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1.1. Erythropoiesis 

 

Hematopoiesis is controlled both spatially and temporally during 

mammalian development. The production of blood cells starts in the 

yolk sac, transits via the fetal liver, and then is finally established in the 

thymus and bone marrow (Dzierzak and Bigas, 2018). Erythropoiesis is 

the process through which hematopoietic stem and progenitor cells 

(HSPCs) multiply and differentiate into enucleate reticulocytes at 

various functionally and morphologically defined phases. These cells 

continue to develop in the circulation to become red blood cells 

(RBCs), which are crucial carriers of oxygen and carbon dioxide for 

cellular respiration (Nandakumar, 2016). RBCs are the most prevalent 

cell type in humans, producing 2 million of them every second in the 

bone marrow and have an average life span of 120 days (Palis, 2014). 

Interestingly, in response to hypoxic stress, which happens when an 

adequate oxygen supply to all tissues is hampered by a lack of 

functional erythrocytes, the rate of erythropoiesis can dramatically 

increase from this baseline level. The main defense against hypoxic 

stress is increased red cell synthesis. Via the activity of the hypoxia-

inducible transcription factor complex, tissue oxygen tension directly 

controls the production of erythropoietin (EPO), the main regulator of 

red cell production (Bunn, 2013). 
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1.1.1. Waves of erythropoiesis 

 

As soon as the embryo becomes too large to receive oxygen via 

diffusion, the first erythroid precursors emerge from the yolk sac, a 

transient extraembryonic tissue (Fig. 1.1). They are derived from 

mesodermal cells that migrate posteriorly and, after entering the yolk 

sac, interact with endoderm cells. The interaction between 

mesodermal and endoderm cells is essential to initiate erythropoiesis. 

These mesodermal cells form blood islands that consist of both 

erythroid and endothelial cells indicating their common mesodermal 

precursor with bilineage potential, the hemangioblast (Dzierzak and 

Philipsen, 2013). Primitive erythrocytes (EryPs) are relatively large, 

enucleate in the bloodstream and express embryonic globin genes. 

Between primitive and definitive hematopoietic stem cell (HSC)-

dependent hematopoiesis, a second wave of cells migrate from the 

yolk sac into the fetal liver and support fetal hematopoiesis until birth. 

Interestingly, some studies suggest that this second transient fetal 

hematopoietic wave of yolk sac-derived erythro-myeloid progenitors 

(EMPs) in mice may continue after birth (Epelman, 2014; Gomez 

Perdiguero, 2015). The final, third wave of erythropoiesis constitute 

hematopoietic stem cells (HSCs). HSCs are derived from endothelial 

cells as they arise from the hemogenic endothelium of the embryonic 

aorta-gonad-mesonephros (AGM) region, the placenta and the 

vitelline and umbilical arteries (Dzierzak and Philipsen, 2013; Dzierzak 

and Bigas, 2018). These cells move from the fetal liver to the bone 
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marrow, where they will sustain hematopoiesis, including erythrocyte 

production, throughout adulthood (Palis, 2014; Dzierzak and Bigas, 

2018). 

 

 

 

 

 

 

 

 

 

Figure 1.1. Waves of erythropoiesis during development.  
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1.2. Differential globin genes expression 

during development 

 

1.2.1. Hemoglobin switching 

 

The molecule that carries oxygen to tissues, hemoglobin, is a 

heterotetramer composed of two α- and two β-like globin chains. An 

iron-containing heme group that can bind one molecule of oxygen is 

coordinated by each globin chain. The α- and β-globin loci, in human 

located on chromosomes 16 and 11, respectively, encode the α- and 

β-like globin chains (Fig. 1.2A). Different α- and β-like globin genes are 

expressed at different times during different stages of development. 

There are three active α-like globin genes: HBZ (ζ-globin), HBA2 (α2-

globin), and HBA1 (α1-globin) controlled by MCS (multispecies 

conserved sequences) distal enhancer (Higgs, 1990; 

Stamatoyannopoulos, 2005). The β-globin locus consists of five 

functional genes: HBE1 (ε-globin), HBG2 (Gγ-globin), HBG1 (Aγ-globin), 

HBD (δ-globin), and HBB (β-globin) (Grosveld, 1987; 

Stamatoyannopoulos, 2005). A set of distal enhancer controlling the 

β-locus is called locus control region (LCR). The yolk sac-derived 

earliest embryonic red blood cells (RBCs) primarily express HBZ and 

HBE1, which form the embryonic hemoglobin (Hemoglobin Gower1, 

ζ2ε2). Subsequently, the site of erythropoiesis becomes fetal liver 
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where fetal hemoglobin (HbF) composed of two α- and two γ-globin 

chains (α2γ2), is expressed. Throughout the embryonic and fetal stages, 

low amounts of Hemoglobin Gower2 (α2ε2) and Hemoglobin Portland1 

(ζ2γ2) may also be present. Around the time of birth, erythropoiesis 

shifts to the bone marrow. The expression of adult hemoglobin (HbA, 

α2β2) predominates in adult erythroid cells, with only about 2% of 

HbA2 (α2δ2) and less than 1% of HbF. Changes in hemoglobin 

composition during development is mainly due to hemoglobin 

switching, a process of changes in globin gene expression at different 

developmental stages (Stamatoyannopoulos, 2005; Sankaran, 2010) 

(Fig. 1.2B). 

Figure 1.2. Organization of human globin loci (A) and 

developmental hemoglobin switching (B). 
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1.2.2. Physiological and Aberrant γ-Globin 

Transcription During Development 

 

Published by Gloria Barbarani, Agata Labedz, Sarah Stucchi, Alessia 

Abbiati and Antonella E. Ronchi. Frontiers in Cell and Developmental 

Biology, April 1, 2021. 

 

In this review, we describe the regulation of hemoglobin switching on 

the β-locus with a special focus on the major transcription factors (TFs) 

controlling differential expression of γ-globin during development.  
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1.2.3. COUP-TFII, an orphan nuclear receptor 

controlling γ-globin expression 

 

As described above, numerous γ-globin transcriptional repressors 

have been found in adult erythroid progenitor cells, with BCL11A 

serving as the greatest example (Sankaran and Orkin, 2013). On the 

other hand, knowledge of transcriptional activators of embryonic/fetal 

genes throughout the early stages of development as well as globins’ 

posttranscriptional regulation are less explored.  

A recent study of Elegooz and colleagues (2022) revealed Pumilo 1 

(PUM1), an RNA-binding protein transcriptionally regulated by KLF1 

(see section 1.2.2), as a direct posttranscriptional regulator of γ-globin. 

PUM1 reduces HBG messenger RNA (mRNA) stability and translational 

efficiency that results in reduced γ-globin protein levels. 

In addition, HIF1α, a protein involved in adaptation to hypoxia and an 

ubiquitination target of von Hippel-Lindau (VHL) E3 ubiquitin ligase, 

has been demonstrated to induce γ-globin genes expression (Feng, 

2022). Disruption of the VHL E3 ubiquitin ligase was shown to stabilize 

HIF1α and promote transcription of HBG genes by binding of HIF1α–

HIF1β heterodimers to BGLT3 long non-coding RNA gene located 

downstream of the HBG1 and HBG2 genes. Further chromatin 

rearrangement and increased interaction between the γ-globin genes 

and the β-locus LCR result in an increased HbF production.  

COUP-TFII was identified by in vitro DNA binding studies as a 

component of the NF-E3 complex proposed to function as a repressor 
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of the ε- and γ-globin genes (Ronchi, 1995; Liberati, 1998; Filipe, 1999). 

Transfection experiments further revealed that the binding of COUP-

TFII to the promoters of both ε- and γ-globin genes interferes with NF-

Y and perhaps other transcription factors and/or co-factors, leading to 

either cooperation or competition (Liberati, 2001; Zhu, 2012). Finally, 

COUP-TFII was identified in our laboratory as a γ-globin activator 

(Fugazza, 2021). Fugazza and colleagues (2021) demonstrated that the 

orphan nuclear receptor COUP-TFII, expressed in erythroid progenitor 

cells of yolk sac origin during early development, together with 

embryonic/fetal globin genes, is able to induce γ-globin expression in 

different erythroid cellular models. The overexpression of COUP-TFII 

in human peripheral blood cells derived from healthy donor and 

thalassemic patient, overcame the repressive adult erythroid 

environment and activated the embryonic/fetal globin genes. COUP-

TFII alters the γ/β expression ratio and contributes to the interactions 

within the β-locus, further demonstrating that it favors the expression 

of embryonic/fetal globins. Interestingly, the COUP-TFII consensus 

found by MEME (GGTCA) in the ChIP-seq experiment nearly exactly 

matches the motifs described for BCL11A and TR2/TR4 (Fugazza, 

2021), two known repressors of γ-globin in adult cells (described in the 

section 1.2.2), suggesting a possible competition between these globin 

regulators and COUP-TFII. 

The newly discovered function of COUP-TFII as a fetal globin gene 

activator brings new insight on the hemoglobin switching mechanism. 

These findings suggest that COUP-TFII might serve as a target for γ-

globin re-activation. However, despite substantial genetic research on 
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COUP-TFII, little is known about the upstream regulatory signals and 

potential ligands. 

 

1.3. COUP-TFII 

 

1.3.1. Role of Nuclear Receptors in Controlling 

Erythropoiesis 

 

Published by Valentina Pastori, Serena Pozzi, Agata Labedz , Sajeela 

Ahmed and Antonella Ellena Ronchi. International Journal of 

Molecular Sciences, March 3, 2022. 

 

This review highlights the involvement of nuclear receptor (NR) family 

members in different crucial steps of erythropoiesis, including the 

regulation of the differential expression of globin genes during 

development. 
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1.3.2. The COUP-TFII gene and protein structure 

 

In humans, the COUP-TFII (Chicken Ovalbumin Upstream Promoter 

Transcription Factor II) gene is located at chromosome 15 and is 

composed of three exons and a newly discovered exon at the putative 

promoter's 5' end (Qiu, 1995).  

COUP-TFII gene encodes a transcription factor belonging to Nuclear 

Receptor subfamily 2 group F (NR2F) (Qiu, 1995). Nuclear receptors 

(NRs) are a family of evolutionary conserved proteins acting as a 

ligand-activated transcription factors (described in the review above). 

In vertebrates, there are three homologous NR2F subtypes identified 

so far: COUP-TFI (EAR-3, NR2F1), COUP-TFII (NR2F2, ARP1) and COUP-

TFIII (EAR-2, NR2F6). Human NR2F family members have highly 

conserved molecular structures and their main isoforms are similar in 

length. Two members of the NR2F family with the highest levels of 

homology are COUP-TFII (NR2F2) and COUP-TFI (NR2F1) (Qiu, 1995; 

Bertacchi, 2019).  

COUP-TFs proteins are composed of six regions from N-terminal to C-

terminal: the A/B region contains the activating function 1 (AF1) 

necessary for the recruitment of co-activators, the DNA-binding 

domain (DBD, C region), the D (or hinge) region that can work as the 

nuclear localization sequence (NLS), the E region that contains the 

activating function 2 (AF2) and the ligand binding domain (LBD), and 

the C-terminal  F region (Fig. 1.3A).  
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Figure 1.3. COUP-TFII protein structure. A The domain organization 

of COUP-TF proteins. From N- to C-terminal, A/B: AF-1, activating 

function 1; C: DBD DNA binding domain; D: hinge region that can 

act as the nuclear localization sequence (NLS); E: AF-2 activating 

function 2 and LBD ligand binding domain; F: C-terminal region 

(Polvani, 2019). B Crystal structure of the ligand-free COUP-TFII 

LBD. Top: front and side views of the COUP-TFII LBD monomer with 

its AF2 helix colored in red. Bottom: organization of the COUP-TFII 

LBD dimer, showing that its dimer interface is formed 

predominantly by helix α10 (blue) (Kruse, 2008). 
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The COUP-TFII-DBD is composed of two zinc fingers that resemble the 

structure of other proteins in the family and recognizes direct repeats 

and palindromes of the GGTCA motif with different spacings (1-5bp) 

(Tsai, 1997). Two GGTCA half-sites allow the active dimer form of 

COUP-TFII to bind to functional DNA while undergoing structural 

adaptation to identify the interspaced GGTCA motifs (Cooney, 1992). 

The COUP-TFII-LBD domain contains ten α-helices which folds into a 

nuclear receptor-specific conformation of a three-layered helical 

sandwich (Fig. 1.3B). The N-terminal portion of helix α10 is essential 

for dimer formation by hydrophobic interaction, which is crucial for 

the whole activity of the protein (Kruse, 2008).  Comparing binding 

domains of COUP-TFII and COUP-TFI, DBD and LBD show 97% and 99% 

homology, respectively (Qiu, 1995; Alfano, 2014). Although they can 

attach to homologous DNA regions, their homology in the AF1 part is 

lower (45%), suggesting that they may have different functions 

(Pereira, 2000).  

Three exons are present in each of the four COUP-TFII transcripts, 

however three recently discovered isoforms are shorter than the 

canonical COUP-TFII (COUP-TFII variant 1). The shorter isoforms have 

different N-terminal region and lack DNA binding domain (DBD), 

whereas the ligand binding domain (LBD) is identical between all four 

isoforms. Interestingly, the new isoforms have been demonstrated to 

either upregulate or downregulate activity of the canonical COUP-TFII 

in a cell-dependent manner (Rosa, 2011; Yamazaki, 2013).   

COUP-TFII is highly conserved across species: its orthologues are found 

in mice (Qiu, 1995; Jonk, 1994), chicken (Lutz, 1994), Xenopus frog 
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(Matharu, 1992), and zebrafish (Love, 2012). They constitute a cluster 

with a high similarity (>95%) in the phylogenic tree of the NR2F-family 

(Tsai, 1997). 

 

1.3.3. Transcriptional regulation of COUP-TFII 

 

Despite numerous studies of the function of COUP-TFII, the signaling 

pathways activating the COUP-TFII transcription in various cell types 

and its regulatory sequences remain largely unknown. 

In vitro studies in hepatic HepG2 cells identified a region upstream of 

the COUP-TFII gene that functions as a specific hepatic COUP-TFII 

enhancer (Baroukh, 2005). The region located 61 kb upstream to the 

COUP-TFII transcription start site (TSS) increased COUP-TFII expression 

in vivo and after being injected into the tail vein of an adult mouse 

(Baroukh, 2005). In P19 mouse tetracarcinoma cells treated with the 

main active metabolite of vitamin A, retinoic acid (RA), COUP-TFII 

levels increased, demonstrating that the RA signaling pathway can 

regulate COUP-TFII gene expression (Qiu, 1996).  

In addition, it has been found that COUP-TFII is a target of sonic 

hedgehog, an essential component of neuronal development, and that 

Shh response element (ShhRE) is present within the COUP-TFII 

promoter (Krishnan, 1997). 

Finally, E26 transformation specific 1 (ETS-1), a transcription factor 

belonging to the ETS family of transcription factors and involved in the 
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regulation of angiogenesis, was demonstrated to directly control 

COUP-TFII expression (Petit, 2004). ETS-1 binds to the COUP-TFII 

promoter together with the ETS factor ETV1 and induces COUP-TFII 

expression, suggesting that COUP-TFII is a potential mediator of ETS-

controlled angiogenesis.  

At the embryonic stage of vertebrate development, COUP-TFII has a 

dynamic expression pattern and is expressed in the mesenchymal cells 

of the developing organs. Mouse early embryonic lethality caused by 

the targeted disruption of COUP-TFII indicates that COUP-TFII is 

essential for embryo viability and may play a role in organogenesis 

(Pereira, 1999; Polvani, 2019). In adult healthy tissues, COUP-TFII 

expression declines until reaching basal levels. An increase in COUP-

TFII expression occurs under some pathological conditions, such as 

cardiovascular diseases or cancer where it regulates tumor growth and 

metastasis by modulating tumor angiogenesis (Wu, 2015; Qin, 2010). 

The expression pattern and profile of COUP-TFII suggests that different 

regulatory regions are likely involved in its cell-specific and time-

specific expression. 

 

1.3.4. Transcriptional activation mediated by the  

COUP-TFII protein 

 

As a transcription factor, COUP-TFII regulates gene expression. COUP-

TFII was originally identified as transcriptional activator of the chicken 

ovalbumin gene. COUP-TFII can act as a transcriptional activator or 
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repressor in a cell type-dependent and gene-specific way by directly 

binding to its AGGTCA DNA motif (Cooney, 1992; Polvani, 2019). The 

transcriptional activity of COUP-TFII can occur via different 

mechanisms. COUP-TFII can form a homodimer or heterodimer with 

other transcription factors to activate or repress its target (Cooney, 

1992; Park, 2003; Polvani 2019). COUP-TFII binds directly, indirectly as 

an auxiliary factor, or through protein-protein interactions to hormone 

response elements in activated target genes. For example, it physically 

interacts with HNF4 to activate the HNF1 gene promoter in the liver 

(Ktistaki and Talianidis, 1997; Ko, 2019). It can act as a repressor in 

different ways: directly by interacting with the target's promoter 

region, indirectly by occupying the binding sites of other transcription 

factors, or transrepressorily by competing with other nuclear 

receptors to form heterodimers with retinoid X receptors (RXR) (Park, 

2003; Polvani 2019). It can also obstruct the transactivation of other 

nuclear hormone receptors like VDR and RAR by directly occupying 

their DNA-binding sites or by sequestering RXR, the preferred 

heterodimeric partner of many NRs. COUP-TFII can act as a 

transcriptional inhibitor via activating co-repressors or by 

transrepression the target gene by directly binding to the LBD of 

nuclear hormone receptors (Leng, 1996; Okamura, 2009). It has been 

suggested that transrepression can be the predominant mechanism 

used by COUP-TFII to repress gene expression (Park, 2003; Achatz, 

1997). 

COUP-TFII displays an auto-repressed conformation in the absence of 

ligands as a result of the contact between the AF-2 region and the 
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cofactor binding site, which physically prevents the recruitment of co-

activator or co-repressor proteins. The C-terminal part of helix α10 of 

COUP-TFII protein collapses into the ligand-binding site in the absence 

of a ligand, revealing its autorepressed conformation (Kruse, 2008). 

The COUP-TFII activity was significantly reduced when the C-terminal 

AF2 region was altered, demonstrating that this region's intact 

structure is likewise necessary for COUP-TFII activation. All COUP-TFII 

isoforms contain the LBD, which therefore is likely important for the 

control of COUP-TFII function.  

Several pieces of evidence hint to a process in which ligands activate 

COUP-TFII by releasing the receptor from its auto-inhibited state. 

Crystallographic analysis revealed that COUP-TFII structure lacks a 

conventional ligand-binding pocket indicating that it is most likely a 

true orphan receptor (Kruse, 2008). Even though COUP-TFII was 

classified as an orphan nuclear receptor that lacks of a known natural 

ligand, Kruse and colleagues (2008) identified COUP-TFII as a low 

affinity retinoic acid receptor. These authors demonstrated that the 

ligand-binding domain (LBD) of COUP-TFII protein has a putative active 

ligand-binding pocket, and eventually that COUP-TFII can be released 

from its autorepressed conformation by high concentrations of 

retinoic acids. COUP-TFII activity can be also regulated by small 

chemicals. Guevel and colleagues (2017) identified 4-

methoxynaphthol (4-MNol), a synthetic inhibitor belonging to 

naphthol family, as an inhibitor of COUP-TFII. Treatment of hepatic 

HepG2 and fibroblastic 3T3-L1 cells with 4-MNol, reversed known add 

details effects of COUP-TFII in these cellular models (Guevel, 2017). 
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However, 4-MNol needs a high concentration (up to 100μM) to reduce 

COUP-TFII activity, more recently another inhibitor that functions at 

the nanomolar concentration and directly binds to the LBD of COUP-

TFII protein was identified (Wang, 2020). This small-molecule inhibitor 

targets specifically COUP-TFII and prevents its interaction with other 

transcription factors. Finally, Wang and colleagues (2021) performed 

two sequential screens of metabolic enzymes, and subsequently of 

substrates and products of their pathways, and identified 1-

deoxysphingosines as COUP-TFs regulator. 1-deoxysphingosines, non-

canonical alanine-based sphingolipids, bind to COUP-TFII LBD and 

positively modulate the transcriptional activity of COUP-TFII, when 

used at physiological concentration (Wang, 2021). Thus, all these 

findings revealed that COUP-TFII is a ligand-controlled nuclear 

receptor and could be treated pharmacologically. 

