markers of the three germ layer cell types (a-SMA by
immunohistochemistry, and immunofluorescence staining for Nestin, Tuj1, and a-Fetoprotein). a-SMA, smooth muscle actin. Scale bar 75 µm.
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kinase inhibitors p21 and p27, a known impediment for acquisition

of pluripotency (49, 59, 60). Despite increasing iPSC generation,

incubation with T3 led to a significant increase of p21 transcripts

compared with the untreated cells transduced with control shRNA

and this increase was more marked in NCoR-depleted cells. The

levels of p27 transcripts showed a similar trend, but differences were

not statistically significant (Figure 5D).

The finding that efficiency of NCoR depletion was not total opened

the possibility that the cells that escape knockdown could have an

advantage for converting into iPSCs. Thus, we next measured initial

knockdown of NCoR mRNA levels in the cultures 3 days after

transduction with shNCoR, 12 days after transduction and

doxycycline treatment in the absence and presence of T3 and in

iPSC colonies picked 13 days after doxycycline and/or T3 treatment

and expanded without doxycycline. As expected and confirming the

results shown in Figure S2, shNCoR reduced very significantly, and at

to a similar extent, initial corepressor transcripts (Figure 6A) and

transcripts in the cultures after 12 days of doxycycline composed by a

mixed population of non-reprogrammed and reprogrammed MEFs

(Figure 6B). However, NCoRmRNA levels showed a higher variability

in the iPSCs expanded from the isolated colonies and no statistically

significant differences between cells transduced with shControl and
Frontiers in Endocrinology 08
shNCoR were found (Figure 6C). We also analyzed expression of

pluripotency genes in these cells (Figure 6C), which were compared in

the same assay with those of ES cells and non-reprogrammed MEFs

(Figure 6D). T3 treatment was still able to increase pluripotency gene

expression in the iPSCs, while repressing very strongly Fbn2 gene

expression Interestingly, Sox2, Rex1, Oct4 and Nanog transcripts

showed levels comparable to those found in ES cells, suggesting that

the majority of cells could have undergone complete reprogramming

(Figures 6C, D). The pattern of gene expression observed suggested

that NCoR transcripts could correlate with those of the analyzed genes.

Indeed, when NCoR mRNA levels where plotted against the mRNA

levels of the pluripotency genes, independently of the experimental

group, a statistically significant positive correlation was found with all

of them, while Fbn2 mRNA showed an opposite trend (Figure S3).

Fully reprogrammed iPSCs are characterized by displaying

notable DNA demethylation of pluripotency genes, which seems

to be crucial for faithful reprogramming (19). Therefore, we next

analyzed the DNA methylation pattern of several ES marker genes

in the expanded iPSC colonies. Analysis of the promoters of the

Rex1, Oct4 and Nanog genes showed a fully demethylated state of

their CpG islands in the iPSCs, independently of previous

transduction with shRNA and the T3 treatment, resembling the
B

C D E

A

FIGURE 4

Effect of T3 or 9c-RA treatment on MEFs reprogrammed with the Yamanaka factors. (A) Time course for the appearance of alkaline phosphatase
positive (AP+) iPSC colonies in non-treated, T3-treated, or 9c-RA-treated MEFs transduced with retroviral vectors encoding the OSKM factors (from
day 0 to day 6 of treatment), n=3. Asterisks indicate statistically significant differences between control and 9c-RA or T3-treated cells obtained by
two-way ANOVA. Representative photographs of AP+ stained colonies at day 12 after transduction. (B) MTT analysis of cell proliferation in non-
treated, T3-treated, and 9c-RA-treated MEFs transduced with the OSKM factors (from day 0 to day 6 of treatment), n=5. (C) Number of AP+ iPSC
colonies at day 12 after transduction with the OSKM factors in untreated and T3-treated MEFs derived from WT, TRa KO or TRb KO mice, n=4.
Statistically significant differences analyzed by two-way ANOVA are shown with asterisks. (D) Number of AP+ iPSC colonies at day 12 after
transduction with OSKM in MEFS with no treatment, or treated with T3 or with GC-1, n=9. One-way ANOVA was used to find statistically significant
differences. (E) Induction by T3 of the number of AP+ iPSC colonies in MEFs at day 12 after transduction with OSKM, OSK, SKM, or OSM factors, n=6.
Statistical comparisons by two-way ANOVA: *p<0.05, **p<0.01, ***p<0.001.
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DNA methylation pattern found in ES cells. As expected, these

promoters showed strong DNA methylation marks in MEFs

(Figure 6E). DNA methylation analysis also revealed that the

CpG islands of the Sox2 and Fbn2 promoters were largely

unmethylated in the reprogrammed cells, as well as in ES cells

and MEFs (Figure S4).
3.3 Influence of NCoR depletion on MEFs
reprogramming by 9c-RA

