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In embryonic stem (ES) cells, oxidative stress control is crucial for genomic

stability, self-renewal, and cell differentiation. Heme oxygenase-1 (HO-1) is

a key player of the antioxidant system and is also involved in stem cell differ-

entiation and pluripotency acquisition. We found that the HO-1 gene is

expressed in ES cells and induced after promoting differentiation. Moreover,

downregulation of the pluripotency transcription factor (TF) OCT4 increased

HO-1 mRNA levels in ES cells, and analysis of ChIP-seq public data

revealed that this TF binds to the HO-1 gene locus in pluripotent cells.

Finally, ectopic expression of OCT4 in heterologous systems repressed a

reporter carrying the HO-1 gene promoter and the endogenous gene. Hence,

this work highlights the connection between pluripotency and redox home-

ostasis.
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Genomic stability is safeguarded by the concerted

action of a highly active stress defense system and

DNA repair mechanisms that minimize spontaneous

mutation frequency. Particularly in embryonic stem

(ES) cells, which can differentiate into any cell type of

the adult organism including the germline, these mech-

anisms are highly active, since maintaining genomic

stability is crucial for proper development. Moreover,

embryonic stem cells (ES cells) that accumulate muta-

tions are generally eliminated by induction of differen-

tiation or apoptosis [1]. Reactive oxygen species (ROS)

are the major source of DNA damage, not only when

they increase as a consequence of oxidative stress but

also under nonstressed physiological conditions. In this

way, pluripotent stem (PS) cells are highly efficient in

their antioxidant defense, a property that progressively

diminishes during differentiation [1–3]. On the other

hand, ROS also play an important role in signal trans-

duction [4]. Particularly, their function in the physio-

logical regulation of crucial developmental processes,

such as differentiation and apoptosis, has been widely

described [5]. Due to the dual role of ROS in cell dam-

age and normal cell functions, the proper balance of

these molecules is rigorously controlled in PS cells and

in the course of differentiation [5].

A relevant component of this cellular defense system

is heme oxygenase (HO), the enzyme that catabolizes

cellular heme to biliverdin, carbon monoxide, and free

iron [6]. The isoform heme oxygenase-1 (HO-1),

encoded by the Hmox1 gene, is strongly upregulated
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during stress and is considered one of the most sensi-

tive and reliable indicators of cellular oxidative stress

[7]. Besides its classical antioxidant function, HO-1 is

also known for its pro-angiogenic [8] and anti-

inflammatory [9] activities during embryogenesis, as a

crucial factor for fetal growth [10], and as a regulator

of cell cycle progression [11]. Even though this protein

is expressed in most tissues, its subcellular localization

has been mainly studied in the context of oxidative

stress and cancer [12,13]. Due to HO-1 localization at

the membrane of the smooth endoplasmic reticulum,

its canonical enzymatic activity takes place in the cyto-

plasm. However, this protein was also detected in

other cellular compartments including caveolae [14],

mitochondria [15], and the nucleus [16,17]. It has been

suggested that HO-1 is involved in signal transduction

and regulates the function of certain transcription fac-

tors (TFs) acting independently of its enzymatic activ-

ity, particularly in the contexts mentioned above [17–
19]. It has also been reported that HO-1 interacts with

NRF2, the main TF that induces Hmox1, promoting

its stabilization and thus enhancing the antioxidant cell

defense [20].

In the context of stem cells and development, HO-1

has been implicated in embryogenesis and differentia-

tion [11]. It was found that HO-1 influences cell differ-

entiation both positively and negatively, depending on

the cell type [21]. Particularly, HO-1 has been reported

to upregulate a mesodermal gene expression profile

during ES cell differentiation through embryoid-body

formation [22] and was also found to be involved in

differentiation of ES cells into functional cardiac cells

[23]. In line with these observations, it has been

reported that knockout PS cells for Hmox1 displayed

attenuated spontaneous cardiac differentiation. Inter-

estingly, it has been suggested that HO-1 is required

for efficient reprogramming [24], and critical for

induced pluripotent stem (iPS) cell survival and differ-

entiation, since HO-1-depleted cells have increased sus-

ceptibility toward exiting the pluripotent state and are

more prone to oxidative stress-induced cell death [25].