 

1.3.5. Physiological roles of COUP-TFII 

 

In vertebrates, COUP-TFII is expressed mainly at the embryonic stage, 

in mesenchymal cells of developing organs, where it may be critical for 

organogenesis as demonstrated by an early embryonic death of COUP-

TFII homozygous mouse models (Pereira, 1999; Polvani, 2019). The 

majority of information about COUP- TFII's physiological roles is 

derived from conditional knockouts in different tissues.  
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Cell differentiation and fate decision 

Throughout development, cell fate decisions are crucial and are 

controlled by transcription factor networks. COUP-TFII is widely 

expressed in differentiating and adult mesenchymal stem cells where 

it impacts on cell terminal differentiation and fate choice, a role 

related to the regulation of stemness (Xie, 2011). In response to 

cytokine stimulation, COUP-TFII regulates the transition from a 

dormant to an active state of hematopoietic stem cells (HSCs). COUP-

TFII plays a role in cell fate decision of bone marrow stromal cells 

(BMSCs) and in the early phases of adipose differentiation of 

C3H10T1/2 and BMSC cells. The crucial function of COUP-TFII in 

differentiation is further highlighted by the relationship and reciprocal 

control of COUP-TFII with stemness factors, particularly OCT4. OCT4 

(octamer-binding transcription factor 4) keeps stem cells pluripotent 

by actively suppressing COUP-TFII transcription in undifferentiated 

cells (Rosa, 2011). 

Cardiovascular development 

A mouse study revealed that the COUP-TFII homozygous knockout 

(COUP-TFII-/-) causes mortality around embryonic day 10 (E10), 

whereas heterozygous knockout (COUP-TFII+/-) mice are smaller than 

wild-type littermates (Pereira, 1999). Immunostaining for platelet 

endothelial cell adhesion molecules 1 (PECAM-1), an endothelial cell 

marker revealed defects in vascular and atrial growth: the primitive 

capillary plexus develops but does not undergo remodeling that would 

results in defective angiogenesis (Pereira, 1999). Another study found 
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that COUP-TFII mutants had thin-walled myocardium, atrioventricular 

septal defect, and poor angiogenesis as cardiovascular abnormalities 

(Lin, 2012). Endothelial-specific COUP-TFII deficient embryos 

presented endocardial cushion hypoplasia due to a failure in epithelial-

mesenchymal transition (EMT) (Lin, 2012). During typical 

development, COUP-TFII inhibits the expression of NP-1 and other 

Notch signaling molecules to confer vein identity. In contrast, the 

arterial endothelium lacks COUP-TFII, allowing the expression of Notch 

signaling molecules to activate the expression of artery-specific genes 

to confer artery identity.  

COUP-TFII also regulates lymphangiogenesis during embryonic 

development and  neolymphangiogenesis in adults (Lin, 2010; Ceni, 

2017). COUP-TFII is crucial for the development of lymphatic vessels, 

which in mammals have a venous origin, and it is expressed in both 

lymphatic endothelial cells and venous endothelial cells (LECs). 

Conditional knockout of COUP-TFII in mice results in malformed 

primitive lymphatic arteries and a lack of LEC progenitor cells. In the 

cardiovascular system, COUP-TFII is known to participate in 

angiogenesis (Pereira, 1999) and it is predicted to interact with PROX1 

that is required to induce the endothelium to adopt a lymphatic 

vascular phenotype (Srinivasan, 2010; Risebro, 2009). Additionally, it 

was demonstrated that by binding to the HEY1/HEY2 promoter areas, 

COUP-TFII/PROX1 heterodimers induce lymphatic endothelial cell 

lineage while COUP-TFII homodimers induce venous endothelial cell 

lineage and block an arterial phenotype (Aranguren, 2013). COUP-TFII 
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is also involved in the heart's atrial/ventricular cardiomyocyte 

identification determinations (Wu, 2013).  

Reproduction 

COUP-TFII is necessary for typical female reproductive processes: in 

response to exogenous gonadotropins, female mice carrying the 

COUP-TFII heterozygote exhibit a reduced ability to produce 

progesterone. The absence of uterine decidualization and 

unsuccessful embryo attachment in KO females suggest that the 

endometrium is not functioning properly before implantation 

(Takamoto, 2005). COUP-TFII is essential for normal female 

reproductive processes: it is one of the key regulators of the uterine 

epithelial-stromal cross talk and of the placentation. It also plays a role 

in male reproductive system: the differentiation of Leydig cells, which 

produce the testosterone required for normal gonad development 

and function, is regulated by COUP-TFII. The ablation of COUP-TFII 

during pre-pubertal phases of male development results in infertility, 

hypogonadism, and spermatogenetic arrest. Contrary to adult male 

homozygous mutants, which have difficulties in testosterone 

synthesis, when COUP-TFII is deleted in the adult stage, there are no 

abnormalities in differentiation and function of Leydig cells. Hence, 

COUP-TFII is essential for differentiation but not for the survival of 

Leydig cells (Qin, 2008). Humans with COUP-TFII mutation also have 

other characteristics such as ovotesticular or testicular variations in 

sex development, virilization of the external genitalia, dysmorphic 
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features, developmental delay, and undeveloped limbs (Bashamboo, 

2018; Arsov, 2017; Upadia, 2018; Carvalheira, 2019). 

Metabolism and energy homeostasis 

Increased metabolism in heterozygous mice suggests that COUP-TFII 

contributes to the energy homeostasis. The importance of COUP-TFII 

in glucose homeostasis is demonstrated by the presence of COUP-TFII 

responsive elements in the promoters of numerous genes producing 

metabolic enzymes. Moreover, upregulation of COUP-TFII expression 

by Wnt/β-catenin signaling in response to the administration of Wnt3a 

in 3T3-L1 preadipocytes, resulting in an inhibition of adipogenesis, 

demonstrated a role of COUP-TFII as a regulator of adipogenesis 

(Nostro, 2008; Okamura, 2009).  

Other functions 

Furthermore, COUP-TFII plays a role during eye development where it 

regulates the specification and differentiation of mouse neural 

progenitor cells (Lin, 2011). Moreover, it is required for the formation 

of GABAergic interneurons in the mouse brain, for the radial and 

anteroposterior patterning of the stomach during organogenesis, the 

secretion of insulin and pancreatic function (Lin, 2011; Kanatani, 

2015). 

The maturation of renal cells also requires COUP-TFII expression. In 

mice, COUP-TFII deficiency hampered the development of the 

metanephric mesenchyme, and deletion at later stages decreased the 
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expression of numerous metanephric mesenchymal genes, including 

Eya1, Pax2, Six2, and Wt1 (Ishii, 2022). 

A dose-balanced expression of COUP-TFII is also necessary for the 

development of skeletal muscles (Lee, 2017). COUP-TFII is required for 

myoblast proliferation in early mouse development and its expression 

decreases as the myoblasts differentiate, it is less important since 

COUP-TFII can prevent the fusion of myoblasts into myotubes, and 

therefore the formation of skeletal muscle (Lee, 2017). 

 

 

 

 

Figure 1.4. Physiological roles of COUP-TFII (adapted from Lin, 

2011). 
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1.4. β-hemoglobinopathies and 

therapeutical approaches 

 

1.4.1. Sickle Cell Disease (SCD) and β-thalassemia 

 

Hemoglobinopathies are diseases caused by quantitative or qualitative 

defects in the globin genes expression. The most common β-

hemoglobinopathies worldwide are sickle cell disease (SCD) and β-

thalassemia (Modell and Darlison, 2008; Piel, 2013; Origa, 2017). SCD, 

a monogenic disorder, is characterized by a homozygous single base 

change (A->T) in the seventh codon of the β-globin chain that results 

in the presence of a valine residue at this location in place of glutamic 

acid (β6Glu->Val). Characteristic sickle shape of red blood cells (RBCs) 

is caused by sickle hemoglobin (HbS, α2βS2) that polymerizes in the 

deoxy-hemoglobin state (Eaton and Bunn, 2017). Cellular dehydration, 

membrane damage, and finally premature erythrocyte clearance are 

all effects of RBC sickling. In the end, this causes an aberrant leucocyte, 

platelet, and endothelial cell interaction, inflammation, susceptibility 

to infection, vaso-occlusion, recurring pain crises, organ damage, and 

early mortality. Homozygous βS and a number of compound 

heterozygous βS diseases with additional β-globin mutations, such as 

βC (β6Glu->Lys) or β-thalassaemia alleles, that produce comparable 

clinical symptoms are included in SCD.  
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β-thalassemia results in significant anemia and inefficient 

erythropoiesis because there is insufficient or drastically reduced 

synthesis of the β-globin chain. Despite the fact that these disorders 

have been the subject of research for more than a century and have 

well-established molecular genetic underpinnings, the majority of 

treatment approaches still focus on symptoms rather than the 

underlying pathophysiology. The main treatments are regular blood 

transfusions and iron chelation that are essential for survival of 

homozygous β-thalassemia patients. The best medication currently 

available, hydroxycarbamide, only partially improves the 

hematological and clinical symptoms. Allogeneic HSC transplantation 

remains the only curative option. Nevertheless, the majority of 

patients do not have a sibling donor who matches their human 

leucocyte antigen (HLA) (Angelucci, 2014). 

 

1.4.2. Hereditary Persistence of Fetal Hemoglobin 

(HPFH) 

 

Hereditary Persistence of Fetal Hemoglobin (HPFH) is a benign 

condition characterized by continuous expression of fetal γ-globin 

throughout adulthood (Forget, 1998; Steinberg, 2020). HbF can be 

elevated in all erythroid cells (pancellular HPFH) with HbF levels 

ranging from 10% to 30%, or in a limited subset of red blood cells 

(heterocellular HPFH) with HbF levels between 1% and 10% (Thein, 



59 
 

2009). HPFHs can be divided into three categories: deletional HPFH, 

non-deletional HPFH, and HPFH not linked to the β-locus. In deletional 

HPFHs a large DNA region between γ and β globin genes is deleted, 

whereas point mutations described in both γ-globin promoters result 

in non-deletional HPFHs (described in section 1.2.2). Patients with 

sickle cell disease or β-thalassemia who also have pancellular HPFH 

have benign clinical symptoms (Serjeant, 1977). 

 

1.4.3. β-Hemoglobinopathies: The Test Bench for 

Genome Editing-Based Therapeutic Strategies 

 

Published by Gloria Barbarani, Agata Labedz and Antonella Ellena 

Ronchi. Frontiers in Genome Editing, December 3, 2020. 

 

Here, we describe the different genome editing approaches for 

treatment of β-hemoglobinopathies. 
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1.5. Aims of the thesis 

 

The understanding of the molecular mechanism of the differential 

globins genes expression during development is crucial to design 

strategies to treat patients with β-hemoglobinopathies. One of the 

therapeutical approaches is the reactivation of the fetal γ-globin in 

adult cells to substitute the defective adult β-globin. While the 

repressors of γ-globin were widely studied, less is known about its 

activators. The COUP-TFII transcription factor has been identified in 

our lab as a specific γ-globin activator, and therefore it represents a 

very attractive therapeutical target. However, the mechanisms that 

regulates the expression of COUP-TFII, as well as its role in erythroid 

cells remain largely unknown. Hence, the main aim of this study is to 

characterize COUP-TFII erythroid networks. This would be crucial to 

design a future strategy to reactivate COUP-TFII (and therefore induce 

γ-globin) expression in patients’ adult erythroid cells. 

In Chapter 2, in order to identify COUP-TFII regulatory regions in 

erythroid cells, I selected genomic sequences that interact with the 

COUP-TFII promoter as candidate distance regulatory elements, to 

further analyze their potential to modulate COUP-TFII expression in 

K562 erythroid cells. The region with the highest enhancer activity was 

next deleted by using a CRISPR/Cas9 approach to confirm its impact on 

the COUP-TFII expression level. Moreover, I describe a positive 

autoregulation of COUP-TFII in erythroid cells. 
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In Chapter 3, I investigated the effects of the COUP-TFII overexpression 

or knockout on proliferation, differentiation and cell cycle of K562 

erythroid cells. 

Chapter 4 introduces the downstream network of COUP-TFII in 

erythroid cells, with a special focus on relevant erythroid targets: the 

β-globin locus and the MYB transcription factor. Moreover, I identified 

other candidate direct target genes of COUP-TFII by merging RNA-seq 

and ChIP-seq datasets from K562 erythroid cells. Selected target genes 

were thereupon knocked-out in a CRISPR/Cas9 mini-screening, in 

order to assess their effect on the erythroid program. 

In Chapter 5, I discuss all the results presented in the thesis and I 

address the future perspective of their significance in molecular and 

translational medicine. 
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2.1. Introduction 

 

The transcription factor COUP-TFII was identified in our laboratory as 

a novel specific activator of fetal γ-globin (Fugazza, 2021). Hence, it is 

an attractive therapeutic target for the treatment of β-

hemoglobinopathies, diseases characterized by an impaired 

expression of adult β-globin. The continuous production of fetal γ-

globin in adult erythroid cells, as it happens in a benign condition 

called hereditary persistence of fetal hemoglobin (HPFH), has been 

well described to ameliorate the clinical severity of β-

hemoglobinopathies (Forget, 1998; Thein and Craig, 1998; Wilber, 

2011; Steinberg, 2020).  However, despite extensive studies on COUP-

TFII biological functions in different tissues, little is known about 

mechanisms that drive its expression in erythroid cells and how it is 

functionally activated.  

COUP-TFII is an essential regulator of embryogenesis and 

organogenesis as demonstrated by the early embryonic lethality  

(around embryonic day 9.5) of mouse mutants carrying the COUP-TFII 

homozygous deletion (Qiu, 1997; Pereira, 2000; Lin, 2011). Its 

expression peaks during embryonic development, whereas it is 

expressed at a low level in adult tissues. Nonetheless, in the adult, 

COUP-TFII expression is upregulated in multiple diseases, such as 

prostate cancer, muscular dystrophy, and heart failure, implicating its 

role in adult tissues homeostasis (Polvani, 2019). Within the erythroid 
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lineage, COUP-TFII is expressed in erythroid progenitors of yolk sac 

origin, most probably in a very narrow timeframe.  Its expression drops 

around embryonic day 13  (E13) of mouse development, together with 

the expression fetal globin genes (Fugazza, 2021). Such expression 

pattern suggests a developmental regulation of the COUP-TFII gene, 

possibly including fetal-specific enhancer elements and/or adult-

specific silencers. Indeed, transcriptional enhancers enable precise 

spatial and temporal control of gene expression and direct the 

programming of cell identity during development (de Laat, 2013; 

Rickels and Shilatifard, 2018). 

Even though the upstream regulatory network of COUP-TFII remains 

poorly understood, it has been demonstrated in different cellular 

models that COUP-TFII can be transcriptionally regulated by retinoic 

acid (RA) (Jonk, 1994; Qiu, 1996; Soosar, 1996), Sonic hedgehog (Shh) 

(Krishnan, 1997) and Ets-1 (Petit, 2004).  Retinoic acids (all-trans-

retinoic acid, ATRA and 9-cis-retinoic acid, 9cRA) upregulated the 

activity of COUP-TFII promoter in P19 and PCC7 embryocarcinoma 

cells, when used at concentrations higher than physiological (Jonk, 

1994; Qiu, 1996; Soosar, 1996). Moreover, Soosar and colleagues 

(1996) suggested that the effect of RA on the COUP-TFII promoter is 

not mediated by the direct binding of retinoic acid receptor (RAR) 

and/or retinoid X receptor (RXR), but rather indirectly. Shh and Ets-1 

were also shown to act on the COUP-TFII promoter activity, in P19 and 

HeLa cells, respectively. Both Shh response element (ShhRE) and ETS-
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binding site were mapped within the COUP-TFII promoter (Krishnan, 

1997; Petit, 2004).  

In this chapter, I describe the study of upstream regulatory sequences 

of the COUP-TFII gene.  

In particular, I focused my research on erythroid-specific elements 

controlling COUP-TFII expression: the promoter of COUP-TFII and 

distal upstream regulatory regions. The understanding of the 

mechanism by which COUP-TFII is transcriptionally regulated is crucial 

to design strategies of COUP-TFII expression manipulation, and 

therefore of reactivation of γ-globin in adult erythroid cells. 

First, I analyzed the sequence of the minimal promoter of COUP-TFII 

and identified two conserved elements that could be important for the 

regulation of COUP-TFII transcription mediated by retinoic acid. 

Second, I selected the genomic regions within the COUP-TFII locus as 

candidate COUP-TFII regulatory sequences by merging data available 

in the public databases: the GeneHancer database (Fishilevich, 2017), 

the Evolutionary Conserved Regions (ECR) Browser 

(http://ecrbrowser.dcode.org) and the ENCODE ChIP-seq data. The 

criteria for the selection were the following features: the engagement 

in looping long-range interactions, as mapped by the GeneHancer 

track in UCSC Genome Browser, their evolutionary conservation, the 

presence of the active enhancer H3K27ac epigenetic mark and of 

transcription factor (TF) motifs bound in vivo by TFs known to control 

erythropoiesis. As a next step, I evaluated the regulatory potential of 
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the selected regions in vitro by cloning them in a reporter construct, 

upstream to the COUP-TFII minimal promoter. The most promising 

candidate enhancer elements were further functionally characterized 

by deletional mapping of TF motifs and CRISPR/Cas9-mediated 

targeting. 
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2.2. Materials and methods 

 

Reporter vector construction 

All cloned DNA sequences were obtained from UCSC Genome Browser 

(https://genome.ucsc.edu/, human GRCh37/hg19 assembly) and 

amplified from genomic DNA of K562 cells by using Q5® High-Fidelity 

DNA Polymerase (New England BioLabs, M0491S) or Phusion® High-

Fidelity DNA Polymerase (New England BioLabs ,  M0530S) according 

to standard laboratory protocols. The cloned promoter region 

corresponds to the region between ApaI and SacII sites on mouse 

COUP-TFII promoter that was previously described as a COUP-TFII 

minimal promoter (Soosar, 1996). COUP-TFII minimal promoter (CP) 

and its shorter version (Cut CP=CCP) were subcloned into pGL3-Basic 

reporter plasmid (Promega, E1751) on HindIII sites. Candidate COUP-

TFII regulatory sequences (-61 kb, -57 kb, -52 kb and -40 kb) were 

cloned immediately upstream to CP, between NheI and XhoI sites. 

Deletions of -52 kb-pGL3 construct (ΔSTAT, ΔGATA1, ΔNF-E2, ΔCOUP-

TFII) were performed by using a Gibson Assembly® Master Mix (New 

England BioLabs, E2611SS) according to the manufacturer’s protocol. 

All the primers used for the construction of reporter vectors are listed 

below. 
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Table 2.1. Primers used for cloning. 