We next analyzed the role of NCoR on stimulation of iPSCs

generation by 9c-RA. For this purpose, we checked NCoR transcripts,

as well as the appearance of AP+ colonies in the transgenicMEFs after 12

days of incubation with doxycycline in the presence and absence of 9c-

RA. NCoR was efficiently depleted both in untreated and 9c-RA treated

cells (Figure 7A) and, similar to the results obtained with T3, under these
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conditions a strong reversion of the effect of the rexinoid in

reprogramming was observed (Figure 7B). Treatment with 9c-RA also

caused a strong induction of the expression of the pluripotency genes

Nanog, Sox2 and Rex1 and this response was also significantly blunted in

the NCoR-depleted cells, in agreement with the reduced reprogramming

efficiency. Again, Fbn2mRNA levels were reduced by 9c-RA, and NCoR

knockdown did not elicit major changes (Figure 7C). In contrast with T3

that increased p21 expression, 9c-RA had no significant effects, and

opposite to T3 was able to repress significantly p27 transcripts, which

might facilitate reprogramming (Figure 7D).
4 Discussion

We show here that T3, a hormone with an important role in cell

growth and differentiation (61), also enhances the reprogramming

of somatic MEFs to pluripotent stem cells, extending findings
B
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FIGURE 5

NCoR corepressor plays a critical role in MEFs reprogramming to iPSCs. (A) NCoR mRNA levels after transduction with shControl or shNCoR of
control and T3-treated OSKM-inducible MEFs (after 12 days of doxycycline treatment), n=8. (B) Representative photographs and quantification of
AP+ stained colonies at day 12 of induction, n=24. (C) Transcript levels of Nanog, Sox2, Rex1 and Fbn2 at day 11 of incubation with doxycycline in
control and T3-treated MEFs after transduction with shControl or shNCoR, n=8. (D) Transcript levels of the cyclin-dependent kinase inhibitors p21
and p27 under the same conditions, n=5. Transcript levels are always expressed relative to the values obtained in untreated cells transduced with
shControl. Statistical comparisons were performed by two-way ANOVA and are indicated as: *p<0.05, **p<0.01, ***p<0.001.
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FIGURE 6

NCoR silencing interferes with MEFs reprogramming to iPSCs. (A) Levels of NCoR mRNA 3 days after transduction of OSKM-inducible MEFs with
shControl or shNCoR and doxycycline treatment, n=5. (B) NCoR transcripts in the same experiment at day 12 of incubation with doxycycline in
control and T3-treated MEFs after transduction of shControl or shNCoR, n=5. (C) iPSCs from the colonies of this experiment were picked after 13
days of treatment and expanded in the absence and presence of T3. Expression levels of NCoR, Sox2, Rex1, Oct4, Nanog and Fbn2 mRNA were
measured in the iPSCs from the expanded colonies, n=4. Transcript levels are always expressed relative to the values obtained in untreated cells
transduced with shControl. Statistical comparisons were performed by two-way ANOVA: *p<0.05, **p<0.01, ***p<0.001. (D) mRNA levels of the
same genes were measured in the same assay in MEFs and ES cells cultured in parallel for 6 days, n=3. Results are expressed relative to the values
obtained in the untreated expanded iPSCs transduced with shControl and asteriks denote significant differences with respect to that group. (E) The
percentage of DNA methylation of the individual CpG islands present in the promoters of the pluripotency genes Rex1, Oct4, and Nanog in the
expanded iPSC colonies under the same conditions as in (C) is shown in red symbols, n=6. CpG islands methylation in non-reprogrammed MEFs
after transduction with shControl or shNCoR in the absence and presence of T3 after 6 days of incubation without doxycycline is shown with black
symbols, n=6. The DNA methylation pattern of control MEFs and in two different ES cell cultures is also illustrated.
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previously obtained with human cells (43). The finding that T3