We have previously reported evidence of a regulatory

relationship between components of the antioxidant cell

system and pluripotency TFs in ES cells. We found that

OCT4, SOX2, and NANOG, essential TFs for self-

renewal and pluripotency maintenance [26,27], regulate

the expression of relevant genes involved in oxidative

stress defense, specifically by inducing superoxide dismu-

tases 1 and 2 (Sod) genes [28,29], and by transcription-

ally repressing glutathione reductase (Gsr) [30].

Remarkably, although HO-1 relevance in PS cells is

emerging, the regulation of Hmox1 expression has not

yet been studied in this cellular context. In this work, we

have explored HO-1 gene regulation in ES cells and in

complementary heterologous systems and found that the

pluripotency TF OCT4 negatively modulates Hmox1

expression, providing further insights to the connection

between pluripotency and redox homeostasis.

Materials and methods

Cell culture conditions and differentiation

protocol

The W4 mouse ES cell line was provided by the Rockefeller

University Core Facility and was cultured in DMEM con-

taining 2 mM Glutamax, 100 mM MEM NEAA, 0,1 mM 2-

mercaptoethanol, 100 U�mL�1 penicillin, and 100 µg�mL�1

streptomycin (Gibco), supplemented with 15% FBS (Gibco,

Carlsbad, CA, USA), LIF, 1 lM PD0325901 (Tocris, Bris-

tol, UK), and 3 lM CHIR99021 (Tocris). Cells were main-

tained on 0.1% gelatin-coated dishes and grown at 37 °C
in a 5% CO2 (v/v) incubator. Standard ES cell culture con-

ditions require LIF [31], which is sufficient to maintain

pluripotency, and may include the ‘2i’ inhibitor set [32]

CHIR99021 (CHIR) and PD 325901 (PD). LIF and 2i

withdrawal is commonly used to promote nondirected dif-

ferentiation. The differentiation protocol was performed as

previously described [28,33–35].

The doxycycline (dox)-inducible NIH/3T3 cell line

expressing YPet-tagged OCT4 (NIH/3T3 YPet-OCT4) was

generated in this work. A detailed generation procedure,

the control, and setting of the induction conditions of this

cell line are described in Supporting Information. NIH/3T3

and NIH/3T3 YPet-OCT4 cell lines were cultured in

DMEM supplemented with 10% FBS (Internegocios S.A.)

and antibiotics.

mRNA and protein analysis

mRNA levels were analyzed by RT-qPCR, and proteins

were studied by immunofluorescence (IF) and/or western

blot (WB) as previously described [36] with minor modifica-

tions detailed below.

RT- qPCR

Total RNA was extracted with Trizol (Thermo Fisher Sci-

entific, Waltham, MA, USA) and reverse-transcribed using

MMLV reverse transcriptase (Thermo Scientific) and Ran-

dom Primers (Invitrogen, Carlsbad, CA, USA). Quantita-

tive PCR (qPCR) amplification of DNA was performed

using FastStart SYBR Green Master (Roche, Basilea,

Switzerland) and specific primers in a LightCycler 480 real-

time PCR system. Primer efficiency and N0 values were

determined by LINREG software [37], and gene expression

was normalized to the geometric mean of Gapdh and Pgk1
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housekeeping genes N0, for each condition. Primers were

designed using PRIMER3 software and are listed in Support-

ing Information. All experiments were performed in three

biological replicates, with two technical replicates for each

condition.

Immunostaining

Cells were fixed by incubation with 4% paraformaldehyde

for 15 min, and then, they were permeabilized with 0.1%

Triton X-100 in PBS for 10 min and blocked with 1% nor-

mal goat serum (Sigma) in PBS-Tween 0.1% for 1 h. Pri-

mary antibodies in blocking solution were added to the

samples, incubated at 4 °C overnight, and washed three

times in PBS-Tween 0.1% for 5 min. The incubation with

secondary antibodies and DAPI (Sigma) prepared in block-

ing solution was performed at room temperature for 1 h.

Samples were washed as described above and imaged in an

Olympus (Shinjuku, Tokyo, Japan) IX71 or FV1000 micro-

scope. All the antibodies used are listed in Supporting

Information.