Construct F/R Sequence (5’–3’) 

CP 
F ACGTAAGCTTCCGCTCGCGCTAGGACC 

R ACGTAAGCTTGAAAAGAACAGAGAATCAAAGTGATC 

CCP 
F ACGTAAGCTTTATATAGAGAGCTCAGT 

R ACGTAAGCTTGAAAAGAACAGAGAATCAAAGTGATC 

-61 kb 
F ACGTGCTAGCCTAGAGGCCCCTTCAAAG 

R ACGTGTCGACCCCAGCAAATTGCACAC 

-57 kb 
F ACGTGCTAGCGGCACAAATCGCTCATTAGC 

R ACGTGTCGACTGCTTAACTCAAGCCTCAGAAAGC 

-52 kb 
F ACGTGCTAGCGTCACTGCAGCCTTTACCCC 

R ACGTGTCGACGGAGGCATGGATTATACTCG 

-40 kb 
F ACGTGCTAGCAACACACAGCATCGTGCATG 

R ACGTGTCGACTATGCATACACTGTTTCCTCATG 

ΔSTAT 
F GAGCTCTTACGCGTGCTAGCCATTGACTGCTCTCGTG 

R CTTACTTAGATCGCAGATCTCGAGGGAGGCATGGATTATAC 

ΔGATA1 
F GAGCTCTTACGCGTGCTAGCCACAACTAGAAGATGC 

R CTTACTTAGATCGCAGATCTCGAGGGAGGCATGGATTATAC 

ΔNFE2 
F GAGCTCTTACGCGTGCTAGCGCTGAGCGTCTTGAG 

R CTTACTTAGATCGCAGATCTCGAGGGAGGCATGGATTATAC 

ΔCOUP-TFII 
F GAGCTCTTACGCGTGCTAGCTCATGACACACTCCTG 

R CTTACTTAGATCGCAGATCTCGAGGGAGGCATGGATTATAC 

 

Cell cultures 

K562: K562 is a human immortalized erythroid cell line derived from a 

female patient with chronic myelogenous leukemia, highly 

undifferentiated of the granulocytic series (Lozzio and Lozzio, 1975). 

Cells were cultured in RPMI 1640 (Lonza, BE12-167F) supplemented 
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with 10% FBS (Sigma-Aldrich, F7524-500ML), 4mM L-Glutamine 

(Euroclone, ECB3000D) and 100μg/mL Penicillin-Streptomycin 

(Euroclone, ECB3001D), at an optimal concentration of 0.2 x106 

cells/mL, at 37°C in 5% CO2. 

K562-Cas9: K562 cell line stably expressing Cas9 was kindly provided 

by Jürg Schwaller and Samantha Tauchmann (University of Basel, 

Switzerland). Cells were grown in RPMI (Gibco, 11875093 ) with 10% 

FBS (Sigma-Aldrich, F9665-500ML), 2 mM L-Glutamine (Gibco, 

25030024) and 100μg/mL Penicillin-Streptomycin (Gibco, 15140122), 

at 37°C in 5% CO2 . 

HepG2: HepG2 is a human liver cancer cell line derived from the liver 

tissue of a 15-year-old Caucasian male from Argentina with a well-

differentiated hepatocellular carcinoma (Aden, 1979). Cells were 

grown in DMEM (Sigma-Aldrich, D0819-500ML) with 10% FBS (Sigma-

Aldrich, F7524-500ML), 4mM L-Glutamine (Euroclone, ECB3000D) and 

100μg/mL Penicillin-Streptomycin (Euroclone, ECB3001D), at 37°C in 

5% CO2.  

HUDEP-2: human umbilical cord blood-derived erythroid progenitor 

(HUDEP-2) cell line was maintained in Iscove’s modified Dulbecco’s 

medium (IMDM, PAN, P04-20250) supplemented with 0.2% Human 

Serum Albumin (HAS, PAN, P06-27100), 0.1% Lipid Mixture (Sigma-

Aldrich, L0288), 300 µg/mL transferrin (Sigma-Aldrich, T1408), 10 

µg/mL insulin (Sigma-Aldrich, I2643), 100 µM Sodium pyruvate (Sigma-

Aldrich, P5280), 2 U/mL Erythropoietin (EPO, ImmunoTools, 

11344795), 100 ng/mL Stem Cell Factor (SCF, ImmunoTools, 
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11343325), 1 µM dexamethasone (Sigma-Aldrich, D4902) and 2 µg/mL 

doxycycline (Sigma-Aldrich, D9891). 

LentiX: Lenti-X 293T (Takara Bio, 632180) cells were used for the 

lentiviral production in CRISPR/Cas9 experiment. Cells were cultured 

in DMEM (Gibco, 11960044) with 10% FBS (Sigma-Aldrich, F9665-

500ML), 4 mM L-Glutamine (Gibco, 25030024) and 100μg/mL 

Penicillin-Streptomycin (Gibco, 15140122), at 37°C in 5% CO2 . 

HEK-293T: HEK-293T cells were used for the production of lentiviral 

vector overexpressing COUP-TFII. Cells were cultured in DMEM 

(Sigma-Aldrich, D6429-500ML) with 10% FBS (Sigma-Aldrich, F9665-

500ML) and 100μg/mL Penicillin-Streptomycin (Gibco, 15140122), at 

37°C in 5% CO2 . 

 

Transfection 

K562: 3 x105 cells in 0.6mL of Opti-MEM Reduced-Serum Medium 

(Gibco, 31985-047) were seeded on a 24-well plate and transfected 

with 0.8µg of reporter plasmid DNA and 2µL of Lipofectamine 2000 

Transfection Reagent (Invitrogen, 11668019) per well. 4 h after 

transfection, 0.6mL of RPMI 1640 with 20% FBS, L-Glutamine and 

Penicillin-Streptomycin per well were added.  

HepG2: 5 x105 cells were seeded in 1mL of DMEM with 10% FBS, L-

Glutamine and Penicillin-Streptomycin per well, on a 12-well plate.  

After 24 h, 500µL of Opti-MEM Reduced-Serum Medium (Gibco, 
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31985-047) with 1µg of reporter plasmid DNA and 2µL of 

Lipofectamine 2000 Transfection Reagent (Invitrogen, 11668019) 

were added per well.  

All the transfection experiments were done in technical and biological 

triplicates, using at least two different DNA preparations.  

 

Treatment with retinoic acid 

4 h after transfection of reporter plasmid DNA, K562 cells were treated 

with 5µM solution of retinoic acid (RA) in DMSO, or only DMSO (as a 

negative control).  

 

Luciferase assay 

K562 and HepG2 cells were collected 48 h after transfection and 

centrifuged (1200 rpm, 5 min). Pellet was resuspended in 80µL of 

Reporter Lysis Buffer 1X (Promega, E4030), followed by two freeze-

thaw cycles. Cell lysates were centrifuged (12000 rcf, 5 min, at 4°C) and 

the supernatant (containing total protein extract) was collected. Next, 

25µL of LAR reagent (Promega, 3040) were added to 10µL of protein 

extract and the luciferase activity was measured by GloMax® 20/20 

Luminometer (Promega), integration time of 10 sec. To calculate the 

relative luciferase activity, amount of relative luciferase units (RLU) of 

non-transfected control was subtracted from each sample RLU, and 

normalized to either CP or -52 kb reference samples. 
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RNA isolation and cDNA synthesis 

TriFast reagent (Euroclone) and the Direct-zol™ RNA Miniprep kit 

(Zymo Research, R2050), or Monarch® Total RNA Miniprep Kit (New 

England BioLabs, T2010S)  were used to isolate total RNA. Next, RNA 

was reverse-transcribed into cDNA with the High-Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, 4368814). 

 

Real-time quantitative PCR analysis 

On the basis of sequences from the Ensembl database 

(http://www.ensembl.org), primers were designed to amplify 100 to 

200 bp amplicons, spanning an exon-exon junction when possible. All 

the RT-qPCR primers used in this study are listed in the table below.  

Quantitative real-time PCR reaction was performed using StepOnePlus 

Real-Time PCR System (Applied Biosystems). Specific PCR product 

accumulation was monitored by SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad, 1725274) in a 12μL reaction volume. Gene 

expression levels were calculated by normalizing the values to the 

expression of housekeeping GAPDH gene. Triplicate samples from 

each experiment were analyzed. 
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Table 2.2. Primers used for RT-qPCR. 

Gene F/R Sequence (5’–3’) 

hGAPDH 
F ACGGATTTGGTCGTATTGGG 

R TGATTTTGGAGGGATCTCGC 

hCOUP-TFII 
F TTGACTCAGCCGAGTACAGC 

R AAAGCTTTCCGAATCTCGTC 

mCOUP-TFII 
F TCCAAGAGCAAGTGGAGAAG 

R CTTCCAAAGCACACTGGGAC 

hCYP26A1 
F ACTTACCTGGGGCTCTACC 

R GGGATTCAGTCGAAGGGTCT 

 

 

CRISPR/Cas9-mediated targeting 

Cloning of the guide RNAs, lentiviral production and transduction were 

performed as described (Proietti, 2022). Briefly, single guide RNAs 

(sgRNAs, Table 2.3) were designed using CRISPR Targets track at the 

UCSC Genome Browser (https://genome.ucsc.edu/) and cloned into a 

lentiviral expression vector containing GFP (LentiGuide-Puro-P2A-

EGFP (Addgene, 137729) or into a lentiviral expression vector 

containing iRFP670 (pLenti hU6-sgRNA-IT-PGK-iRFP670). For lentiviral 

production, Lenti-X cells were transfected with indicated constructs 

together with psPAX2 and pMD2.G packaging plasmids (Addgene, 

12260 and 12259) using polyethyleneimine (PEI, Polysciences Europe, 

24765-1). After 24 h, Lenti-X cell medium was substituted with the 

target cell medium. The supernatant containing lentiviral pseudo-

particles was collected 48 h after transfection. Next, approximately 3 
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x106 of K562 cells stably expressing Cas9 (K562-Cas9) were seeded per 

well of a 6-well plate and transduced by spinfection (1000 rcf, 90 min) 

with lentiviral supernatants (diluted 1:2) supplemented with 

Polybrene Transfection Reagent (Merck, TR-1003-G). Cells were 

collected 6 days after transduction and sorted for GFP and/or iRFP670 

expressing cells, followed by RNA and genomic DNA extraction.  

 

Table 2.3. sgRNAs used for CRISPR/Cas9-mediated targeting. 

sgRNA Sequence 

1 AGCTCTTTGAAGGCCGGACG 

2 TGGAGCTCACTGCTGAGTGC 

3 TGCATGCTCTTCCTGTTCTG 

COUP-TFII site TGACTCAGGAGTGTGTCATG 

 

 

Genomic DNA PCR analysis 

Genomic DNA was isolated using a Quick-gDNA Miniprep Kit (Zymo 

Research, D3025). PCR amplification of the genomic region with 

expected deletion in the -52 kb element was performed using Q5® 

High-Fidelity DNA Polymerase (New England BioLabs, M0491S) with 

the following primers: F (5’-3’) CTGCCAGCATTGAATGGAGA and R (5’-

3’) CTCGCGAAGAACTCACAGGA. The PCR product was analyzed by 

agarose gel electrophoresis.  
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COUP-TFII lentiviral overexpression 

COUP-TFII murine cDNA (gift from Dr. Michèle Studer) was cloned into 

a bicistronic IRES-eGFP as described previously (Fugazza, 2021). COUP-

TFII overexpressing vector and control Empty vector (EV) were 

produced in HEK-293T cells, lentiviral vectors were co-transfected 

together with the packaging plasmids psPAX2 and pMD-VSVG 

(www.lentiweb.com). Viral vector supernatants were collected 72 h 

after transfection and concentrated, followed by transduction of K562 

cells. 

 

ChIP-seq assay and ChIP-seq data analysis 

ChIP-seq experiment was performed as previously (Fugazza, 2021). 

Briefly, K562 cells were fixed with 1% formaldehyde for 10 minutes, at 

room temperature. Chromatin was sonicated to a size of about 500 bp. 

DNA immunoprecipitation was obtained by first incubating with the 

proper antibodies and then isolating with protein A-agarose beads. 

DNA was sequenced on an Illumina platform. The sequencing data 

were uploaded to the Galaxy web platform. BWA was used to map 

reads to the human genome (GRCh37/hg19), and the HOMER toolkit 

was used to identify peaks. Peaks in different experiments were called 

as the same if the minimal overlap of intervals was 1bp. 
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Statistical analyses 

For statistical analyses was used GraphPad Prism 8.4.3 software 

(GraphPad Software). Data are expressed as mean ±SEM and all 

experiments were performed in biological triplicates, unless stated 

otherwise. To calculate the p-value, the paired Student’s t-test was 

used. P<0.05 was considered to be statistically significant (*p<0.05, 

**<p<0.01, ***p<0.001, ****p<0.0001, if not stated data not 

significant). 
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2.3. Results and discussion  

 

2.3.1. Characterization of the COUP-TFII promoter: the -72 

bp direct repeat element mediates its response to 

retinoic acid 

 

Retinoic acid (RA) was identified as a positive regulator of COUP-TFII 

transcriptional activity in different cellular models (Jonk, 1994; Qiu, 

1996; Soosar, 1996), yet never in erythroid cells. I sought to investigate 

the effect of RA treatment on the activity of COUP-TFII promoter in 

K562 cells. K562, a myelogenous leukemia cell line derived from the 

highly undifferentiated progenitor of the erythrocytic and 

megakaryocytic lineages, is the only cellular model identified so far, 

that has erythroid features and expresses COUP-TFII (Lozzio and 

Lozzio, 1975). 

The COUP-TFII 320 bp promoter region, corresponding to the region 

identified by Soosar and colleagues (1996) as a COUP-TFII minimal 

promoter (CP), was cloned into a pGL3-Basic reporter vector. 

Interestingly, the COUP-TFII minimal promoter contains two 

conserved nuclear receptor (NR) binding motifs (RGGTCA, where R is a 

purine, Fig. 2.1A): the more distal direct repeat 1 (DR1), located 72 bp 

upstream to the COUP-TFII transcription start site (TSS) 
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(GTGTCAAAGTTCA), and the proximal inverted repeat (IR) located 49 

bp upstream to the COUP-TFII TSS (AGCTCAGTGAGCTG) (Fig. 2.1B). 

Although these elements do not contain perfect consensus sequences, 

it is known that NRs are able to recognize, with  variable affinity, a large 

variety of degenerate motifs, including the ones lying within the COUP-

TFII minimal promoter. 

 

Figure 2.1. A direct repeat 1 (DR1) and an inverted repeat (IR) are 

present in the sequence of the COUP-TFII minimal promoter. A 

DNA motif recognized by COUP-TFII (top) and its reverse 

complementary sequence (bottom), the sequence logos obtained 

from JASPAR. B A schematic overview of the COUP-TFII minimal 

promoter region. Direct Repeat 1 (DR1) and Inverted Repeat (IR) are 

indicated in yellow.   
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Therefore, to compare the role of these two motifs in RA-mediated 

response, a shorter version of the promoter (127 bp) was cloned. The 

shorter COUP-TFII promoter (CCP), containing only the proximal IR 

site, was also inserted in the pGL3-Basic reporter vector (Fig. 2.2).  

 

 

 

Figure 2.2. Experimental workflow of the cloning and analysis of 

the COUP-TFII minimal promoter (CP) and its cut version (CCP). The 

functionality of both promoter sequences was confirmed in K562 

erythroid cells by using a luciferase reporter assay. 
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The transcriptional activity of both promoters was tested by luciferase 

reporter assay in K562 erythroid cells. As shown in figure 2.3, the 

COUP-TFII minimal promoter (CP) induced the luciferase expression at 

the similar level as its shorten version (cut COUP-TFII promoter, CCP). 

The pGL3 reporter vector containing the functional thymidine kinase 

promoter (pTK) was used as a control.  

 

 

 

Figure 2.3. Functional analysis of the COUP-TFII minimal 

promoter’s reporter constructs. Activity of the COUP-TFII minimal 

promoter (CP) and its cut version (CCP) in K562 erythroid cells, 

measured by a luciferase assay, 48 h after transfection. Luciferase 

activity in Relative Light Units (RLU), RLU values were normalized to 

RLU of the pTK-Luc control. Data as mean ± SEM, n≥3. 

 

pGL3
-B

asic

pTK-L
uc

CP 
CCP 

0.0

0.5

1.0

1.5

Lu
ci

fe
ra

se
 a

ct
iv

it
y

(f
o

ld
 c

h
an

ge
)



100 
 

Next, to evaluate the effect of retinoic acid on the activity of the two 

versions of the COUP-TFII promoter (CP and CCP), I performed a 

luciferase assay experiment as shown in figure 2.4. K562 cells were 

transfected with CP, CCP, or pGL3-Basic plasmids. After 4 h, cells were 

treated with 5μM RA, or DMSO, and 44 h after transfection cells were 

analyzed. The pGL3-Basic plasmid  was used as a negative control, and 

DMSO (the vehicle used to dissolve RA) was the control of the drug 

treatment.  

Of note, 5μM is a supraphysiological concentration of retinoic acid, 

nevertheless, as previous studies demonstrated, the positive 

regulation of COUP-TFII expression was observed only with high RA 

concentration.  

 

 

 

 

 

Figure 2.4. Experimental workflow to define the effect of DR1 

deletion on RA-mediated upregulation of COUP-TFII expression. 
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Luciferase assay revealed that retinoic acid significantly upregulated 

the activity of the COUP-TFII minimal promoter (CP) (2-fold increase) 

(Fig 2.5A). However, this effect was not observed for the shorter 

version of the promoter (CCP). The difference in the responsiveness of 

the COUP-TFII promoter to RA treatment, is the presence or absence 

of the distal DR1 site, suggesting that the upregulation of COUP-TFII by 

retinoic acid is mediated by this element. 

To assess if the endogenous COUP-TFII expression level increased 

upon the RA-treatment, the level of COUP-TFII mRNA in K562 cells 

treated with retinoic acid for 44 h was measured by RT-qPCR. As a 

positive control for the RA-treatment, I checked the level of CYP26A1 

mRNA, a cytochrome P450 gene known to be upregulated by retinoic 

acid (Sun and Wang, 2021). Although the difference is not significant, 

the endogenous COUP-TFII level seems to be higher in RA-treated cells 

when compared to DMSO-treated control cells (Fig. 2.5B). 
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Figure 2.5. Retinoic acid (RA) fails to upregulate the activity of 

COUP-TFII minimal promoter in the absence of the distal direct 

repeat 1 (DR1) element. A Activity of the COUP-TFII minimal 

promoter (CP) and its shorten version (CCP) upon the treatment 

with retinoic acid (RA, 5μM) in K562 erythroid cells, measured by a 

luciferase assay. Relative Light Unit (RLU) value was normalized to 

RLU of DMSO control. Data as mean ± SEM, n≥3, ****=p<0.0001. B 

The level of COUP-TFII mRNA in cells treated for 44 h with retinoic 

acid analyzed by RT-qPCR, fold change to DMSO control. CYP26A1, 

known to be activated by RA, was used as a positive control, and 

the expression level was normalized to hGAPDH. Data as mean ± 

SEM, n≥1, **=p<0.01.  
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To conclude, high concentration of retinoic acid results in about 2-fold 

increase of the expression of COUP-TFII in K562 erythroid cells. 

Luciferase assay results suggest that the transcriptional regulation of 

COUP-TFII by retinoic acid is, at least partially, mediated by the DR1 

element located within the COUP-TFII promoter, 72 bp upstream to 

the transcription start site. 
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2.3.2. Identification of a long-range  enhancer element 

controlling COUP-TFII expression in erythroid cells  

 

After I identified the DR1 site of the COUP-TFII promoter as an 

important element for the retinoic acid-mediated activation of the 

COUP-TFII gene expression, I sought to find COUP-TFII distal regulatory 

regions, possibly including erythroid enhancers. As a first step in the 

search for candidate distal enhancers controlling COUP-TFII expression 

in erythroid cells, I looked at the predictions of high regulatory 

potential calculated by the GeneHancer tool (Fishilevich, 2017). 