enhances reprogramming in both mouse and human cells

reinforces the importance of the hormone in induction of

pluripotency. Our results also indicate that TRb plays an

important role in mediating enhanced reprogramming, as shown

by the finding that the TRb-specific ligand GC-1 is almost as strong

as T3, which binds both TRa and TRb, and that T3 causes a more

potent increase of reprogramming in TRa- than in TRb-knockout
MEFs. In the experiments we have used a dose of T3 and GC-1

sufficient to fully occupy the receptors, and considering the TRs

dissociation constant most likely lower doses of hormone would be
Frontiers in Endocrinology 11
able to induce reprogramming. In addition, the other thyroid

hormone T4 has a 10-fold less affinity than T3 for the receptor,

but can be converted to T3 by the action of intracellular deiodinases

(23, 25) and therefore, at higher concentrations than T3, most likely

T4 could also enhance MEFs reprogramming.

Induction of MEFs reprogramming by T3 is not as marked as

that observed with 9c-RA. This ligand has been shown to bind both

RARs and RXRs, and its effect could be at least partially mediated by

RARs, which are well-known inducers of somatic cell

reprogramming demonstrated by embryoid bodies generation and

by formation of teratomas and chimeric mice (37–40). In particular
B
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FIGURE 7

NCoR is involved in the induction of MEFs reprogramming to iPSCs by 9c-RA. (A) NCoR mRNA levels after transduction with shControl or shNCoR of
control untreated and 9c-RA-treated OSKM-inducible MEFs (after 12 days of doxycycline treatment), n=9. (B) Representative photographs and
quantification of AP+ stained colonies at day 12 of induction in control and 9c-RA-treated MEFs after transduction with shControl or shNCoR, n=18.
(C) Transcript levels of Nanog, Sox2, Rex1 and Fbn2 at day 12 of incubation with doxycycline in control and 9c-RA-treated MEFs transduced with
shControl or shNCoR, n=9. (D) Transcript levels of the cyclin-dependent kinase inhibitors p21 and p27 at day 12 of incubation with doxycycline in
control and 9c-RA-treated MEFs after transduction with shControl or shNCoR, n=4. Transcripts levels are always expressed relative to the values
obtained in untreated cells transduced with shControl. Statistical comparisons were performed by two-way ANOVA: *p<0.05, **p<0.01, ***p<0.001.
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cellular environments RXR can act as a “nonsilent” partner of TRs,

allowing stimulation of gene expression by RXR agonists (62).

However, the induction of iPSC generation by T3 and 9c-RA was

not additive, suggesting that 9c-RA does not act through the TRb/
RXR heterodimer. However, we cannot dismiss the possibility that

9c-RA, besides binding to RARs, could act through other/s so called

permissive heterodimers with other nuclear receptors, which can be

indistinctly activated by ligands of either RXR or its partner

receptor and are synergistically activated in the presence of both

ligands (24).

Several nuclear receptors have been demonstrated to play

essential roles in cellular reprogramming (41). When coexpressed

with RARg, Nr5a2 significantly accelerates the reprogramming

process by the Yamanaka factors (38). Additionally, Nr5a2 and

Nr5a1 can replace the core pluripotency factor Oct4 possibly due to

their ability to activate Oct4 gene expression (36). This is not the

case with T3, which does not increase appreciably the

reprogramming kinetics and that cannot substitute Oct4.

Although the differentiation potency of the AP+ colonies

generated by OSM has not been tested, our results suggest that

T3 to a limited extent might bypass the need for exogenous Klf4 in

reprogramming. The Klf family of transcription factors induce

expression of key pluripotency genes, such as Nanog, and other

Klfs could play a redundant role with Klf4 in the self-renewal of ES

cells (63). At this respect, Klf9 is a well-known target gene of the

thyroid hormone in different cell types (47, 57, 64) and T3 has been

recently shown to upregulate Klf4 and Klf9 in human iPSCs and in

ES cells, where it enhances cell survival and pluripotency (58). On

the other hand, T3 can increase the number of AP+ colonies in the

absence of c-Myc. This is not surprising since Oct4, Klf4 and Sox2

cooperatively suppress expression of somatic genes and induce ES

cell-related genes, resulting in the establishment of a self-sustaining

pluripotency network (7, 65), while c-Myc is dispensable for iPSC

generation, but increases reprogramming presumably by

stimulating cell proliferation and inducing a metabolic switch

from an oxidative to a glycolytic state that is typical of

pluripotent cells (15, 66).