Western blot analysis

Proteins were collected from cell lysates with RIPA buffer,

run in 12% SDS/polyacrylamide gel electrophoresis, and

transferred to PVDF membranes (Amersham). Membranes

were blocked for 1 h at room temperature in TBS-T con-

taining 1% BSA, and primary antibodies were incubated

overnight at 4 °C in blocking solution. Secondary antibod-

ies were incubated at room temperature for 1 h. Membranes

were revealed with ECL Prime Western Blotting Detection

(GE Healthcare, Chicago, IL, USA) in a G-Box System

(Syngene, Cambridge, UK). All the antibodies used are

listed in Supporting Information.

Luciferase activity assay

NIH/3T3 cells were cotransfected in 24-well plates with

300 ng of pHO-1-Luc reporter, and 0 (basal) or 200 ng of

pMXs-Oct4 (Addgene, Watertown, MA, USA). To normal-

ize transfection efficiency, 20 ng of pRL-TK reporter (Pro-

mega, Madison, WI, USA), which encodes the

Renilla reniformis luciferase driven by the TK promoter,

was also included in all conditions. When necessary, the

total amount of plasmid DNA was adjusted with nonspeci-

fic DNA. Transfection and luciferase assays were carried

out as previously described [28,29,38].

Downregulation of TFs by shRNA approach

W4 ES cells cultured in standard medium on gelatin-coated

p60 plates were transfected with 3 µg pLKO.1-Puro-

derived vectors (Sigma), expressing short hairpin RNA

(shRNA) targeting Nanog (SHCLND-XM_132755), Oct4

(SHCLND-NM_013633), Sox2 (SHCLND-NM_011443),

or eGFP (SHC005), which was used as control shRNA.

Transfection, selection, and mRNA expression analyses

were carried out as previously described [28,39].

Statistics and data analysis

Experimental results are presented as mean � standard

error of the mean (SEM). Statistical comparisons were per-

formed using randomized block design ANOVA for at least

three biological replicates using INFOSTAT statistical software

[40]. In all cases, residuals fitted the normal distribution as

assessed by the Shapiro–Wilks test and homogeneity of

variance using the Levene test. When necessary, Tukey’s

test was used for comparisons between means. P values

< 0.05 were considered significant.

Results

To explore Hmox1 regulation in ES cells, we first ana-

lyzed HO-1 mRNA levels in undifferentiated ES cells

(D0) and 4 days after differentiation induction by

LIF/2i withdrawal (D4; Fig. 1A). As shown in Fig. 1,

HO-1 mRNA and protein were detectable in undiffer-

entiated ES cells and showed an increase in their levels

after differentiation (Fig. 1B). Moreover, IF images

also revealed increased HO-1 after 4 days of differenti-

ation and showed that this protein localizes both in

the cytoplasm and in the nucleus (Fig. 1C).

Since the pluripotency TFs OCT4, SOX2 and

NANOG promote the expression of pluripotency

genes, repress lineage-associated genes, and decrease in

activity during differentiation [26,27], we wondered

whether they could regulate Hmox1 expression. To

explore this possibility, we downregulated these TFs

by transfection of specific shRNAs and analyzed the

effect on HO-1 mRNA levels (Fig. 2A). All shRNA

encoding vectors have been previously used [28–
30,38,39,41] and were highly effective in silencing the

respective TF (Fig. 2B). As shown in Fig. 2C, we

found that HO-1 mRNA levels were significantly

increased in ES cells transfected with shOct4, com-

pared with the control cells transfected with shGFP.

On the contrary, the transfection of shRNA against

Nanog or Sox2 did not significantly affect HO-1

mRNA levels. These results indicate that Oct4 down-

regulation induced Hmox1 transcription, suggesting

that this TF could be involved in the repression of this

gene in ES cells.

To further study the putative effect of OCT4 on

Hmox1 expression, we analyzed the sequence of this

gene locus and found eight putative binding sites for

1951FEBS Letters 595 (2021) 1949–1961 ª 2021 Federation of European Biochemical Societies