GeneHancer is a database of human enhancers and their inferred 

target genes that integrates four different genome-wide databases: 

the Encyclopedia of DNA Elements (ENCODE), the Ensembl regulatory 

build, the functional annotation of the mammalian genome (FANTOM)  

and the VISTA Enhancer Browser. GeneHancer tracks on the UCSC 

Genome Browser are visualized as loops indicating long-range 

interactions between predicted enhancers and genes. As shown in 

figure 2.6, two potential enhancer elements located approximately 52 

and 40 kb upstream of the COUP-TFII transcription start site (TSS) are 

predicted to interact with the COUP-TFII promoter, both with high 

confidence score (confidence score indicated by an intensity of grey 

color of the blocks). 
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Regulatory regions are often located within mutational “coldspots”, 

genomic regions with relatively low mutation rate since they are often 

conserved among species (Harmston, 2013). For this reason, I 

investigated the evolutionary conservation of the genomic region in 

the surrounding of COUP-TFII gene. I aligned the genomic region 

upstream to the COUP-TFII promoter of human genome with genomes 

of Danio rerio, Takifugu rubripes, Xenopus Laevis, Gallus Gallus and 

Mus Musculus on the Evolutionary Conserved Regions (ECR) browser 

(https://ecrbrowser.dcode.org/) (Fig. 2.7). The -40 kb region is 

Figure 2.6. Identification of the intergenic regions potentially 

interacting with the COUP-TFII promoter in erythroid cells. Long-

range interactions within the COUP-TFII locus were mapped by the 

GeneHancer database to the reference human genome 

GRCh38/hg38 in UCSC Genome Browser. Regions located 52 and 40 

kb upstream to the COUP-TFII promoter (green and purple boxes) 

were selected as candidate regulatory elements and further 

analyzed.  
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conserved between human and mouse (Mus Musculus), whereas the 

-52 kb shows only low human-mouse conservation. Two regions 

located 61 kb and 57 kb upstream to the COUP-TFII transcription start 

site (TSS) are highly conserved between all selected species. Of note, 

the -61 kb and -57 kb regions were previously identified and studied 

as COUP-TFII candidate liver enhancers by Baroukh and colleagues 

(2005). I therefore decided to include these two regions in further in 

vitro analysis as potential erythroid enhancer elements of COUP-TFII 

and to use hepatic HepG2 cells as controls of the experiment (same 

cellular model that was used in the Baroukh’s study).  

 

 

Figure 2.7. Schematic conservation of the candidate COUP-TFII 

regulatory sequences. The conservation of candidate enhancers  

was analyzed in ECR Evolutionary Conserved Regions browser 

(https://ecrbrowser.dcode.org). The genome of Homo sapiens was 

aligned with genomes of (from the top): Danio rerio, Takifugu 

rubripes, Xenopus laevis, Gallus Gallus and Mus musculus. The 

analysis was performed using the default parameters set by ECR, 

minimal length of the peak: 100 bp, minimal identity: 70%, human 

GRCh37/hg19 assembly. 
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Next, I analyzed the H3K27ac histone modification and the opening 

chromatin state of the selected potential enhancer elements in K562 

and HepG2 cells, by using publicly available ENCODE ChIP-seq data. 

The H3K27ac epigenetic mark (acetylation of the lysine residue at N-

terminal position 27 of the histone H3 protein) is a characteristic 

feature of active enhancers. The assay for transposase-accessible 

chromatin sequencing (ATAC-seq) provides information about the 

chromatin accessibility, since active gene regulatory elements are 

associated with open chromatin state (Klemm, 2019). H3K27ac ChIP-

seq revealed an increase of H3K27ac level of the -52 kb element in 

erythroid K562 cells. Whereas the -61 kb region is H3K27ac-marked in 

hepatic HepG2 cells. Instead, the -57 and -40 kb regions are not 

acetylated in none of the analyzed cell lines (Fig. 2.8). Similarly, ATAC-

seq showed that the -52 kb and -61 kb are chromatin accessible 

regions, in K562 and HepG2 cells, respectively (Fig. 2.8).  
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To conclude, these data suggest that the most promising prospective 

transcriptional enhancer of COUP-TFII is the region located 52 kb 

upstream of the COUP-TFII TSS. Even though its nucleotides sequence 

is not evolutionary conserved, it is a predicted GeneHancer enhancer 

element, with high level of H3K27ac and open chromatin features in 

erythroid K562 cells. However, I decided to investigate the regulatory 

potential of all four candidate sequences, where -61kb and -57kb 

served as controls of the experiment when analyzed in hepatic HepG2 

cells. The summary of regions’ characteristics is presented in table 2.4. 

 

Figure 2.8. -52 kb region shows chromatin accessibility and active 

regulatory element features in K562 cells. H3K27ac ChIP-seq and 

ATAC-seq profiles in K562 (blue, H3K27ac GEO: ENCFF465GBD, 

ATAC GEO: ENCFF357GNC) and HepG2 (grey, H3K27ac GEO: 

ENCFF493VUL, ATAC GEO: ENCFF285FQS) cells at candidate COUP-

TFII regulatory elements.  
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To assess the ability of the candidate enhancer elements to activate 

the transcription of COUP-TFII, I cloned these regions in a reporter 

pGL3-based construct containing the luciferase gene driven by a 

COUP-TFII minimal promoter (CP, see Fig. 2.1B). For the -61 kb, -57 kb 

and -40 kb regions, I amplified the genomic regions corresponding to 

the conserved sequences from K562 genomic DNA, as shown in figure 

2.7 by black dashed lines. -52 kb construct consisted of the 742 bp 

fragment corresponding to the non-repetitive genomic DNA with 

increased H3K27 acetylation in K562 cells (298 bp) and some flanking 

repetitive DNA (see Fig. 2.8).  

The regulatory potential of four candidate enhancer elements in K562 

erythroid cells and HepG2 hepatic control cells was measured by 

luciferase reporter assay, 48 h after transfection (Fig. 2.9). 

 

 

Table 2.4. A summary of the regions’ characteristics selected as 

candidate COUP-TFII regulatory elements in erythroid cells. 
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The -52 kb candidate enhancer element showed a 5-fold increase of 

the reporter gene expression when compared to CP control (vector 

containing only COUP-TFII minimal promoter), in both K562 and 

HepG2 cells. The effect of other three candidate enhancer elements 

was not as strong as in the case of -52 kb region (Fig. 2.10). In erythroid 

K562 cells, the -61 kb and -40 kb regions slightly decreased the COUP-

TFII promoter activity, whereas -57 kb region did not change it. In 

hepatic HepG2 cells, -57 kb region showed ~3-fold increase of the 

reporter gene expression, when compared to CP. Interestingly, in 

previous studies (Baroukh, 2005) the -57 kb region did not increase the 

Figure 2.9. Experimental workflow for an analysis of the 

regulatory potential of selected COUP-TFII candidate regulatory 

elements by using a luciferase reporter assay. 
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promoter activity in HepG2 cells, whereas the -61 kb region showed 

the strongest activation effect (6-fold). However, even if we used the 

same cellular model, in the work by Baroukh and colleagues, the 

regions were cloned upstream the SV40 promoter and this could 

account for the observed difference.  

 

 

 

 

 

Figure 2.10. The -52 kb candidate enhancer element induces the 

activity of the COUP-TFII promoter. Luciferase assay experiment 

showed changes in the activity of the COUP-TFII minimal promoter 

(CP) upon the addition of candidate regulatory sequences 

(upstream to CP) in K562 erythroid (left) and HepG2 hepatic (right) 

cells. Data as mean ± SEM, n≥3, *=p<0.05, ***=p<0.001, 

****=p<0.0001. 
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Taken together, as the preliminary in silico analysis suggested and the 

functional in vitro experiment confirmed, the region located 52 kb 

from the COUP-TFII TSS might be a novel erythroid/hepatic COUP-TFII 

enhancer element.  

 

To further explore the mechanism by which the -52 kb enhancer 

element can regulate the expression of COUP-TFII, the analysis of 

transcription factors (TFs) that were shown to bind in vivo to this 

region was performed by using ENCODE ChIP-seq data. Candidate TFs 

regulating COUP-TFII expression by binding to the -52 kb enhancer 

element are listed in the table 2.5, together with the positions of their 

binding sites (EncodeStart-EncodeEnd). Among TFs that were found to 

bind to the -52 kb enhancer element are some key erythroid 

regulators: TAL1, GATA2, NFE2, STAT5A, and COUP-TFII (also called 

NR2F2) itself.  
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Table 2.5. Transcription factors binding to the -52 kb candidate 

enhancer element, identified by the ENCODE (aggregate data 

from different cellular models). 
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Nuclear factor, erythroid 2 (NFE2) is essential for erythroid maturation 

and differentiation, as well for hemoglobin synthesis (Andrews, 1994; 

Mutschler, 2009). Signal transducer and activator of transcription 5 

(STAT5) is a key protein for terminal erythropoiesis and erythropoietin 

signalization (Grebien, 2008; Tothova, 2021). TAL1 (T-cell acute 

lymphocytic leukemia protein 1, formerly called SCL) is a basic helix-

loop-helix hemopoietic transcriptional regulator that binds to a 

consensus sequence called an E-box (CANNTG) and is required during 

definitive erythropoiesis (Ravet, 2004; Kassouf, 2010). GATA-binding 

factor 1 (GATA1) is a master erythroid transcription factor, controlling 

all aspects of erythropoiesis, at both early and late stages (Shimizu, 

2008; Romano, 2020). Even though GATA1 did not emerge among 

transcription factors directly binding to the -52 kb enhancer element 

(table 2.5), it is known to form a complex with TAL1. GATA1/TAL1 

complexes were found to bind motifs consisting of a TG 7 or 8 bp 

upstream of a WGATAA motif (Han, 2016). Indeed, the -52 kb enhancer 

element contains the TGnnnnnnnWGATAA motif. What is more, 

another GATA factor, GATA2, is present in the list. GATA2 is essential 

for the early stages of erythropoiesis and is known to bind the same 

elements as GATA1 at different stages of erythroid differentiation (Tsai 

and Orkin, 1997; Romano, 2020)  Further analysis of the ENCODE ChIP-

seq profiles in K562 cells identified peaks of STAT5A, GATA1, TAL1 and 

NFE2, and the ChIP-seq data obtained in our laboratory in K562 cells 

showed also a COUP-TFII peak at the -52 kb enhancer (Fig. 2.11). 

Although it activates transcription in luciferase assay in HepG2 hepatic 

cells (Fig. 2.10), the -52 kb element is located within in inaccessible 
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chromatin region (Fig. 2.8), in contrast to K562 erythroid cells. It is 

therefore possible that the -52 kb element in transfection experiments 

is bound in HepG2 and K562 cells by different transcription factors, for 

example different GATA proteins. In hepatocytes, GATA4 and GATA6 

have been implicated in gene regulation (Zhao, 2005; Watt, 2007; 

Divine, 2004). GATA4 has previously been shown to act as an activator 

of liver-related genes such as coagulation factor X and hepcidin in 

hepatoma cell lines (Hung, 2011; Island, 2011) as well as a repressor in 

mouse hepatocytes (Zheng, 2013). Whether one of these two TFs 

induced the activity of the COUP-TFII promoter by binding the -52 kb 

enhancer element remains to be elucidated.  
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Next, I sought to investigate the effect of the removal of STAT (ΔSTAT), 

GATA1 (ΔGATA1), NFE2 (ΔNFE2) and COUP-TFII (ΔCOUP-TFII) motifs on 

the regulatory potential of the -52 kb enhancer element. 5’ repetitive 

sequence of the region was deleted together with a subsequent 

deletion of the indicated TF motifs (Fig. 2.12A). To compare the effect 

Figure 2.11. Key erythroid transcription factors (TFs) bind at the -

52 kb regulatory element.  A ENCODE ChIP–seq data of (from the 

top): STAT5A (GEO: ENCFF253XZP), GATA1 (GEO: ENCFF331URE), 

TAL1 (GEO: ENCFF700NBW) and NFE2 (GEO: ENCFF398LBP)  at the 

−52 kb COUP-TFII enhancer in K562 cells. COUP-TFII ChIP-seq 

experiment was performed in our laboratory. B JASPAR DNA motifs 

of the selected erythroid TFs binding the -52 kb element. 
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of shorter versions of the -52 kb enhancer element with its full version, 

a luciferase assay was used. The experiment was performed in K562 

erythroid cells, as previously described (Fig. 2.9). As shown in the 

figure 2.12B, the removal of the STAT motif led to a significant (by 60%) 

reduction in enhancer activity of the -52 kb enhancer element. 
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The progressive deletion of the -52 kb enhancer element showed that 

this STAT site might be significant for the enhancer activity of this 

element. STAT5 is a key protein of erythropoietin (EPO) signalization 

and a key regulator of erythroid terminal maturation  and regulators 

of the canonical EPOR/JAK2/STAT5 signaling pathway have been 

widely studied (Grebien, 2008; Tothova, 2021; Fasouli and Katsantoni, 

2021). Thus, it would be interesting to further investigate how 

modulation of STAT5 affects the COUP-TFII expression levels in 

erythroid cells. Although, in the study of Gillinder and colleagues 

(2017), COUP-TFII did not emerge as one of the direct target genes of 

STAT5 signaling in erythroid cells, either EPO-dependent or EPO-

independent, they used a different cellular model (J2E cells). 

Interestingly, in the same study STAT5 has been shown to co-occupy 

genomic regions linked to erythroid-related genes together with 

GATA1, KLF1, and/or TAL1 transcription factors that is in line in co-

possible co-binding of GATA1/TAL1 and STAT5 to the -52 kb COUP-TFII 

Figure 2.12. Progressive deletions of the erythroid transcription 

factor (TF) motifs within the -52 kb enhancer result in reduced 

activity of this element. A Schematic overview of TF binding sites 

within the non-repetitive DNA sequence of the -52 kb element. 

Shorter versions of the -52 kb reporter construct: ΔSTAT, ΔGATA1, 

ΔNFE2 and ΔCOUP-TFII were created as indicated. B Effects of TF 

motif deletions on the regulatory potential of the -52 kb enhancer 

element were analyzed in K562 erythroid cells by luciferase reporter 

assay (as shown in Fig. 2.9). Data as mean ± SEM, n≥3, **=p<0.1, 

***=p<0.001, ****=p<0.0001. 
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enhancer element (Gillinder, 2017).  Taken together, STAT5 is an 

attractive target in attempt to COUP-TFII gene expression modulation, 

however the direct regulation of COUP-TFII gene by STAT5 needs to be 

further confirmed. 

 

To determine whether the deletion of the -52 kb COUP-TFII enhancer 

element impacts on the endogenous COUP-TFII transcription, in 

collaboration with L. Proietti and F. Grebien (Vetmeduni, Vienna, 

Austria), I performed a CRISPR/Cas9-mediated targeting in K562 

erythroid cells. To delete the non-repetitive “core” sequence of the -

52 kb enhancer, I transduced K562 cells stably expressing Cas9 with a 

pair of single guide RNAs (sgRNAs) targeting upstream and 

downstream of the non-repetitive DNA sequence (Fig. 2.13).  

The guide RNAs were cloned into a lentiviral expression vector 

containing either GFP or iRFP670 (as indicated by green or blue colors 

in the figure 2.13). The sgRNA combination 1+2 deleted a 315 bp-

fragment, and the combination 1+3 deleted a 335 bp-fragment. In 

addition, I designed one sgRNA to disrupt the COUP-TFII binding site 

within the -52 kb enhancer element (Fig. 2.13).  
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K562-Cas9 cells were single- or double-transduced and 6 days post 

infection were sorted for iRFP670+ cells, or for double-positive 

(iRFP670+ GFP+) cells, prior to genomic and RT-qPCR analyses (Fig. 

2.14). The non-targeting sgAAVS1 was used as a control for 

transduction. Deletion was confirmed by PCR as shown in figure 2.15A 

and the shorter bands (with the deletion) were further cloned in the 

pGEM-T vector and  sequenced. 

 

 

Figure 2.13. CRISPR/Cas9-mediated approach to target the -52 kb 

COUP-TFII enhancer element in K562-Cas9 cells. Recognition sites 

of sgRNAs within the COUP-TFII enhancer region are indicated by 

dashed lines. Single guide RNAs were cloned in the lentiviral vector 

expressing iRFP670 or GFP, in blue or in green, respectively. 
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Figure 2.14. Schematic representation of the CRISPR/Cas9-

mediated deletion of the -52 kb COUP-TFII enhancer element in 

K562-Cas9 cells. The enhancer element was targeted using 2 

sgRNAs: one in a lentiviral vector expressing iRFP670, another in a 

vector expressing GFP. The COUP-TFII binding site was targeted 

with one sgRNA (in a vector containing iRFP670) in Cas9-

expressing K562 clone. Six days post infection (pi), iRFP67+GFP+ or 

iRFP670+ cells were sorted, followed by RNA and genomic DNA 

analyses. 
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The deletion of both 315 bp- and 335 bp-sequences of the -52 kb 

enhancer element led to 80% reduction of the COUP-TFII mRNA level 

(Fig. 2.15B). COUP-TFII mRNA level was also significantly reduced upon 

the disruption of COUP-TFII binding site (40% reduction) when 

compared to control cells (Fig.2.15B). This result clearly indicates a 

crucial role of the -52 kb enhancer in the transcriptional regulation of 

the COUP-TFII, as well as it suggests an autoregulatory mechanism as 

an important part of the COUP-TFII transcriptional regulation. Further 

analysis is ongoing in order to further characterize the -52 kb enhancer 

element. 
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Figure 2.15. CRISPR/Cas9-mediated targeting of the -52 kb COUP-

TFII enhancer element in K562-Cas9 cells leads to reduced COUP-

TFII mRNA level. A PCR analysis of the genomic DNA confirms the 

deletion of 315 and 335 bp fragments of the -52 kb COUP-TFII 

enhancer element. B RT-qPCR analysis of the level of COUP-TFII 

mRNA 6 days post infection, normalized to non-targeting sgRNA 

control (sgAAVS1). Data as mean ± SEM, n≥2, ****=p<0.0001. 
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2.3.3. An autoregulatory mechanism controls the 

erythroid COUP-TFII gene expression 

 

To assess whether an autoregulatory mechanism is involved in the 

transcriptional regulation of the COUP-TFII erythroid expression, K562 

erythroid cells were transduced with the mouse COUP-TFII 

overexpressing lentiviral vector (COUP-TFII OE), or with the 

corresponding empty vector (EV) as a control. 72 h after transduction 

the level of endogenous COUP-TFII was analyzed by RT-qPCR. As 

shown in figures 2.16A and 2.16B, the endogenous COUP-TFII mRNA 

level was significantly induced (1.5-fold) upon the exogenous 

expression of COUP-TFII. K562 are fetal-like erythroid cells 

spontaneously expressing COUP-TFII, therefore I wondered if the 

overexpression of COUP-TFII could re-activate the expression of 

endogenous COUP-TFII also in adult-like erythroid cells, such as 

HUDEP-2 cells which express adult globin genes and not expressing 

COUP-TFII (Kurita, 2013). The relative expression levels of endogenous 

COUP-TFII in HUDEP-2 cells infected with the same COUP-TFII 

overexpressing vector as used in K562 cells (COUP-TFII OE) and with 

control EV cells remained close to 0 (Fig. 2.16A). However, even if 

COUP-TFII levels in both COUP-TFII OE and EV control HUDEP-2 cells 

were marginal, the overexpression of COUP-TFII led to a 2-fold 

increase (not significant) when compared to the control (Fig. 2.16B).  
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Figure 2.16. Exogenous expression of COUP-TFII led to increased 

levels of endogenous COUP-TFII mRNA in fetal-like K562 cells, but 

did not induced its expression in adult-like erythroid HUDEP-2 

cells. Expression levels of endogenous COUP-TFII after COUP-TFII 

overexpression (COUP-TFII OE, 72 h after transduction) in K562 and 

HUDEP-2 cells, relative expression to GAPDH (A) and its fold change 

(B). RT-qPCR analysis, values normalized to empty vector (EV) 

control. Data as mean ± SEM, n≥3, ***=p<0.001. 
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Thus, COUP-TFII upregulates its own expression in fetal-like erythroid 

cells already expressing COUP-TFII, although its exogenous 

overexpression is not sufficient to reactivate the expression of 

endogenous COUP-TFII in adult environment. In agreement with this 

interpretation, COUP-TFII CUT&RUN experiment in HUDEP-2 cells 

overexpressing COUP-TFII showed no peaks within the -52 kb 

enhancer. ATAC-seq and H3K27ac profiles in HUDEP-2 cells confirmed 

that this region is inactive in adult erythroid cells. COUP-TFII was not 

reported to act as a pioneer factor, therefore is not able to initiate 

transcription events in closed chromatin regions. Overall, this 

implicates that the identified COUP-TFII enhancer is specific to fetal 

erythroid cells, where COUP-TFII is physiologically expressed.  