It has been previously shown that increased cell proliferation

promotes MEFs reprogramming (54, 55), while increased amounts

of cycling-dependent kinase inhibitors (CKIs) induce cell

senescence and decrease cell proliferation, thus reducing the

efficiency of iPSC generation (49, 59). On the other hand, it has

been described that promotion of reprogramming of human dermal

fibroblasts by T3 is associated with increased growth rate during the

first days (43). Strikingly, increased reprogramming in T3-treated

MEFs occurred under conditions of markedly increased p21 gene

expression and reduced proliferation rates. This is agreement with

our previous results demonstrating that the thyroid hormones can

induce premature senescence in MEFs and in vivo (67). Therefore,

T3 is able to bypass the inhibitory effect of CKIs and cell senescence,

which oppose generation of pluripotent stem cells. Furthermore,

induction of cellular senescence by T3 is mediated by TRb, and not

by TRa, and therefore the same receptor isoform might increase

both cellular senescence and reprogramming efficiency by the

Yamanaka factors. In contrast with T3, 9c-RA does not affect p21
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gene expression and significantly reduces p27 gene expression, also

a roadblock for cellular reprogramming (60). This could be one of

the reasons underlying the stronger effect of the rexinoid on MEFs

reprogramming and suggests that, most likely, CKI depletion could

further enhance the extent of T3-dependent iPSC generation.

Before activating pluripotency genes, MEFs undergo a

mesenchymal to epithelial transition characterized by the

silencing of mesenchymal genes and the acquisition of epithelial

features (11, 12). Previous studies from our laboratory have

demonstrated an important role for TRs in different cell types, as

well as in cancer and somatic stem cells, through regulation of the

activity of signaling pathways such as BMP, Wnt/b-catenin, Stat3,
ERK or TGFb (68–71), which are also essential in the control of

pluripotency and cellular reprogramming (72, 73). Alteration by T3

of some of these pathways, which are involved in the maintenance

of a mesenchymal phenotype, is likely to be involved in stimulation

of reprogramming by the hormone. In addition, future

identification by RNA sequencing of a set of genes which is up-

regulated or down-regulated by T3 will broaden our understanding

of T3-mediated enhanced reprogramming.

AP expression is not a definitive marker of pluripotency.

Furthermore, AP staining cannot distinguish partially or fully

reprogrammed iPSC colonies. The induction of transcription at

endogenous pluripotency loci such as Nanog, Oct4 or Sox2 during

iPSC reprogramming, requires erasing of epigenetic marks

characteristic of silenced genes, with histone modifications

typically preceding the removal of DNA methylation marks (74).

Our results show that a pure iPSC population obtained in the

presence of T3 presents increased levels of expression of

pluripotency genes and reduced levels of the somatic marker

Fbn2 in comparison with iPSCs obtained under control

conditions, suggesting that T3 improves the properties and

characteristics of the generated iPSCs. Moreover, the expression

of endogenous Sox2, Rex1, Oct4 and Nanog genes in T3-treated cells

indeed reach levels comparable to those obtained in stablished ES

cell lines. This suggests that they do not represent partially

reprogrammed iPSCs but rather that they have restored a full

self-renewal ES cell-like transcriptional network. This is further

confirmed by the finding that the promoter regions of pluripotency

genes undergo a total loss of DNA methylation showing the same

pattern as ES cells. In fact, the reprogrammed MEFs were able to

form EBs and to differentiate into cells of the three germ cell layers.

Therefore, iPSCs generated following T3 treatment display major

hallmarks of pluripotency, although in vivo teratoma formation and

generation of viable chimeric mice would be needed to

unequivocally demonstrate the fully pluripotency state of T3-

induced iPSCs.

Numerous epigenetic regulators and transcription factors,

including nuclear receptors, have been identified to play critical

roles in reprogramming somatic cells into a pluripotent state.