M. V. Petrone et al. OCT4 represses heme oxygenase-1 gene expression



this TF in a region spanning 5 Kbp upstream of the

transcription start site (TSS; Fig. 3A). Relevantly, the

analysis of available public data from high-

throughput ChIP-seq experiments [42,43] with the

ChIP Atlas data mining platform [44] revealed that

OCT4 binds to two of the putative binding sites from

this region of Hmox1 in ES cells and iPS cells

(Fig. 3B). These results suggest that this TF could

repress HO-1 expression in ES cells by interacting

with Hmox1 locus. To explore this possibility, we

exploited a heterologous system in which endogenous

Oct4 expression is undetectable, the NIH/3T3 mouse

embryonic fibroblast (MEF) cell line [28,29,38,45]. We

first evaluated the responsiveness to OCT4 of a HO-1

reporter (pHO-1-Luc) containing a 3 Kbp fragment of

the Hmox1 promoter by a transactivation assay in the

NIH/3T3 cell line (Fig. 4A). As shown in Fig. 4B,

and in line with our previous results, OCT4 repressed

luciferase expression, strengthening the evidence that

this TF could have a negative effect on HO-1 gene

expression.

Based on these results, we decided to evaluate the

effect of OCT4 on the expression of the endogenous

gene. For this purpose, we generated an NIH/3T3

dox-inducible cell line which expresses the fusion pro-

tein YPet-OCT4 under the control of a Tet-on regula-

tory element. Since, as mentioned, the NIH/3T3 cells

do not express OCT4, this new cell line, NIH/3T3

YPet-OCT4, expresses this TF only as a fusion with

the YPet fluorescent protein after treatment with dox

(Fig. 5A), providing a valuable tool for our purpose.

The NIH/3T3 YPet-OCT4 cell line was generated as

described in Supporting Information and Fig. S1A,

and the conditions for YPet-OCT4 induction were

established (Fig. S1B). The generated cell line pre-

sented a normal cell cycle distribution (Fig. S1C) and

expressed YPet-OCT4 after dox treatment (Fig. S1D).

Moreover, OCT4 was not detected by IF in cells that

were not treated with dox, confirming the absence, or

at least the undetectable levels, of both endogenous

OCT4 and YPet-OCT4 in these cells growing in basal

conditions (Fig. S1D). Additionally, it has been previ-

ously verified that fusion to YPet does not affect

OCT4 nuclear localization and function [45,46]. Then,

we studied Hmox1 expression, at mRNA and protein

levels, in this heterologous system under dox induc-

tion. As shown in Fig. 5, NIH/3T3 YPet-OCT4 cell

line expresses HO-1 in basal conditions. As expected,

HO-1 mRNA and protein levels were greatly reduced

after YPet-OCT4 induction with dox (Fig. 5B–D),

agreeing with the results shown above. Importantly,

dox treatment did not modify HO-1 protein levels in

the NIH/3T3 parental cell line (Fig. 5C), demonstrat-

ing that the effect observed on HO-1 levels was due to

YPet-OCT4 induction and not to an unspecific effect

of dox treatment. Overall, our observations demon-

strate a novel repressive effect of OCT4 on Hmox1

gene expression.
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Fig. 1. The HO-1 gene is expressed in ES

cells and induced during differentiation. (A)

Schematic diagram of the experimental

design. ES cells were cultured under

standard conditions in the presence of LIF

and 2i (D0) or induced to differentiate by

LIF/2i withdrawal for 4 days (D4). (B) HO-1

mRNA levels were analyzed by RT-qPCR,

normalized to housekeeping genes, and

referred to the control condition (D0).

Results are shown as mean � SEM of

three independent replicates. Asterisk

indicates significant differences analyzed

by randomized block design ANOVA

(P < 0.05). (C) HO-1 was visualized by IF.

Representative images from three

independent experiments. HO-1 signal is

shown in grayscale and pseudocolor

(Royal LUT). Nuclei were visualized by

DAPI staining (cyan). Scale bars: 20 lm.
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Discussion

The connection between pluripotency and the stress

defense cell system highlights the central role of redox

homeostasis in PS cell identity and in cell fate commit-

ment. Furthermore, ROS balance has been shown to

impact cell differentiation [5,47]. However, the rela-

tionship between pluripotency TFs and the compo-

nents of the oxidative stress defense systems remains

poorly explored. We have previously found that

OCT4, SOX2, and NANOG regulate the expression of

Sod1, Sod2, and Gsr [28–30], revealing a regulatory

link between pluripotency TFs and the antioxidant sys-

tem. In this work, we found that the pluripotency TF

OCT4 represses the Hmox1 gene, demonstrating a

meaningful connection between the pluripotency core

and this system.