Interestingly, COUP-TFII profile in HepG2 cells (Fig. 2.17) shows its 

binding to the -61 kb element that was previously shown to function 

as COUP-TFII hepatic enhancer in vivo after a tail vein injection in adult 

mice (Baroukh, 2005). It is therefore possible that COUP-TFII positively 

regulates its own expression also in hepatic cells. 

Taken together, I described here a novel enhancer element that is 

important for the regulation of COUP-TFII expression in fetal-like K562 

erythroid cells. This highly acetylated, human specific enhancer is 

bound by key erythroid transcriptional regulators including GATA1, 

TAL1, NFE2, STAT5A and COUP-TFII itself. Hence, the transcriptional 

regulation of COUP-TFII in erythroid cells involves an autoregulatory 

mechanism. Whether the -52 kb COUP-TFII enhancer element is 

specific to erythroid lineage, and which transcription factors are 
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essential to drive the COUP-TFII expression through this element, 

remains unclear.  

In hepatocytes, another cell type expressing COUP-TFII, the -52 kb 

region is not active as demonstrated by the ATAC-seq and H3K27ac 

ChIP-seq ENCODE data (Fig. 2.8). Instead the -61 kb region that has 

previously been identified by the liver COUP-TFII enhancer (Baroukh, 

2005) shows high acetylation and open chromatin features. 

Interestingly,  GATA4, a known activator of liver-specific genes (Hung, 

2011; Island, 2011), binds in vivo within this region as demonstrated 

by the ENCODE ChIP-seq data (Fig. 2.17).  

COUP-TFII is also expressed in endothelial cells where it plays a key 

role in specification of endothelial cell (EC) fate during vascular 

development (Aranguren, 2013). What is more, endothelial and 

erythroid progenitor cells are believed to have the same origin deriving 

from hemogenic endothelial cells (HECs) in mid-gestational embryos 

(Dzierzak and Bigas, 2018). Therefore, it would be interesting to see if 

in endothelial cells the -52 kb element can act as an active enhancer 

region. H3K27ac histone marks show the same pattern (high 

acetylation) in primary Human Umbilical Vein Endothelial Cells 

(HUVEC) as in K562 erythroid cells. Among GATA family members, 

GATA2 is an important regulator of endothelial expression program, 

controlling the expression of for example platelet/endothelial cell 

adhesion molecule-1 (PECAM-1) (Gumina, 1997). Indeed, GATA2 

emerged in the list of predicted transcription factors binding to the -

52 kb enhancer element (Table 2.5) and the ENCODE ChIP-seq data 
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from HUVEC cells revealed a GATA2 peak of binding mapped within 

this region (Fig. 2.17).  

 

 

 

Figure 2.17. The -52 kb enhancer element is active in erythroid and 

endothelial cells, whereas the -61 kb element is active in hepatic 

tissue. ENCODE ChIP–seq data of (from the top): H3K27ac in K562 

(GEO: ENCFF465GBD), H3K27ac in HepG2 (GEO: ENCFF493VUL) , 

GATA4 in HepG2 (GEO: ENCFF206MPL), COUP-TFII in HepG2 (GEO: 

ENCFF037OTB), H3K27ac in HUVEC (GEO: ENCSR000ALB)  and 

GATA2 in HUVEC (GEO: ENCFF375GUY) cells. 
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3.1. Introduction 

 

COUP-TFII is an important regulator of cell terminal differentiation and 

fate choice in different tissues (Xie, 2011; Yu, 2012; Xie, 2017; Ceni, 

2017). In endothelial cells, reduced expression of COUP-TFII affects 

G1/S progression and decreases proliferation. Conversely, COUP-TFII 

was shown to induce proliferation of endothelial cells (You, 2005; 

Chen, 2012). On the other hand, several pieces of evidence indicate 

that COUP-TFII may function in part as a tumor suppressor. Prahalad 

and colleagues (2010), suggested COUP-TFII as a mediator of retinoic 

acid-induced reduction of cell proliferation in breast cancer. Another 

study demonstrated that COUP-TFII silencing leads to decreased 

proliferation and increased apoptosis of renal cell carcinoma cells 

(Zheng, 2016; Fang, 2019). Therefore, the impact of COUP-TFII on cell 

proliferation is context-dependent. Within erythroid lineage, COUP-

TFII seems to not have any strong impact neither on proliferation nor 

differentiation in adult cells, as demonstrated in human peripheral 

blood cells overexpressing COUP-TFII (Fugazza, 2021). 

Being an activator of fetal γ-globin, COUP-TFII is considered as an 

attractive potential therapeutic target in β-hemoglobinopathies. 

Therefore, modulation of COUP-TFII levels in adult erythroid 

progenitors should not significantly affect their 

proliferation/differentiation balance. 
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To this end, I evaluated the short-term effect of the overexpression or 

depletion of COUP-TFII on K562 erythroid cells’ proliferation, 

differentiation and cell cycle by using flow cytometry up to day 7 post 

infection (pi). First, to assess the cell proliferation rate, I measured 

dilutions of Cell Trace Violet (CTV) dye. CTV dye covalently binds to 

amine groups in proteins and it gets diluted through subsequent cell 

divisions allowing the analysis of the fluorescence intensities of 

labeled cells, and therefore the determination of the number of 

generations. Second, I analyzed erythroid differentiation by measuring 

surface expression levels of erythroid differentiation markers: CD71 

(transferrin receptor) and glycophorin A (GpA): K562 cells that 

undergo erythroid differentiation progressively loose CD71 and 

increase GpA protein levels.  Third, I evaluated the impact of COUP-

TFII overexpression or knockout on K562 cell cycle by using propidium 

iodide (PI), a fluorescent dye that intercalates with DNA. Therefore, 

the proportion of cells in each stage of the cell cycle is calculated by 

measuring variations in fluorescence intensity. 
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3.2. Materials and methods 

 

Cell cultures 

K562: K562 is a human immortalized erythroid cell line derived from a 

female patient with chronic myelogenous leukemia, highly 

undifferentiated of the granulocytic series (Lozzio and Lozzio, 1975). 

Cells were cultured in RPMI 1640 (Lonza, BE12-167F) supplemented 

with 10% FBS (Sigma-Aldrich, F7524-500ML), 4mM L-Glutamine 

(Euroclone, ECB3000D) and 100μg/mL Penicillin-Streptomycin 

(Euroclone, ECB3001D), at an optimal concentration of 0.2 x106 

cells/mL, at 37°C in 5% CO2. 

HEK-293T: HEK-293T cells were used for the production of lentiviral 

vector overexpressing COUP-TFII. Cells were cultured in DMEM 

(Sigma-Aldrich, D6429-500ML) with 10% FBS (Sigma-Aldrich, F9665-

500ML) and 100μg/mL Penicillin-Streptomycin (Gibco, 15140122), at 

37°C in 5% CO2 . 

 

CRISPR/Cas9-mediated COUP-TFII knockout 

The sequences of the sgRNA targeting COUP-TFII (5’-

CCCAACCAGCCGACGAGATT-3’) was obtained from the human 

GeCKOv2 library (https://www.addgene.org/crispr/libraries/geckov2) 

and the sgRNA oligos were cloned into the LentiCrisprV2 plasmid 
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(Addgene, 52961). HEK-293T cells were used for the lentiviral 

production. 24 h after transduction, K562 cells were selected with 

puromycin and analyzed 96 h  and 7 days after transduction. The 

empty LentiCrisprV2 plasmid (empty vector, EV) was used as a 

negative control. 

 

COUP-TFII lentiviral overexpression 

COUP-TFII murine cDNA (gift from Dr. Michèle Studer) was cloned into 

a bicistronic IRES-eGFP as described previously (Fugazza, 2021). COUP-

TFII overexpressing vector and control empty vector (EV) were 

produced in HEK-293T cells, lentiviral vectors were co-transfected 

together with the packaging plasmids psPAX2 and pMD-VSVG 

(www.lentiweb.com). Viral vector supernatants were collected 72 h 

after transfection and concentrated, followed by infection of K562 

cells. Cells were analyzed 72 h, 5 days and 7 days post infection. 

 

RNA isolation and cDNA synthesis 

TriFast reagent (Euroclone) and the Direct-zol™ RNA Miniprep kit 

(Zymo Research, R2050) were used to isolate total RNA. Next, RNA was 

reverse-transcribed into cDNA with the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, 4368814). 
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Quantitative real-time PCR analysis 

On the basis of sequences from the Ensembl database 

(http://www.ensembl.org), primers were designed to amplify 100 to 

200 bp amplicons, spanning an exon-exon junction when possible. All 

the RT-qPCR primers used in this study are listed in the table below.  

Quantitative real-time PCR reaction was performed using StepOnePlus 

Real-Time PCR System (Applied Biosystems). Specific PCR product 

accumulation was monitored by SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad, 1725274) in a 12μL reaction volume. Gene 

expression levels were calculated by normalizing the values to the 

expression of housekeeping GAPDH gene. Triplicate samples from 

each experiment were analyzed. 

 

Table 3.1. Primers used for RT-qPCR. 

Gene F/R Sequence (5’–3’) 

hGAPDH 
F ACGGATTTGGTCGTATTGGG 

R TGATTTTGGAGGGATCTCGC 

hCOUP-TFII 
F TTGACTCAGCCGAGTACAGC 

R AAAGCTTTCCGAATCTCGTC 

hCD71 
F CTTCAAGCTCCTGGGAAATGT 

R GCAGAATAAAGCCTATCCTTGAAAG 

hGpA 
F TCAGGAAACTTCTTCTGCTCACA 

R AGGTTCCCAGGTACTGCT 
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Western blot 

Nuclear protein extracts were resolved by SDS/PAGE in a 10% gel and 

blotted on Hybond ECL Nitrocellulose membrane (GE healthcare life 

science-Amersham) for 90 min at 4oC. Next, membranes were blocked 

for 1 h at room temperature by using 5% milk in TBST 1X (Tris Buffered 

Saline, pH 7.6 and 0,1% Tween 20 by Sigma) and incubated with the 

primary antibodies overnight at 4oC. On the next day, membranes 

were washed and incubated with secondary antibodies for 1 h at room 

temperature, followed by revealing. 

 

Table 3.2. Antibodies used for Western blot. 

Antibody Catalog number Manufacturer 

Anti-COUP-TFII (mouse/human) A10251 Abclonal 

Anti-U2AF (mouse/human) U4758 Sigma-Aldrich 

  

Flow cytometry 

Cells were washed twice in PBS and fixed with 1% PFA at room 

temperature for 20 min, followed by incubation with CD71 (PE 

conjugated, Biolegend, 334105) and GpA/CD235ab (APC conjugated, 

Biolegend, 306607) antibodies for 20 min, at room temperature, 

protected from the light. Next, cells were washed in PBS and acquired. 

Data were recorded on a FACS LSR Fortessa X-20 (BD Life Sciences) and 

analyzed with FlowJo™ v10.8.2 Software (BD Life Sciences) by C. 

Pitsillidou and A. Roberto (FlowMetric Europe, Milan, Bresso, Italy). 
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Cell proliferation assay 

To assess the cell proliferation CellTrace™ Violet (CTV) Cell 

Proliferation Kit (Invitrogen, C34557) was applied. Briefly cells were 

washed with PBS, resuspended in 2μM CTV solution and incubated for 

15 min at 37oC, protected from the light. In order to remove any 

residual dye remaining in the solution, cells were next incubated for 5 

min with complete cell medium, followed by lentiviral transduction. 

Cells were acquired at indicated timepoints after transduction on a 

FACS LSR Fortessa X-20 (BD Life Sciences) and analyzed with FlowJo™ 

v10.8.2 Software (BD Life Sciences) by C. Pitsillidou and A. Roberto 

(FlowMetric Europe, Milan, Bresso, Italy). 

 

Cell cycle analysis 

Cells were washed twice with PBS, followed by the incubation with 1% 

PFA (paraformaldehyde) for 45 min. The same volume of PBS with 

0.2% TritonX (Sigma, xxx) was added and cells were incubated for 15 

min more. Next, cells were centrifuged (5 min, 300 xg), resuspended 

in PBS with propidium iodide (PI, 1mg/mL) and RNase (100 μg/mL), 

vortexed for 5 sec and incubated at room temperature for 1 h, 

protected from the light. Data were recorded on a FACS LSR Fortessa 

X-20 (BD Life Sciences) and analyzed with FlowJo™ v10.8.2 Software 

(BD Life Sciences) by C. Pitsillidou and A. Roberto (FlowMetric Europe, 

Milan, Bresso, Italy). 
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Statistical analyses 

For statistical analyses was used GraphPad Prism 8.4.3 software 

(GraphPad Software). Data are expressed as mean ±SEM and all 

experiments were performed in biological triplicates, unless stated 

otherwise. To calculate the p-value, the paired Student’s t-test was 

used. P<0.05 was considered to be statistically significant (*p<0.05, 

**<p<0.01, ***p<0.001, ****p<0.0001, if not stated data not 

significant). 
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3.3. Results and discussion 

 

To characterize the overall impact of COUP-TFII on phenotype of K562 

erythroid cells, I analyzed by flow cytometry changes in cell 

proliferation, erythroid differentiation markers’ expression and cell 

cycle upon COUP-TFII depletion or overexpression. These experiments 

were performed in collaboration with C. Pitsillidou and A. Roberto 

(FlowMetric Europe, Milan, Bresso, Italy).  

K562 cells were labelled with CellTrace Violet (CTV) dye, followed by 

lentiviral transduction with either a lentiviral vector overexpressing 

COUP-TFII (OE) or targeting COUP-TFII gene (KO). Cells transduced 

with the empty vector (EV) were used as a control. Cell proliferation, 

expression levels of erythroid markers CD71 and GpA and cell cycle 

phases of COUP-TFII OE and KO K562 cell bulk population were 

measured for 7 days post infection (pi) (Fig. 3.1). 
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The COUP-TFII OE and control (empty vector, EV) lentiviral vectors 

express GFP: the efficiency of the transduction was monitored over 

time and reached 80% in OE cells, and over 90% in EV cells (Fig. 3.2A). 

Cells transduced with single guide RNA expressing vector (KO) and EV 

control cells were selected with puromycin 24 h post infection. COUP-

TFII overexpression and knockout were confirmed at protein and 

mRNA levels (Fig. 3.2B and 3.2C, respectively). 

Figure 3.1. Scheme of the experiment to assess the effect of COUP-

TFII on cell proliferation and differentiation of K562 erythroid 

cells. 
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Figure 3.2. COUP-TFII overexpression and knockout in K562 

erythroid cells. A The efficiency of the lentiviral overexpression of 

COUP-TFII. Percentage of GFP+ cells was measured by flow 

cytometry at indicated timepoints post infection (pi) with the COUP-

TFII overexpressing lentiviral vector (OE) and the control empty 

vector (EV), both expressing GFP, MOI=30. Data as mean ± SEM, 

n≥2. B Western blot analysis by using an anti-COUP-TFII antibody 

that detects both endogenous and exogenous COUP-TFII of K562 

cells with COUP-TFII OE (72 h pi) and COUP-TFII KO (96 h pi), EV – 

control cells. Anti-U2AF antibody was used as loading control. C 

Left: expression level of the exogenous (mouse) COUP-TFII (72 h pi), 

right: expression level of the endogenous COUP-TFII (96 h pi), 

measured by RT-qPCR. Data as mean ± SEM, n≥2. 
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Cell proliferation rate was assessed by CellTrace Violet (CTV) dye 

dilution: the lower mean fluorescence intensity (MFI) value of CTV, the 

more cells proliferate. As shown in the figure 3.3A, K562 erythroid cell 

proliferation was not affected by the overexpression of COUP-TFII, 

whereas COUP-TFII knockout slightly reduced proliferation of K562 

cells (*=p<0.05 on day 7 pi, Fig. 3.3B). 
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To assess the impact of COUP-TFII on erythroid differentiation, cell 

surface expression of early (CD71) and late (GpA) erythroid markers 

was measured by flow cytometry.  

Upon COUP-TFII overexpression (OE), the percentage of CD71+GpA- 

K562 cell population decreased from 4.3% on day 3 post infection (pi) 

to 1% on day 7 pi, while the percentage of CD71-GpA+ cells increased 

from 0.6% (day 3 pi) to 3.9% (day 5 pi) and 3.3% (day 7 pi) (Fig. 3.4A). 

However, the percentage of infected GFP+ K562 cells remained stable 

during the experiment (Fig. 3.2A) suggesting that COUP-TFII OE even if 

prompt differentiation of K562 erythroid cells, it did not result in their 

terminal differentiation. The depletion of COUP-TFII (KO) did not 

change the percentage of CD71/GpA expressing cells (Fig. 3.4B).  These 

results demonstrated that COUP-TFII level variations in K562 cells do 

not cause any significant percentage changes in neither erythroid cell 

proliferation nor differentiation. 

 

Figure 3.3. Cell proliferation of K562 erythroid cells expressing 

different COUP-TFII levels. Histograms show dilution of CellTrace 

Violet (CTV) over 7 days indicating the proliferation rate of K562 

cells upon COUP-TFII OE (A) or KO (B). Cells were labelled with 2μM 

CTV prior to infection and acquired by flow cytometry 3, 5 and 7 

(OE) or 4 and 7 (KO) day. Dilutions of CTV dye normalized to day 0 

are indicated above arrows. Bar charts show median fluorescence 

intensity (MFI) values of CTV at each timepoint. Data as mean ± 

SEM, n≥2, *=p<0.05. 
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To have a better understanding of COUP-TFII-induced changes in 

erythroid differentiation, I compared the mean fluorescence intensity 

(MFI) values (that indicates the protein expression level) of GpA within 

the most abundant double-positive (CD71+GpA+) K562 cell population. 

GpA MFI was 1.5-fold increased in cells in which COUP-TFII was 

overexpressed (OE) when compared to control EV cells (*p<0.05 on 

day 3, **p<0.01 on day 5 pi) (Fig. 3.5A) and decreased in COUP-TFII 

knockout (KO) K562 cells (**p<0.01 on day 4 pi) ( Fig. 3.5B).  