However, few studies for critical coactivators and corepressors are

available. Transcriptional repression by the corepressor-bound

receptors appears to be mediated by the recruitment of HDACs

to the target genes. A repressor complex containing NCoR and

HDAC3 appears to be required for repression by TR (75). In this
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context, it has been reported that NCoR/SMRT corepressors create

an epigenetic barrier to reprogramming of MEFs obtained from

Oct4-GFP transgenic mice by inducing HDAC3-dependent histone

deacetylation at pluripotency loci. Corepressor knockdown appears

to enhance somatic gene expression in the early phase of

reprogramming, and to lead to a more potent activation of

pluripotency genes at a later stage (46). In contrast with these

results we found that NCoR depletion leads to a reduction of iPSC

generation in the absence of hormone, which is only partially

overcome by T3, indicating that the hormone is unable to

compensate the lack of the corepressor and suggesting that the

endogenous corepressor is required for the full promoting actions of

the hormone on MEFs reprogramming. Moreover, our results

indicate that the iPSC colonies formed in MEFs transduced with

shNCoR are generated preferentially by cells scaping NCoR

knockdown, as the iPSCs from the surviving colonies did not

show an important decrease of NCoR transcripts. Our results also

show that depletion of NCoR leads to a very significant reversion of

pluripotency gene induction by T3, while having a non-statistically

significant effect in the absence of hormone, again suggesting a role

for NCoR on T3-mediated reprograming. In addition, we found

that in pure iPSC populations there was a significant positive

correlation between transcript levels of NCoR and of Sox2, Rex1,

Oct4 or Nanog. This on one hand shows that the knockdown of the

corepressor rather than other possible off-target effects of the

shRNA is responsible for the observed effect in iPCS generation

and, on the other hand, suggests that the corepressor plays a

paradoxical positive role in transcription of the pluripotency

genes by T3. The mechanism responsible for downregulation of

pluripotency gene expression in the absence of NCoR is presently

unknown, although it is not unreasonable to think that it could

involve induction of other transcriptional repressor/s and/or

displacement of activating transcription factors or coactivators. In

fact, NCoR binds to many nuclear receptors and to other numerous

transcription factors (32), suggesting a complex role of this

corepressor on transcriptional regulation. Our results also show

that endogenous NCoR is required for the full induction of MEFs

reprogramming by 9c-RA, as its depletion caused a marked

reduction in the number of iPSC colonies generated and in the

levels of pluripotency genes in the presence of this ligand. Our

results do not allow to conclude that direct NCoR recruitment to

thyroid hormone and retinoic acid receptors might be responsible

for the stimulatory effects of their ligands on reprogramming,

mainly considering that in the classical model corepressors bind

the unoccupied receptors and are released in the presence of ligand

(24, 32). Most likely, the reduced capacity of T3 and 9c-RA to

induce reprogramming in the absence of NCoR could be related to

their inability of inducing pluripotency gene expression in the

absence of the corepressor. Future studies will be needed to

clarify the molecular mechanism/s by which this paradoxical

regulation occurs.

Class I HDACs are also recruited to the corepressor NCoR via

the adaptor Sin3a protein (28). Interestingly, the Sin3a/HDAC

complex is required for ES cell self-renewal (76) and contributes
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to maintaining pluripotency gene expression in mouse ES cells by

cooperating with Nanog (77). Moreover, similar to our results with

NCoR, Sin3a expression also gradually increases during the

reprogramming process and Sin3a knockdown significantly

reduces iPSC generation (78). Therefore, it is tempting to

speculate that NCoR/Sin3a/HDAC complexes could be involved

in the effects of T3 and 9c-RA on the promotion of iPSC generation

described here. In addition, NCoR complexes also interact with

Class IIa HDACs, which have been described to enhance mouse

somatic cell reprogramming by repressing the function of the pro-

mesenchymal genes and to be deleterious afterwards (79),

suggesting again a complex role of corepressor complexes in

acquisition and maintenance of pluripotency.

In summary, our results show that the thyroid hormone is an

important component of mouse iPSC generation by assisting the

Yamanaka transcription factors to reverse the changes imposed on

the genome during somatic cell differentiation and to reactivate the

gene network characteristic of pluripotent cells. In addition, the

effect of the hormone, as well as of 9c-RA, is blocked in the absence

of NCoR, indicating the requirement for the corepressor in

facilitating basal reprogramming and its induction by these

nuclear receptor ligands.
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