Hmox1 regulation has been mainly studied in the

context of oxidative stress [7,48] and cancer cell mod-

els and tumors [19,49,50]. It was found to be overex-

pressed in several types of tumors, suggesting that

HO-1 promotes cell proliferation and survival in speci-

fic tumor environments [49,51,52]. However, contrary

results have attributed an antiproliferative effect to

HO-1 in other types of cancer [53–56]. These findings

suggest that HO-1 function and expression are highly

dependent on the cellular context.

Particularly in stem cells, the requirement of HO-1

for differentiation emerged in the last decade, but its

precise role remains uncovered. HO-1 was shown to be

involved in neurogenesis regulation, since it is down-

regulated in mesenchymal stem cells during neural dif-

ferentiation [57] and along the terminal maturation of

astroglial cells [58]. HO-1 was also found to attenuate

hematopoietic stem cell differentiation [59] and to pro-

mote osteoblast stem cell differentiation [60]. Addition-

ally, enhanced HO-1 activity inhibits the

differentiation of murine muscle precursors [61]. On

the other hand, ES cells that do not express HO-1

show higher levels of mesodermal and smooth muscle

cell markers during embryoid-body differentiation,

suggesting that HO-1 could be regulating the expres-

sion of specific genes [22]. Moreover, HO-1 activity

contributes to the differentiation and maturation of

ES cells into cardiomyocytes [23] and HO-1 knockout

PS cells show impaired differentiation toward cardiac

lineage [24]. On the contrary, it was suggested that

HO-1 protects ES cells against spontaneous differentia-

tion [25], on the basis that OCT4 levels were lower in

HO-1 knockout iPS cells compared to wild type iPS

and ES cells, and that the products of HO-1 enzymatic

activity, bilirubin, and CO, rescue the accelerated loss

of OCT4. In agreement with an HO-1 pro-stemness

role, it was demonstrated that it is also required for
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design. ES cells were transfected with pLKO.1-puro-derived vectors targeting Oct4, Nanog or Sox2 (shOct4, shNanog, or shSox2,
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efficient pluripotency acquisition [24] and is critical for

the survival and differentiation of iPS cells [25]. This

evidence gives rise to a conundrum regarding the

mechanisms associated with the multifaceted features

of HO-1 function.

Remarkably, the fact that HO-1 is expressed in ES

cells agrees with its role in the oxidative stress defense

system in PS cells. On the other hand, the increase in

its expression during differentiation and our finding

that it is repressed by OCT4, whose levels and func-

tion decrease along differentiation, reinforce the

hypothesis that HO-1 might be relevant for this pro-

cess. We have previously performed a bioinformatic

analysis with public data from high-throughput

microarrays and RNA-sequencing experiments and

found that HO-1 mRNA levels increase in nondirected

and in multiple different types of directed differentia-

tion protocols; however, we have also found that HO-

1 mRNA levels decrease in differentiation directed to

the endodermal lineage [62]. This is consistent with the

fact that basal HO-1 expression is high in some cellu-

lar types and low in others [62,63]. It is worth men-

tioning that, in this work, we have analyzed an early

time point of a nondirected differentiation protocol

that displays a relatively homogeneous cell population

in which there are no terminally differentiated cells

yet. Further research is required to identify the nature

of the HO-1 role in certain differentiation processes.

One possibility is that HO-1 induces the exit from the

pluripotent state; the other, and not mutually exclu-

sive, is that this protein is required for the execution

of specific transcriptional programs that promote

specific differentiation processes. Thus, to allow cell

differentiation, Hmox1 transcriptional repression by

OCT4 must be released, and this takes place only

when the functionality of this pluripotency TF

decreases. We have previously reported that even

though the levels of this TF do not drop for the first

3–4 days of differentiation, its subnuclear distribution

and dynamical interaction with chromatin do modify
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at these early stages of the process [64], most probably

impacting on its function.

OCT4 could be exerting its repressive effect on HO-

1 gene expression through interaction with other tran-

scriptional regulators that affect chromatin architec-

ture, such as histone and nucleic acid modifiers.