 

 

 

 

 

 

 

 

Figure 3.4. Cell differentiation of K562 erythroid cells upon 

overexpression or knockout of COUP-TFII. Flow cytometric analysis 

of the levels of erythroid differentiation surface markers: CD71 and 

GpA in OE (A), KO (B) cells, EV - control. Percentage of cells in gates, 

data as mean ± SEM, n≥2. 
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Figure 3.5. COUP-TFII overexpression results in increased surface 

expression of glycophorin A (GpA) in K562 cells. Flow cytometry 

analysis of GpA levels in COUP-TFII OE/KO K562 cells gated as 

CD71+GpA+ , EV – control cells. Data as mean ± SEM, n≥2, *=p<0.05, 

**=p<0.01. 
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K562 erythroid cells die as a result of their terminal differentiation. 

Although the number of COUP-TFII overexpressing cells (% of GFP+ 

cells) cells did not change during the experiment (Fig. 3.2A) and 

therefore it is unlikely that COUP-TFII induced K562 terminal erythroid 

differentiation. At the mRNA level, CD71 showed 20% reduction in 

COUP-TFII KO cells, and the same trend (not significant) was observed 

in COUP-TFII OE cells (Fig. 3.6A). GpA mRNA level was significantly 

upregulated in OE cells (4-fold when compared to EV control), and 

downregulated (20% reduction) when COUP-TFII was not present (Fig. 

3.6B).  

Hence, COUP-TFII overexpression leads to increase expression of 

glycophorin A (GpA) at both protein and mRNA level. However, the 

positive effect of COUP-TFII on erythroid differentiation is mild and 

does not result in a significant change in differentiation in term of 

number of cells undergoing terminal erythroid differentiation. 
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Finally, the propidium iodide (PI) staining did not show any significant 

changes in K562 cell cycle upon COUP-TFII overexpression or knockout 

(Fig. 3.7A,B).  

 

 

Figure 3.6. COUP-TFII regulates the expression of erythroid 

differentiation markers CD71 and GpA. Effects of COUP-FII 

overexpression (OE, 72 h pi) and COUP-TFII knockout (KO, 96 h pi) 

on CD71 (A) and GpA (B) mRNA levels. Data as mean ± SEM, n≥3, 

**=p<0.01, ***=p<0.001, ****=p<0.0001. 
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Figure 3.7. K562 cell cycle is not affected by COUP-TFII. Cell cycle 

analysis (by using propidium iodide) of K562 cells upon COUP-TFII 

overexpression (OE) and knockout (KO) at indicated timepoints. 

Data as mean ± SEM, n≥2. 
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Overall, COUP-TFII overexpression in the short-term modulates mRNA 

levels of erythroid differentiation markers by reducing CD71 and 

inducing GpA. However, the effect of COUP-TFII on both K562 

erythroid cell proliferation and CD71/GpA profile is moderate. This 

suggests that COUP-TFII could be an attractive therapeutic target in β-

hemoglobinopathies. Of note, the detailed analysis reported here is in 

line with previous results from our lab showing that the exogenous 

expression of COUP-TFII in human adult peripheral blood cells from 

healthy donors and from thalassemic patients did not cause any 

significant maturational changes (Fugazza, 2021). 
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4.1. Introduction  

 

COUP-TFII functions as a transcriptional activator or repressor, in a 

context-dependent manner, through its binding to AGGTCA direct 

repeat (DR) elements, both as a homo- or heterodimer (Kliewer, 1992; 

Cooney, 1992; Schaeffer, 1993). COUP-TFII is a known positive 

regulator of several genes, for example the rat cholesterol 7α-

hydroxylase (CYP7A1) on which it acts synergistically with hepatocyte 

nuclear factor 4 (HNF4) (Stroup and Chiang, 2000). Similarly, COUP-TFII 

can induce the HNF-1α gene promoter by physical interaction with 

HNF4 in the liver (Ktistaki and Talianidis, 1997).  What is more, COUP-

TFII can inhibit transcription by the recruitment of co-repressors, or by 

transrepression when directly bound to the ligand binding domain 

(LBD) of nuclear receptors (NRs) (Okamura, 2009; Leng, 1996).  

Within the β-locus, COUP-TFII directly binds to the hypersensitive sites 

HS2, HS3 and HS4 of the locus control region (LCR) distal enhancer and 

induce the expression of fetal γ-globin, most likely by favoring the 

interaction of the LCR with the γ-globin genes’ promoters (Fugazza, 

2021). The induction of γ-globin by COUP-TFII was observed in adult 

erythroid cultures from peripheral blood cells, both healthy and 

thalassemic. However, the mechanism by which COUP-TFII can 

overcome the repressive  adult environment to induce the expression 

of HBG genes, is not well characterized. It is hypothesized that COUP-

TFII competes with BCL11A, a γ-globin repressor, for the binding to the 
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same consensus sequence. The GGTCA consensus sequence of COUP-

TFII almost perfectly matches the BCL11A motif (Sankaran, 2008; 

Sankaran, 2011; Liu 2018), therefore the same regions of the β-locus 

are likely bound by COUP-TFII or BCL11A at different developmental 

stages, resulting in either activation or repression.  

Therapeutic strategies to treat β-hemoglobinopathies aim to 

reactivate fetal hemoglobin (HbF) in adult erythroid, and, in 

consequence, to ameliorate the clinical symptoms of the disease. 

Therefore, one of the possible approaches could be the reactivation of 

COUP-TFII that would in turn induce the γ-globin expression in adult 

erythroid cells. Thus, it is crucial to better characterize the mechanism 

by which COUP-TFII controls the β-locus, as well as the downstream 

network of COUP-TFII in erythroid cells that, up-to-date, remains 

greatly unknown. 

To better characterize downstream target genes of COUP-TFII in 

erythroid cells, I first focused on the targets with a known and 

important role in erythropoiesis.  

Next, I extended the COUP-TFII downstream network characterization 

to other genes, that were not previously linked with erythroid 

program. 

In the section 4.3.1, I described the CUT&RUN experiment performed 

in collaboration with G. Zambanini and C. Cantu (Linköping University, 

Linköping, Sweden) in adult-like HUDEP-1 and HUDEP-2 erythroid cells 

expressing exogenous COUP-TFII in order to map COUP-TFII binding 
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within the β-locus. HUDEP-1 and HUDEP-2 cells do not express COUP-

TFII and only the second ones express the adult γ-globin repressor, 

BCL11A. Thus, by using these cellular models, it was possible to assess 

the mechanism by which COUP-TFII re-activates the expression of fetal 

γ-globin, in the presence or absence of γ-globin repressor. 

In the section 4.3.2, I introduced MYB, an important erythroid 

transcription factor, that emerged as a candidate direct downstream 

target of COUP-TFII. By cloning the genomic regions located upstream 

to MYB gene that were bound by COUP-TFII in the ChIP-seq 

experiment performed in K562 erythroid cells, I evaluated their 

relevance in the possible control mechanism of MYB by COUP-TFII. 

In the section 4.3.3, potential novel direct target genes were selected 

by integrating ChIP-seq (described previously in Fugazza, 2021) and 

RNA-seq data from K562 erythroid cells expressing different levels of 

COUP-TFII. Further analysis narrowed down the list to twelve genes, 

that were either upregulated or downregulated by COUP-TFII and have 

unknown (or poorly understood) role in erythropoiesis. By 

CRISPR/Cas9-mediated knockout of these genes and further flow 

cytometry analysis, I evaluated their impact on the erythroid cell 

proliferation and differentiation. Furthermore, I described more in 

details a possible direct mechanism by which COUP-TFII could control 

APOE gene encoding apolipoprotein E, that emerged as the most 

interesting novel direct target of COUP-TFII in erythroid cells. 

 



164 
 

4.2. Materials and Methods 

 

Reporter vector construction 

All cloned DNA sequences were obtained from UCSC Genome Browser 

(https://genome.ucsc.edu/, human GRCh37/hg19 assembly) and 

amplified from genomic DNA of K562 cells by using Phusion® High-

Fidelity DNA Polymerase (New England BioLabs, M0530S) according to 

standard laboratory protocols. P1 and P4 regions were cloned into 

pGL3-Basic reporter plasmid (Promega, E1751) containing Thymidine 

Kinase promoter (pTK), upstream to the promoter, between SmaI and 

KpnI sites. Primers used for the amplification of the P1 and P4 regions 

are listed below. 

 

Table 4.1. Primers used for cloning. 

Construct F/R Sequence (5’–3’) 

P1 
F ACGTGGTACCATTGAATTCTGATGATAC 

R GATTAAAAGATATCACACCCAC 

P4 
F ACGTGGTACCAAAGGAATAAAGTAAAGGGG 

R AGTCGATATCTCCTAGGTCCTACAGATAG 

 

Cell cultures 

K562: K562 is a human immortalized erythroid cell line derived from a 

female patient with chronic myelogenous leukemia, highly 
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undifferentiated of the granulocytic series (Lozzio and Lozzio, 1975). 

Cells were cultured in RPMI 1640 (Lonza, BE12-167F) supplemented 

with 10% FBS (Sigma-Aldrich, F7524-500ML), 4mM L-Glutamine 

(Euroclone, ECB3000D) and 100μg/mL Penicillin-Streptomycin 

(Euroclone, ECB3001D), at an optimal concentration of 0.2 x106 

cells/mL, at 37°C in 5% CO2. 

K562-Cas9: K562 cell line stably expressing Cas9 was kindly provided 

by Jürg Schwaller and Samantha Tauchmann (University of Basel, 

Switzerland). Cells were grown in RPMI (Gibco, 11875093) with 10% 

FBS (Sigma-Aldrich, F9665-500ML), 2 mM L-Glutamine (Gibco, 

25030024) and 100μg/mL Penicillin-Streptomycin (Gibco, 15140122), 

at 37°C in 5% CO2 . 

HUDEP-1 and HUDEP-2: human umbilical cord blood-derived 

erythroid progenitor (HUDEP-1 and HUDEP-2) cell lines were 

maintained in Iscove’s modified Dulbecco’s medium (IMDM, PAN, P04-

20250) supplemented with 0.2% Human Serum Albumin (HAS, PAN, 

P06-27100), 0.1% Lipid Mixture (Sigma-Aldrich, L0288), 300 µg/mL 

transferrin (Sigma-Aldrich, T1408), 10 µg/mL insulin (Sigma-Aldrich, 

I2643), 100 µM Sodium pyruvate (Sigma-Aldrich, P5280), 2 U/mL 

Erythropoietin (EPO, ImmunoTools, 11344795), 100 ng/mL Stem Cell 

Factor (SCF, ImmunoTools, 11343325), 1 µM dexamethasone (Sigma-

Aldrich, D4902) and 2 µg/mL doxycycline (Sigma-Aldrich, D9891). 

LentiX: Lenti-X 293T (Takara Bio, 632180) cells were used for the 

lentiviral production in CRISPR/Cas9 experiment. Cells were cultured 

in DMEM (Gibco, 11960044) with 10% FBS (Sigma-Aldrich, F9665-
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500ML), 4 mM L-Glutamine (Gibco, 25030024) and 100μg/mL 

Penicillin-Streptomycin (Gibco, 15140122), at 37°C in 5% CO2 . 

HEK-293T: HEK-293T cells were used for the production of lentiviral 

vector overexpressing COUP-TFII. Cells were cultured in DMEM 

(Sigma-Aldrich, D6429-500ML) with 10% FBS (Sigma-Aldrich, F9665-

500ML) and 100μg/mL Penicillin-Streptomycin (Gibco, 15140122), at 

37°C in 5% CO2 . 

 

Transfection of K562 cells 

3 x105 cells in 0.6mL of Opti-MEM Reduced-Serum Medium (Gibco, 

31985-047) were seeded on a 24-well plate and transfected with 0.8µg 

of reporter plasmid DNA and 2µL of Lipofectamine 2000 Transfection 

Reagent (Invitrogen, 11668019) per well. For the co-transfection, 

0.8µg of reporter plasmid DNA and indicated amounts (0, 0.4 or 1 µg) 

of the COUP-TFII expressing plasmid (pCAG-COUP-TFII) per well were 

used.  The pUC19 empty vector was added at the concentration 

required to balance the total amount of DNA transfected in each 

reaction. 4 h after transfection, 0.6mL of RPMI 1640 with 20% FBS, L-

Glutamine and Penicillin-Streptomycin per well were added.  

 

Luciferase assay 

K562 cells were collected 48 h after transfection and centrifuged (1200 

rpm, 5 min). Pellet was resuspended in 80µL of Reporter Lysis Buffer 
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1X (Promega, E4030), followed by two freeze-thaw cycles. Cell lysates 

were centrifuged (12,000 rcf, 5 min, at 4°C) and the supernatant 

(containing total protein extract) was collected. Next, 25µL of LAR 

reagent (Promega, 3040) were added to 10µL of protein extract and 

the luciferase activity was measured by GloMax® 20/20 Luminometer 

(Promega), integration time of 10 sec. To calculate the relative 

luciferase activity, amount of relative luciferase units (RLU) of non-

transfected control was subtracted from each sample RLU, and 

normalized to pTK reference samples. 

 

RNA isolation and cDNA synthesis 

TriFast reagent (Euroclone) and the Direct-zol™ RNA Miniprep kit 

(Zymo Research, R2050) were used to isolate total RNA. Next, RNA was 

reverse-transcribed into cDNA with the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, 4368814). 

 

Quantitative real-time PCR analysis 

On the basis of sequences from the Ensembl database 

(http://www.ensembl.org), primers were designed to amplify 100 to 

200 bp amplicons, spanning an exon-exon junction when possible. All 

the RT-qPCR primers used in this study are listed in the table below.  

Quantitative real-time PCR reaction was performed using StepOnePlus 

Real-Time PCR System (Applied Biosystems). Specific PCR product 
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accumulation was monitored by SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad, 1725274) in a 12μL reaction volume. Gene 

expression levels were calculated by normalizing the values to the 

expression of housekeeping GAPDH gene. Triplicate samples from 

each experiment were analyzed. 

 

Table 4.2. Primers used for RT-qPCR. 

Gene F/R Sequence (5’–3’) 

hGAPDH 
F ACGGATTTGGTCGTATTGGG 

R TGATTTTGGAGGGATCTCGC 

hCOUP-TFII 
F TTGACTCAGCCGAGTACAGC 

R AAAGCTTTCCGAATCTCGTC 

mCOUP-TFII 
F TCCAAGAGCAAGTGGAGAAG 

R CTTCCAAAGCACACTGGGAC 

HBG 
F CTTCAAGCTCCTGGGAAATGT 

R GCAGAATAAAGCCTATCCTTGAAAG 

hMYB 
F TCAGGAAACTTCTTCTGCTCACA 

R AGGTTCCCAGGTACTGCT 

hAPOE 
F GGTCGCTTTTGGGATTACCT 

R ACACGTCCTCCATGTCCG 

hBAMBI 
F ATCGCCACTCCAGCTACATC 

R CTAGAGAAGCAGGCGCTGAG 

hENC1 
F ACTGCATTTGTCAGCACCTG 

R GGTGCAGCAGATTTTATTCG 

hGALM 
F ACACCTGCAGGACTTCCATC 

R CCCTTTAATGTGCCATCCAG 

hPLA2G6 
F CTCGGTGCAACATCATGG 

R GTTCTTGGCCCAGTGGAG 
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CRISPR/Cas9-mediated COUP-TFII knockout 

The sequences of the sgRNA targeting COUP-TFII (5’-

CCCAACCAGCCGACGAGATT-3’) was obtained from the human 

GeCKOv2 library (https://www.addgene.org/crispr/libraries/geckov2) 

and the sgRNA oligos were cloned into the LentiCrisprV2 plasmid 

(Addgene, 52961). Cells were selected with puromycin and analyzed 

96 h  after transduction, or after 7 days single clones were isolated, by 

limiting dilution (to a theoretical concentration of 0.5 cells/well) in a 

96-well plate. 

 

COUP-TFII lentiviral overexpression 

COUP-TFII murine cDNA (gift from Dr. Michèle Studer) was cloned into 

a bicistronic IRES-eGFP as described previously (Fugazza, 2021). COUP-

TFII overexpressing vector and control Empty vector (EV) were 

produced in HEK-293T cells, lentiviral vectors were co-transfected 

together with the packaging plasmids psPAX2 and pMD-VSVG 

(www.lentiweb.com). Viral vector supernatants were collected 72 h 

after transfection and concentrated, followed by transduction of K562  

or HUDEP-2 cells. 

 

ChIP-seq assay and ChIP-seq data analysis 

ChIP-seq experiment was performed as previously (Fugazza, 2021). 

Briefly, K562 cells were fixed with 1% formaldehyde for 10 minutes, at 
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room temperature. Chromatin was sonicated to a size of about 500 bp. 

DNA immunoprecipitation was obtained by first incubating with the 

proper antibodies and then isolating with protein A-agarose beads. 

DNA was sequenced on an Illumina platform. The sequencing data 

were uploaded to the Galaxy web platform. BWA was used to map 

reads to the human genome (GRCh37/hg19), and the HOMER toolkit 

was used to identify peaks. Peaks in different experiments were called 

as the same if the minimal overlap of intervals was 1bp. ChIP-seq 

experiment was performed in K562 cells with COUP-TFII 

overexpression (OE, 25 days after transduction), COUP-TFII knockout 

(KO, 30 days after transduction), or non-treated.  

 

CUT&RUN assay 

The CUT&RUN experiment was performed to detect COUP-TFII 

occupancy in HUDEP-2 cells (non-treated, NT or overexpressing COUP-

TFII, OE, 72 h after transduction), as described by Zambanini and 

colleagues (2022). 5 ×105 cells were analyzed for each sample. To 

perform the library construction for DNA, the KAPA Hyper Prep Kit for 

Illumina platforms (KAPA Biosystems, KK8504) was used, according to 

the manufacturer’s guidelines with some modifications. Libraries were 

run on an E-Gel EX 2% agarose gel (Invitrogen, G402022) for 10 min 

using the E-Gel Power Snap Electrophoresis System (Invitrogen). Bands 

of interest between 150 and 500 bp were cut out and purified using 

the QIAquick Gel Extraction Kit (QIAGEN, 28706) according to 

manufacturer’s instructions. Next, libraries were quantified with the 
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Qubit (Thermo Scientific) using their high sensitivity DNA kit (Thermo 

Scientific, Q32854), pooled and analyzed by 36 bp paired-end 

sequencing on the NextSeq 550 (Illumina) using the Illumina NextSeq 

500/550 High Output Kit v2.5 (75 cycles) (Illumina, 20024906).  

Trimming was performed using bbmap bbduk (Bushnell, 2017, version 

39.0) removing adapters, artifacts, poly AT, G and C repeats. Reads 

were aligned to the hg38 genome with bowtie (Langmead, 2009, 

version 1.3.1) using options -v 0 -m 1 -X 500.  Reads that could not be 

uniquely mapped to the human genome were removed by SAMtools 

(Li, 2009, version 1.6). Peaks were called using SEACR (MEERS et al, 

version 1.3) against the corresponding negative control. Motif analysis 

and peak set gene annotation were performed. The antibodies used 

are listed in the table below.  

 

Table 4.3. Antibodies used for the ChIP-seq and CUT&RUN assays. 

Antibody Catalog number Manufacturer 

Anti-COUP-TFII (mouse/human) A10251 Abclonal 

Anti-COUP-TFII ABIN6928040  

  

 

CRISPR/Cas9 screening and competition assay 

Cloning of the guide RNAs (gRNAs), lentiviral production and 

transduction were performed as described (Proietti, 2022). Briefly, the 

gRNAs targeting the genes of interest were selected by using VBC 
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Score (https://www.vbc-score.org/). High targeting efficiency and low 

off-target effects are indicated by a high VBC score. All the gRNAs are 

listed below (table 4.4). Guide RNAs were cloned into a lentiviral 

expression vector containing iRFP670 (pLenti hU6-sgRNA-IT-PGK-

iRFP670), on BsmBI sites. For lentiviral production, Lenti-X cells were 

transfected with indicated constructs together with psPAX2 and 

pMD2.G packaging plasmids (Addgene, 12260 and 12259) using 

polyethyleneimine (PEI, Polysciences Europe, 24765-1). After 24 h, 

Lenti-X cell medium was substituted with the target cell medium. The 

supernatant containing lentiviral pseudo-particles was collected 48 h 

after transfection. Next, approximately 1 x106 of K562 cells stably 

expressing Cas9 (K562-Cas9) were seeded per well of a 24-well plate 

and transduced by spinfection (1000 x g, 90 min) with lentiviral 

supernatants (diluted 1:3) supplemented with Polybrene Transfection 

Reagent (Merck, TR-1003-G). Transduction efficiencies ranged from 10 

to 60%. To assess the cell proliferation rate, the percentages of 

iRFP670+ cells were monitored throughout time (competition assay). 

The changes in percentages of iRFP670 positive cells were calculated 

by normalizing the values to the to the first measurement (Day3 post 

infection, pi) and to a negative control (sgAAVS1).  
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Table 4.4. sgRNAs used for CRISPR/Cas9 screening. 

sgRNA Target Sequence  

ADAMTSL4 
1 AAGGAGAGCCAACTTCCCAATGG 

2 GGATTCCAGCGGGAGCCTTGCGG 

ANKRD55 
1 GACATGTGTACATATCGCAGCGG 

2 TTGGCCTATGCCCTGTACTGCGG 

APOE 
1 GCAGGTCATCGGCATCGCGGAGG 

2 ACAGTGTCTGCACCCAGCGCAGG 

BAMBI 
1 TATAACCAGTGGCTACACAGTGG 

2 AGATTTACACATATAACCAGTGG 

CCL26 
1 AAGGTGGAGACTCAGGAGGGAGG 

2 GAATTCATAGCTTCGCACCCAGG 

CCRL2 
1 GAAGATGGCCAATTACACGCTGG 

2 GGTACCTTTGCACAGTCAGAAGG 

DYSF 
1 TGGGGAGGTAAACCACAGGAAGG 

2 TGTATGGGGAGGTAAACCACAGG 

ENC1 
1 GCAGCTCCAAGACTTCTGGGTGG 

2 GCAAAGTGTACATTACTGGGGGG 

GALM 
1 GAAGCCAAGCACCACGTCCGAGG 

2 GAATGCAGTGCCTTGCACTGGGG 

PLA2G6 
1 TGAACCAGGTGAATAACCAAGGG 

2 ATGAAGGATGAGGTGTTCCGGGG 

RBPMS2 
1 TGTTGTAGATGACCTGATGGGGG 

2 GATGGCTGGGGTCAGCTCTGTGG 

RNASE1 
1 GCCGGAATATGACACAGGGGCGG 

2 TACCAGGGGCTCGTGCACAAAGG 

COUP-TFII 
1 CCCAACCAGCCGACGAGATT 

2 AGGTACGAGTGGCAGTTGAGGGG 

RUNX1 
1 GCTCCGTGCTGCCTACGCACTGG 

2 GCCATCTGGAACATCCCCTAGGG 

AAVS1 1 GCTCCGGAAAGAGCATCCT 
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RPL17 1 GTACCATTCCGACGTTACAA 

 

 

Flow cytometry 

Cells were washed twice in PBS with 0.1% FBS in a 96-well plate and 

incubated with CD71 (PE conjugated, Biolegend, 334105) and 

GpA/CD235ab (FITC conjugated, Biolegend, 306609) antibodies for 30 

min, at 4oC, protected from the light. Next, cells were washed in PBS 

with 0.1% FBS and immediately acquired. Data were recorded on a 

Cytoflex S (Beckman Coulter) and analyzed with CytExpert 2.5 

software (Beckman-Coulter). For the CRISPR/Cas9 screening 

experiment, the percentages of CD71/GpA expressing cells were 

calculated by normalizing the values to the first measurement (Day3 

post infection, pi) and to a negative non-targeting control sgRNA 

(sgAAVS1). 

 

Statistical analyses 

For statistical analyses was used GraphPad Prism 8.4.3 software 

(GraphPad Software). Data are expressed as mean ±SEM and all 

experiments were performed in biological triplicates, unless stated 

otherwise. To calculate the p-value, the paired Student’s t-test was 

used. P<0.05 was considered to be statistically significant (*p<0.05, 

**<p<0.01, ***p<0.001, ****p<0.0001, if not stated data not 

significant). 
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4.3. Results and Discussion 

 

4.3.1. The overexpression of COUP-TFII in adult-like 

HUDEP-2 erythroid cells increases the fetal γ-globin 

levels  

 

The expression of COUP-TFII in mouse fetal liver erythroid cultures 

(from E13.5 cells) induces the expression of fetal globin genes. 

Moreover, COUP-TFII positively regulates the expression of fetal γ-

globin in different cellular models, not only fetal-like erythroid cells but 

also adult. In particular, the overexpression of COUP-TFII in erythroid 

cultures from human peripheral blood progenitors led to elevated γ-

globin levels, in both healthy and β-thalassemic erythroid progenitors 

(Fugazza, 2021). ChIP-seq experiments in fetal-like K562 erythroid cells 

revealed that COUP-TFII binds to the hypersensitive sites 2, 3 and 4 

(HS2, HS3 and HS4) of the β-locus control region (LCR). 

In adult erythroid cells, the same regions of the β-locus LCR are bound 

by BCL11A, an adult erythroid transcription factor and a known γ-

globin repressor that shares the same consensus sequence with COUP-

TFII (Sankaran, 2008).   

Therefore, I asked whether I could map in more detail the COUP-TFII 

binding to the β-locus in fetal and adult erythroid environment. To this 
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aim, CUT&RUN experiment was performed in HUDEP-1 and HUDEP-2 

erythroid cells to fine map the in vivo COUP-TFII binding. HUDEP-2 

(human umbilical cord blood-derived erythroid progenitors) is an 

adult-like erythroid cell line expressing BCL11A together with adult 

globin genes. HUDEP-1 fetal-like cell line expressing fetal globin genes. 

Both HUDEP cell lines do not express COUP-TFII. Phenotype of the cell 

lines used here are summarized in the table 4.5. HUDEP-1 and HUDEP-

2 cells were grown in the proliferation cell medium that does not 

induced their erythroid differentiation (Kurita, 2013). 

 

 

 

HUDEP-1 and HUDEP-2 cells were transduced with a COUP-TFII 

overexpressing lentiviral vector (COUP-TFII-IRES-eGFP) or with the 

corresponding empty vector (EV), as a control. The efficiency of 

transduction was monitored by flow cytometry (FC) analysis (Fig. 4.1A) 

and the expression of exogenous COUP-TFII was confirmed by RT-qPCR 

analysis (Fig. 4.1B). 

Table 4.5. The summary of the erythroid cell lines used in this 

study. 
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First, we analyzed the effect of the COUP-TFII overexpression (OE) on 

γ-globin: RT-qPCR analysis 72 h after transduction, showed a 2-fold 

(however statistically not significant) increase in the γ-globin level 

upon COUP-TFII OE when compared to control (Fig. 4.2). In HUDEP-2 

cells, COUP-TFII OE significantly increased γ-globin levels (15-fold 

increase), when compared to the control (EV) (Fig. 4.2). 

Figure 4.1. Efficiency of the lentiviral overexpression of COUP-TFII 

in HUDEP-1 and HUDEP-2 cells. A Percentage of GFP+ cells was 

measured by flow cytometry 72 h post infection (pi) with COUP-TFII 

overexpressing lentiviral vector (COUP-TFII OE) and control empty 

vector (EV), both expressing GFP. Data as mean ± SEM, n≥2. B 

Expression level of the exogenous (mouse) COUP-TFII (72 h pi) 

measured by RT-qPCR. Data as mean ± SEM, n≥2. 
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After I confirmed the ability of COUP-TFII to overcome the adult 

environment of HUDEP-2 cells and to reactivate the γ-globin 

expression in both HUDEP-2 and HUDEP-1 cells, a CUT&RUN 

experiment was performed to map the COUP-TFII binding within the  

β-locus in collaboration. COUP-TFII binding profiles in HUDEP-1 and 

HUDEP-2 cells expressing exogenous COUP-TFII were compared with 

control non-overexpressing HUDEP-2 cells (when COUP-TFII was 

absent). As shown in figure 4.3, in COUP-TFII OE HUDEP-2 cells, COUP-

TFII is bound to the HS1 HS2, HS3 and HS4 of the LCR, showing the 

Figure 4.2. COUP-TFII overexpression in fetal-like HUDEP-1 and  

adult-like HUDEP-2 erythroid cells results in the re-activation of γ-

globin expression. Level of γ-globin mRNA upon exogenous 

expression of COUP-TFII (COUP-TFII OE, 72 h after transduction) in 

HUDEP-1 and HUDEP-2 cells. Cells transduced with the empty vector 

(EV) were used as a control. Data as mean ± SEM, n≥3, 

***=p<0.001. 
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same pattern as in K562 OE cells. In HUDEP-1 COUP-TFII OE cells, 

COUP-TFII is bound to the HS2 and HS3, but to less extent to  HS1 and 

HS4 (Fig. 4.3). Taken together, the CUT&RUN experiment demonstrate 

that the fetal γ-globin induction in adult erythroid cells by COUP-TFII is 

due to its direct binding to the β-locus LCR, therefore the mechanism 

is likely the same as in fetal-like K562 cells spontaneously expressing 

COUP-TFII.  Of interest, differences in binding of COUP-TFII to HS sites 

of the β-locus LCR between HUDEP-2 and HUDEP-1 cells, suggest that 

COUP-TFII binding is, at least in part,  influenced by the cellular 

context. 
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Moreover, as COUP-TFII and BCL11A and bind to the same DNA 

consensus sequences, it is possible that these two regulators of globin 

gene expression compete for the binding within the β-locus. Indeed, 

Figure 4.3. COUP-TFII activates the expression of γ-globin by direct 

binding to locus control region (LCR) of the β-locus. COUP-TFII 

ChIP-seq profiles in K562 cells: overexpressing COUP-TFII (OE, dark 

blue) and non-treated (NT, blue). In light blue and green, COUP-TFII 

CUT&RUN profiles in HUDEP-1 and HUDEP-2 cells overexpressing 

COUP-TFII (OE), respectively. K562 cells with COUP-TFII knockout 

(KO) and HUDEP-2 non-treated (NT), both in grey, were used as 

controls. Black arrows indicate hypersensitive sites of the β-locus 

LCR (HS1-HS4).  



181 
 

the comparison of the COUP-TFII CUT&RUN profile with the BCL11A 

binding profile (Liu, 2018) demonstrated that COUP-TFII and BCL11A 

bind to the same HS sites (Fig. 4.4). This observation supports the idea 

of the competition between COUP-TFII and BCL11A in binding the β-

locus LCR. Interestingly, exogenous COUP-TFII in HUDEP-2 cells shows 

the strongest peak of binding in the HS3, the site that has the most 

fetal characteristic as it was demonstrated to be independent of the 

adult erythroid transcription factor KLF (Jackson, 2003).  

 

Figure 4.4. COUP-TFII and BCL11A bind the same regions of the β-

locus control region (LCR). COUP-TFII CUT&RUN profile in HUDEP-2 

cells (green), overexpressing COUP-TFII. In blue, the BCL11A binding 

profile in HUDEP-2 cells, WT and BCL11A knockout as a control (Liu, 

2018). BCL11A, an adult erythroid transcription factor, is a known 

repressor of γ-globin gene.   
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What is more, COUP-TFII binding profiles of the entire β-locus revealed 

that COUP-TFII bound to β-globin and δ-globin genes only when 

overexpressed in adult-like HUDEP-2 erythroid cells (Fig. 4.5). This was 

not observed in fetal-like K562 and HUDEP-1 erythroid cells (Fig. 4.5).  

 

 

 

Figure 4.5. COUP-TFII binds to the promoter regions of HBB and 

HBD genes, encoding adult globins in HUDEP-2 cells. COUP-TFII 

ChIP-seq profiles in K562 cells overexpressing COUP-TFII (OE, dark 

blue), non-treated (NT, blue) or knocked out for COUP-TFII (KO, 

grey). CUT&RUN profiles in HUDEP-1 (light blue) and HUDEP-2 cells 

(green), both overexpressing COUP-TFII (OE) and in non-treated 

HUDEP-2 cells  (NT). Red arrows indicate the COUP-TFII peaks within 

HBB and HBD genes.   
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To conclude, the CUT&RUN experiment in HUDEP-2 cells 

overexpressing COUP-TFII confirms the hypothesis that COUP-TFII is 

able to bind to the β-locus, despite the repressive adult environment. 

The overlap between the BCL11A and COUP-TFII binding sites suggests 

the competition between these two erythroid transcription factors for 

the binding the same regions of the β-locus control region. 
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4.3.2. MYB, a transcription factor important for γ-globin 

regulation is a potential direct target of COUP-TFII 

 

MYB is a transcription factor essential for the control of 

proliferation/differentiation balance in erythroid cells and a known γ-

globin regulator (Jiang, 2006; Sankaran, 2011; Gu, 2022). Common 

genetic variants within the intergenic region HBS1L-MYB region are 

associated with elevated level of fetal hemoglobin (HbF) (Thein, 2007). 

HBS1L-MYB intergenic polymorphisms affect regulatory elements that 

interact with MYB (Stadhouders, 2014). These variants were found to 

reduce the binding of the key erythroid transcription factor in the 

regulatory elements of MYB, and therefore to affect the expression 

level of MYB. Interestingly, ChIP-seq experiment performed in K562 

cells revealed that COUP-TFII binds within the HBS1L-MYB intergenic 

region (Fig. 4.6).  

I therefore analyzed the H3K27ac and ATAC ChIP-seq profiles of the 

regions bound by COUP-TFII (Fig. 4.6). Regions called P1 and P4 are 

acetylated in K562 cells, show an open chromatin feature, and the 

COUP-TFII binding motifs within these regions are conserved. What is 

more, P1 corresponds to the region identified as the -71 kb MYB 

enhancer element by Stadhouders and colleagues (2014). Regions P2 

and P3 instead do not show any of the features that characterize active 

regulatory sequences. 
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To assess to what extent COUP-TFII contributes to the MYB 

transcription, I checked the levels of MYB mRNA in K562 erythroid cells 

overexpressing COUP-TFII (OE), knocked out for COUP-TFII (KO), or 

control cells transfected with the empty vector (EV). The RT-qPCR 

analysis revealed that in cells overexpressing COUP-TFII for 72 h, MYB 

levels were significantly decreased, when compared to EV control, 

suggesting a potential repressive role (Fig. 4.7A). On the other hand, 

the long-term (25 days after transduction) effect of COUP-TFII 

overexpression was the opposite to the short-term one (Fig. 4.7B), 

Figure 4.6. COUP-TFII directly binds to the HBS1L-MYB intergenic 

region. COUP-TFII ChIP-seq profiles in K562 cells overexpressing 

COUP-TFII (OE, dark blue), non-treated (NT, blue) and with COUP-

TFII knockout (KO, grey). Black arrows indicate positions of the 

COUP-TFII peaks. In yellow: H3K27ac ChIP-seq (GEO: 

ENCFF465GBD) and in green: ATAC-seq (GEO: ENCFF357GNC) 

profiles in K562 cells.  
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possibly because of downstream indirect effects. Instead, the 

depletion of COUP-TFII does not affect the MYB expression level 

neither in short-term nor long-term conditions (Fig. 4.7A, 4.7B).  

 

 

Therefore, I selected P1 and P4 regions, located 71 kb and 97 kb, 

respectively, upstream to the MYB gene, to further analyzed the 

potential of COUP-TFII to regulate MYB expression by binding to these 

regions. 

Figure 4.7. The opposite effect of short-term and long-term COUP-

TFII overexpression on the expression of MYB in erythroid K562 

cells. A Level of MYB mRNA after 96 h of COUP-TFII knockout (KO) 

and 72 h of COUP-TFII overexpression (OE).  B The expression level 

of MYB after 30 days of COUP-TFII KO and 25 days of COUP-TFII OE. 

Analyzed by RT-qPCR and normalized to Empty vector (EV) control. 

Data as mean ± SEM, n≥6, *=p<0.05, ****=p<0.0001. 
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Sequences of P1 and P4 were cloned in a reporter vector upstream to 

the minimal TK promoter and their regulatory potential was tested in 

K562 cells by luciferase assay. P1 and P4 reporter constructs were 

transfected in K562 cells with different level of COUP-TFII (OE, EV and 

KO) and their effect on the reporter gene expression was measured 48 

h after transfection (Fig. 4.8). As a positive control, I used the reporter 

vector containing the GATA1 enhancer upstream to the minimal TK 

promoter, and the vector carrying only the minimal TK promoter as a 

negative control.  

 

Figure 4.8. Transfection experiment with reporter constructs 

containing P1 and P4 regions to define their involvement in the 

regulation of MYB expression by COUP-TFII.  
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As shown in figure 4.9, both P1 and P4 regions can act as activators in 

K562 erythroid cells. However, they increased the luciferase gene 

expression about 3-fold irrespectively of COUP-TFII OE or KO, thus  the 

regulatory potential of P1 and P4 seem to not depend on the COUP-

TFII level.  

 

Figure 4.9. Both P1 and P4 regions upregulates the reporter gene 

expression, independently from the level of COUP-TFII. Luciferase 

assay experiment performed in K562 cells overexpressing COUP-TFII 

(OE) or with COUP-TFII knockout (KO). NT – non-treated K562 cells, 

Control – pTK vector was used as a negative control of transfection, 

GATA enh – pTK vector with GATA enhancer was used as a positive 

control. Data as mean ± SEM, n≥3, **=p<0.01, ***=p<0.001, 

****=p<0.0001. 

 



189 
 

As demonstrated by RT-qPCR, elevated COUP-TFII levels show an 

opposite effect on the MYB mRNA level in short-term and long-term 

conditions. Therefore, to confirm the previous observation that P1 and 

P4 act as enhancer independently from the level of COUP-TFII, I co-

transfected the P1 or P4 reporter construct together with a vector 

expressing COUP-TFII (pCAG-COUP-TFII expression vector). This 

allowed to check more direct effect of COUP-TFII on P1 and P4 regions’ 

activity, in a dose-dependent manner. K562 cells were transfected 

with P1 or P4 reporter vectors together with increasing amount of the 

COUP-TFII expressing vector, and the reporter gene expression was 

analyzed after 48 h as in the previous experiment (Fig. 4.8). Again, I 

observed no significant differences in the enhancer potential of P1 and 

P4 regions between cells with different COUP-TFII level (Fig. 4.10). 