Interestingly, analysis of public ChIP-seq data sets

showed that components of repressive complexes bind

to Hmox1 locus in undifferentiated ES cells [62]. For

example, we have found components of the polycomb

repressive complex (PRC) like EZH2 and SUZ12 [65]

and the components of the nuclear remodeling and

histone deacetylation complex (NuRD) Chd4 and

Mbd3 [66], among others. Interestingly, we did not

find these proteins bound to Hmox1 locus in data sets

from ES cells subjected to differentiation protocols

[62]. Moreover, we have found histone and DNA

modifications typically associated with repressive chro-

matin, particularly H3K27me3, H3K4me1, and 5-mC,

in undifferentiated ES cells, and permissive marks,

specifically H3K4me3 and H3K27Ac, in stem cells that

have been subjected to differentiation [62]. Remark-

ably, OCT4 interactome analysis in ES cells has

revealed that this TF physically interacts with proteins

associated with gene repression, such as Sin3a, Chd4,

and Mbd3 [67,68]. Moreover, proteins from the PRC

act cooperatively with OCT4 in gene regulation

[69,70]. Since we have found that several of these pro-

teins bind to the Hmox1 locus in ES cells [62], we

speculate that it might be possible that OCT4-

mediated repression of HO-1 gene expression could

involve the recruitment of some of these transcrip-

tional regulators.

Furthermore, the low levels of HO-1 under normal

conditions are a consequence of Hmox1 gene repres-

sion by BACH1 [63]. This TF modulates, in a heme

level-dependent manner, the availability of Hmox1

enhancers to its well-known inductor, NRF2, most

likely by assembling a repressive multiprotein complex

[63]. Notably, one of the Hmox1 enhancers reported to

be regulated by BACH1 and NRF2 [63] is located in

the same region where OCT4 bounds, around 4 Kbp

upstream the TSS (Fig. 3). Interestingly, BACH1,

besides that it has been reported to be highly expressed

in mouse embryos [71] and to inhibit some differentia-

tion processes [72], was recently found to interact with

OCT4, SOX2, and NANOG in mouse and human ES

cells [73,74]. This interaction stabilizes these pluripo-

tency TFs contributing to stem cell identity mainte-

nance [74]. Additionally, BACH1 recruits members of

the PRC2, including the above named EZH2 and

SUZ12, to regulatory regions of mesendodermal genes,
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Fig. 4. OCT4 represses pHO-1-Luc

reporter. (A) Schematic diagram of the

experimental design. MEF NIH/3T3 cells

were transfected with pHO-1-Luc and

pMXs-Oct4 or none (basal) and luciferase

activity was analyzed as described in

Material and Methods. (B) Values were
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promoting the trimethylation of H3K27 and hence

repressing mesendodermal gene expression [74].

Remarkably, as we have mentioned above, OCT4

cooperates with these PCR2 components, which we

have found to be bound to the Hmox1 promoter in

undifferentiated ES cells along with the aforemen-

tioned chromatin repressive mark. Along with the

reported role of HO-1 during differentiation, this

evidence raises the possibility that the repression of

Hmox1 by OCT4 that we have demonstrated in this

work might occur in cooperation with BACH1. Fur-

ther research is required to explore these hypotheses.

Finally, regarding the HO-1 role in ES cell differen-

tiation, it could be explained by its classic enzymatic

activity and/or due to a different yet unknown and

noncanonical function. A nuclear function for this
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protein has been suggested previously, mainly in the

context of stress conditions [17,20,75–78]; however, to
date it has not been elucidated. Interestingly, it was

recently found that nuclear HO-1 affects the accumula-

tion of G4 structures, which are supposed to influence

DNA replication, gene transcription, and translation,

in some specific types of stem cells [79]. In this work,

as well as previously [62], we have detected HO-1 in

the nucleus of ES cells and, remarkably, this signal

seems to increase during differentiation, suggesting

that HO-1 has a nuclear function relevant to this pro-

cess which would be worth exploring.

In conclusion, we have discovered that OCT4

represses HO-1 gene expression, further highlighting

the connection between pluripotency and the regula-

tion of key components of the stress defense system.

The requirement of HO-1 for specific differentiation

processes and for efficient reprogramming along with

its nuclear localization and its repression by a pluripo-

tency TF, strongly invites further exploration of novel

HO-1 functions relevant to such different processes in

ES cells. Unraveling key pluripotency TF-mediated

gene regulation most certainly enriches our under-

standing of fundamental properties of stem cells.
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