 

 

 

 

 

Figure 4.10. Co-transfection of the COUP-TFII overexpressing 

vector and P1 or P4 confirms that their regulatory potential do not 

depend on COUP-TFII. Luciferase assay experiment performed in 

K562 cells co-transfected with a vector overexpressing COUP-TFII 

(pCAG-COUP-TFII) and with P1 or P4 reporter constructs. Control – 

pTK vector. Data as mean ± SEM, n≥1. 
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To conclude, COUP-TFII binds in vivo within the HBS1L-MYB intergenic 

region, but our analysis on the effect of COUP-TFII levels on P1 and P4 

regulatory regions does not show a direct relationship. However, 

COUP-TFII short-term overexpression affects the expression level of 

MYB suggesting that sequences other than P1 and P4 could mediate a 

repressive effect of COUP-TFII on MYB. Of note, COUP-TFII is an 

activator of γ-globin expressed at early developmental stages, while in 

contrast MYB represses γ-globin in adult erythroid cells. Both COUP-

TFII and MYB are expressed in the first, pro-definitive wave of 

hematopoiesis that consists erythro-myeloid progenitors (EMPs) in 

mouse fetal liver (Fugazza, 2021). EMPs represent a rare and transient 

cell population, and therefore it is not completely clear if there is a 

spatial and temporal overlap in the expression of COUP-TFII and MYB 

in these cell. Hence, if there is a direct regulatory mechanism of COUP-

TFII on MYB, most probably is transient and it would be difficult to 

identify in vivo.  
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4.3.3. Identification of novel candidate direct target genes 

of COUP-TFII in K562 erythroid cells  

 

As described above, COUP-TFII regulates the expression of globin 

genes by directly binding to the β-locus, in both fetal-like and adult-

like erythroid cells. However, it remains unknown what other genes 

are controlled by COUP-TFII in the erythroid cells. To better 

characterize the downstream network of COUP-TFII within the 

erythroid lineage, I sought to identify genes that are regulated by 

COUP-TFII in K562 erythroid cells. In collaboration with R. Piazza and 

L. Mologni (UNIMIB, Milan, Italy), we performed the integrative 

analysis of RNA-sequencing (RNA-seq) and ChIP-sequencing (ChIP-seq) 

datasets from K562 cells expressing COUP-TFII at different levels. To 

this end, we exploited data from K562 cells expressing endogenous 

COUP-TFII, overexpressing  COUP-TFII (by lentiviral overexpression, 

OE) or non-expressing COUP-TFII (CRISPR/Cas9-mediated knockout, 

KO) (Fig. 4.11). 
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Genes that were differentially regulated in OE vs. EV and KO vs. EV cells 

were divided into two lists: genes upregulated and downregulated by 

COUP-TFII. RNA-seq analysis showed the upregulation of 178 genes 

(padj < 0.01, fold change > 2) in cells overexpressing COUP-TFII when 

compared to control EV cells, while only 23 genes were strongly 

downregulated (Fig. 4.12A, left). COUP-TFII knockout caused the 

upregulation of 199 genes, and downregulation of 217 genes (padj < 

0.01, fold change > 2) (Fig. 4.12A, right). 

Figure 4.11. Experimental workflow for the identification of direct 

target genes of COUP-TFII in K562 erythroid cells.  
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Analysis of ChIP-seq data identified 1783 COUP-TFII peaks common to 

the OE and NT K562 cells. COUP-TFII in vivo binding sites were 

associated with genes when mapped 500 kb upstream or downstream 

to their transcription start sites. Background peaks present in COUP-

TFII KO cells were subtracted. Among genes associated with the 

genomic regions bound by COUP-TFII, 66 genes were also differentially 

regulated in the RNA-seq, and therefore considered as candidate 

COUP-TFII direct targets, of which 33 were upregulated and 33 were 

downregulated by COUP-TFII (Fig. 4.12B and table 4.6).  
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Figure 4.12. The impact of COUP-TFII on erythroid transcription. A 

Number of differentially regulated genes between K562 cells 

overexpressing COUP-TFII (OE) and control (EV) cells (left), right: 

K562 cells with COUP-TFII knockout (KO) and control (EV) cells. B 

Integrative analysis of RNA-seq and ChIP-seq identified 66 genes as 

potential direct targets of COUP-TFII.   
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Table 4.6. Genes selected as COUP-TFII candidate direct target 

genes. Upregulated and downregulated by COUP-TFII genes were 

identified by RNA-seq analysis. Data as Log2Fold change OE vs. EV 

and KO vs. EV, padj<0.1. The most differentially expressed genes 

selected for further analysis are highlighted in blue. 
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Most of the listed candidate direct target genes of COUP-TFII (Table 

4.6) have unknown role in erythropoiesis, however there are some 

exceptions: 

• Alpha Hemoglobin Stabilizing Protein (AHSP), which encodes 

molecular chaperone that binds to monomeric α-hemoglobin 

before it is transferred to β-hemoglobin to form a heterodimer. 
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AHSP is essential for normal erythroid cell development, by 

acting to prevent the harmful aggregation of free α-

hemoglobin (Kihm, 2002). The depletion of AHSP results in an 

increased apoptosis of erythroid precursors, elevated ROS, and 

finally in the worsened β-thalassemia phenotype, a disease 

characterized by excess of free α-hemoglobin (Kong, 2004).  

• NFE2 (Nuclear Factor, Erythroid derived 2) is critical for 

erythroid maturation and globin gene expression (Andrews, 

1994; Mutschler, 2009), and interestingly it might be involved 

in the transcriptional regulation of COUP-TFII by binding to its 

distal enhancer element (chapter 2).   

• GYPC encoding glycophorin C, an integral membrane 

glycoprotein that plays an important role in regulating the 

mechanical stability of red blood cells (Lopez, 2021).   

• GYPE which encodes glycophorin E, a sialoglycoprotein 

belonging to a gene family with GPA and GPB genes that might 

carry the M blood group antigen (Hollox and Louzada, 2022). 

• HBZ encoding embryonic α-like ζ-globin. 

 

To narrow down the list of the candidate COUP-TFII direct targets, I 

selected the most differentially expressed genes in COUP-TFII KO cells 

when compared to EV cells and I validated the changes in their 

expression upon COUP-TFII OE or KO in K562 cells by RT-qPCR. Only 

genes that showed a perfect profile of up- or downregulated target 

(significantly increased or reduced mRNA levels) were selected for 

further functional analysis, excluding those with marginal expression 
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level in K562 cells (for example PROX1) or with already known effect 

on erythropoiesis (like AHSP) (Table 4.6). 

 

Next, I aimed to investigate whether the selected 12 prospective direct 

target genes identified by integrative RNA-seq and ChIP-seq analysis 

(table 4.6) are of functional importance on erythroid program. In 

collaboration with L. Proietti and F. Grebien (Vetmeduni, Vienna, 

Austria), I performed CRISPR/Cas-mediated knockout of these genes in 

K562 cells stably expressing Cas9. 

I used the VBC Score tool (https://www.vbc-score.org/) to select the 

gRNAs with high targeting efficiency and low off-target effects. All 12 

candidate COUP-TFII target genes were targeted with two different 

sgRNAs. Competing growth kinetics of sgRNA-expressing iRFP670-

positive (iRFP670+) cells vs. uninfected iRFP670-negative (iRFP670−) 

K562-Cas9 cells was monitored by a competition assay. The efficiency 

of transduction for all sgRNAs was around 50%. Changes in the 

percentages of iRFP670 expressing cells were measured for 20 days 

post infection (pi) (Fig. 4.13). Data was normalized to non-targeting 

sgRNA control (sgAAVS1) and the first timepoint (day 3 post infection, 

pi). sgRPL17, targeting gene essential to cell proliferation, results in a 

decrease of the percentage of iRFP670 positive cells over time and was 

used as a positive control. Effects of the gene knockouts were 

considered significant only when the same effect was observed with 

two different sgRNAs.   
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As shown in figure 4.14, in the competition assay both ENC1-targeting 

sgRNAs reduced K562-Cas9 cell proliferation (40% reduction). Similar 

anti-proliferative effects were observed for two APOE-targeting 

sgRNAs (30% reduction) and BAMBI-targeting sgRNAs (20% reduction). 

Both ENC1 and BAMBI were upregulated by COUP-TFII and their 

elevated levels were reported in several cancers and positively 

regulate cell proliferation (Cui, 2021; Onichtchouk, 1999; Sekiya, 2004; 

Togo, 2008; Fritzmann, 2009). Therefore, reduced cell proliferation of 

K562-Cas9 cells upon ENC1 and BAMBI depletion is in line with the 

studies in other cellular models. On the contrary, apolipoprotein E, 

encoded by APOE, identified by Murphy and colleagues (2011) as a 

negative regulator of proliferation in mouse hematopoietic stem and 

multipotential progenitor cells (HSPCs), in K562 cells shows the 

opposite effect. Interestingly, the knockout of COUP-TFII itself 

Figure 4.13. Schematic representation of workflow of CRISPR mini 

screen. Each gene was targeted with 2 sgRNAs in Cas9-expressing 

K562 clone. Percentage of iRFP670+ cells, as well the levels of CD71 

and GpA erythroid markers in iRFP670+ cells were monitored over 

time. 
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significantly induced proliferation of K562-Cas9 cells (40% increase) 

(Fig. 4.14). The induction of K562 cell proliferation was not observed 

in the previous experiment (see chapter 3). It is plausible that the 

effect of COUP-TFII on proliferation is diverse in different K562 

erythroleukemic cell clones, and therefore it would be of interest to 

confirm this effect in more physiological erythroid cellular model. 

Additionally, the CRISPR mini screen was performed in K562 clone 

stably expressing Cas9 that could have some indirect impact on cell 

proliferation.  
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Figure 4.14. CRISPR/Cas9 competition assay of selected candidate 

direct targets of COUP-TFII. The effect on cell proliferation of each 

sgRNA was assessed, sgAAVS1 - negative control, sgRPL17 - positive 

control of cell proliferation, sgRUNX1 and SOX6 OE – positive 

controls of erythroid differentiation. Data as %iRFP670+ 

cellsnormAAVS1+d3 , normalized to sgAAVS1, and day 3, n=3. 
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To explore the effects of candidate COUP-TFII target genes on 

erythroid differentiation, I analyzed surface expression of erythroid 

differentiation markers glycophorin A (GpA) and CD71 (transferrin 

receptor). Changes in CD71/GpA profile were monitored over time in 

parallel with the competition assay by flow cytometry. CD71 is an early 

erythroid marker, whereas glycophorin A (GpA) is a late erythroid 

marker.  As  a control, I included two RUNX1-targeting sgRNAs and 

lentiviral overexpression of SOX6 (SOX6 OE). RUNX1 transcription 

factor was previously described as a negative regulator of both CD71 

and GpA surface expression in K562 cells (Kuvardina, 2015). The 

overexpression of SOX6 in K562 results in an enhanced erythroid 

differentiation and hemoglobinization of K562 cells (Cantù, 2011). 

CD71 and GpA expression levels were measured  every two days up to 

day 10 after transduction, as the control SOX6 OE K562 cells died 

within 9 days after transduction as a consequence of their terminal 

differentiation (Cantù, 2011) (Fig. 4.15).  

Consistent effects on the GpA level with the two sgRNAs was observed 

for BAMBI, ENC1, GALM and PLA2G6 genes. The depletion of BAMBI, 

ENC1 and PLA2G6 resulted in an increased level of GpA, whereas the 

knockout of GALM reduced GpA surface expression (Fig. 4.15). COUP-

TFII knockout in K562-Cas9 cell showed a negative effect on GpA level 

(Fig. 4.15) which is in line with an increased proliferation in the same 

cells (Fig. 4.14). The positive effect of BAMBI and ENC1 depletions on 

erythroid differentiation was also consistent with their negative effect 

on cell proliferation (Fig. 4.14). Loss of GALM and PLA2G6, did not 
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cause any changes in K562-Cas9 cell proliferation but led to the 

induction of erythroid differentiation, as shown by increased GpA 

expression in these cells (Fig. 4.15).  Unlike in the competition assay 

(Fig. 4.14), APOE-targeting sgRNAs did not show a strong effect on GpA 

levels consistent for both sgRNAs, therefore the effect of APOE on 

K562 erythroid cell differentiation could not be assessed (Fig. 4.15). 

APOE was previously suggested to be essential for terminal erythroid 

maturation (CD71-GpA+ cells) (Crespo, 1993; Holm, 2002) therefore 

not at the stage as the majority of K562-Cas9 cells in this experiment 

(CD71+GpA+). All the other candidate COUP-TFII target genes that did 

not show a consistent effect on proliferation and/or erythroid 

differentiation for both gene-targeting sgRNAs and were not further 

considered. 

Taken together, CRISPR/Cas9-mediated targeting of candidate COUP-

TFII direct target genes showed only mild changes in K562-Cas9 

erythroid cell proliferation and differentiation. This observation is in 

line with the previous study in our laboratory that reported no major 

changes in  cell proliferation and differentiation upon COUP-TFII 

overexpression in adult human peripheral blood cells (Fugazza, 2021). 
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Figure 4.15. Changes in GpA levels of CD71+GpA+ K562-Cas9 cells 

upon CRISPR/Cas9 targeting of candidate COUP-TFII direct target 

genes, sgAAVS1 - negative control, sgRPL17 - positive control of cell 

proliferation, sgRUNX1 and SOX6 OE – positive controls of erythroid 

differentiation. Data as MFI FITC-GpA in CD71+GpA+ cellsnormAAVS1+d3, 

normalized to sgAAVS1, and day 3, n=3.  
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Next, to understand if COUP-TFII regulates identified candidate target 

genes independently on embryo/fetal erythroid cellular environment, 

I analyzed the impact of COUP-TFII overexpression (OE) on APOE, 

BAMBI, ENC1, GALM and PLA2G6 expression in HUDEP-2 adult-like 

erythroid cells (introduced in chapter 3.3.1). 

I analyzed mRNA levels APOE, BAMBI, ENC1, GALM and PLA2G6 in 

K562 cells upon COUP-TFII overexpression (OE) or COUP-TFII knockout 

(KO) and in control cells transduced with an empty vector (EV). HUDEP-

2 cells were transduced with COUP-TFII overexpressing vector and an 

empty vector (EV) as a control. APOE and GALM were downregulated 

by COUP-TFII in both K562 and HUDEP-2 cells (APOE: 40% reduction, 

GALM: 30% reduction), while PLA2G6, identified as a downregulated 

target of COUP-TFII in K562 cells (30% reduction) was significantly 

upregulated in HUDEP-2 COUP-TFII OE cells (2-fold increase) (Fig. 

4.16). Therefore, as demonstrated by PLA2G6 gene regulation, the 

effect of COUP-TFII on its targets genes depends on the cellular 

erythroid context. Of note, among five candidate COUP-TFII target 

genes, two of them (BAMBI and ENC1) are expressed in HUDEP-2 cells 

at the marginal level, thus it is not surprising that we did not see any 

significant difference upon COUP-TFII OE in these cells (Fig. 4.16).  



206 
 

 



207 
 

 

Taken together, the CRISPR/Cas9-mediated screening identified new 

genes through which COUP-TFII can regulate erythroid program. 

Importantly, depletion of none of them led to drastic changes in cell 

proliferation or differentiation in K562 erythroid cells. In particular 

APOE expression is repressed by COUP-TFII in both fetal-like (K562) 

and adult-like (HUDEP-2) cells,  whereas PLA2G6 gene is repressed in 

K562 but activated in HUDEP-2 cells, suggesting a cell context-

dependent regulation by COUP-TFII. 

To test whether this difference is due to a differential binding of COUP-

TFII in fetal vs. adult erythroid cells, I investigated the chromatin status 

and the presence of in vivo binding of COUP-TFII at these two loci. 

COUP-TFII, when overexpressed (OE) in K562 cells, indeed binds to 

three genomic regions within  the ApoE locus (Fig. 4.17). In control, 

non-treated (NT) K562 cells, COUP-TFII peak is present only within 

TOMM40 promoter region. The analysis of H3K27ac ChIP-seq and 

ATAC-seq profiles in K562 erythroid cells revealed that all COUP-TFII 

bound genomic regions show active regulatory region features 

(H3K27ac acetylation and open chromatin state). However, the 

Figure 4.16. COUP-TFII can regulate the expression of its direct 

targets differently in fetal-like K562 and adult-like HUDEP-2 

erythroid cells. Effects of COUP-TFII overexpression (OE) or 

knockout (KO) (72 h or 96 h post infection, pi, respectively) in K562 

cells and of COUP-TFII OE (72 h pi) in HUDEP-2 cells on its candidate 

direct target genes, EV-control cells. Data as mean ± SEM, n≥3, 

*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001.  
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intergenic genomic region under the COUP-TFII peak has a very low 

acetylation mark level and chromatin-accessibility signature. In fact, 

this region is known hepatic control region (HCR.2) of APOE gene 

where the peak in intergenic region is located (Fig. 4.17). What is more, 

COUP-TFII binds to the same genomic regions also in adult-like 

erythroid cellular model as demonstrated by CUT&RUN experiment in 

HUDEP-2 cells overexpressing COUP-TFII (OE) (Fig. 4.17). The same 

binding pattern of COUP-TFII in fetal and adult cellular environment is 

consistent with the impact of COUP-TFII on ApoE mRNA levels in fetal-

like K562 and adult-like HUDEP-2 erythroid cells (Fig. 4.16). 
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Figure 4.17. COUP-TFII regulates ApoE mRNA level by directly 

binding to ApoE locus.  TOMM40-APOE-APOC2 gene cluster on the 

chromosome 19, together with the distal regulatory elements: ME, 

multienhancer; HCR, hepatic control region; BCR, brain control 

region. Blue arrows indicate COUP-TFII binding sites. ChIP-seq 

profiles for K562 cells at ApoE locus: COUP-TFII (from the top: K562 

overexpressing COUP-TFII (OE), non-treated (NT) and with COUP-

TFII knockout (KO), H3K27ac (GEO: ENCFF465GBD) and ATAC-seq 

(GEO: ENCFF357GNC). COUP-TFII CUT&RUN profile for HUDEP-2 

cells (overexpressing COUP-TFII (OE) and non-treated (NT)). 
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Scanning of the core sequence of the three elements by using the 

JASPAR software identified several potential COUP-TFII consensus 

within these regions (Fig. 4.18).  

 

 

 

Within PLA2G6 locus, COUP-TFII binds to two intronic regions: intron 

2 and intron 3 in both K562 and HUDEP-2 erythroid cells (Fig. 4.19). 

Additionally, COUP-TFII binds to the promoter region of PLA2G6 gene 

in HUDEP-2 cells.  

Figure 4.18. COUP-TFII motifs within the DNA sequences of ApoE 

locus that are bound in vivo by COUP-TFII. Sequences under the 

COUP-TFII ChIP-seq peaks in the TOMM40 and APOC promoter 

regions, and the distal regulatory element HCR.2 were identifed by 

JASPAR. 
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To conclude, I identified the possible mechanism by which COUP-TFII 

downregulates the erythroid expression of APOE gene. Whereas the 

negative effect of COUP-TFII on ApoE levels is due to COUP-TFII binding 

to all three regions remains to be further investigated. 

Figure 4.19. COUP-TFII binds intronic regions of PLA2G6 gene.  

ChIP-seq profiles for K562 cells at PLA2G6 gene: COUP-TFII (from the 

top: K562 overexpressing COUP-TFII (OE), non-treated (NT) and 

with COUP-TFII knockout (KO), H3K27ac (GEO: ENCFF465GBD) and 

ATAC-seq (GEO: ENCFF357GNC). COUP-TFII CUT&RUN profile for 

HUDEP-2 cells (overexpressing COUP-TFII (OE) and non-treated 

(NT)). 
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5.1. COUP-TFII transcription factor: an 

attractive therapeutic target with widely 

unknown erythroid signalling networks 

 

In diseases such as sickle cell anemia and β-thalassemia, the re-

activation of the fetal γ-globin expression can balance the defective β-

globin production, as it is observed in hereditary persistence of fetal 

hemoglobin (HPFH), a benign condition in which the production of 

fetal hemoglobin continues in adulthood (Steinberg, 2020). 

Therapeutic approaches that reactivate fetal hemoglobin (HbF) 

production remain the most effective strategy to ameliorate the 

clinical symptoms of β-hemoglobinopathies. Most of the new and 

experimentally proposed strategies are based on genome editing of γ-

globin repressor or on pharmacological methods (Barbarani, 2020; 

Bou-Fakhredin, 2022).  

The COUP-TFII transcription factor is an essential regulator of many 

developmental processes, as demonstrated by the early embryonic 

lethality of COUP-TFII-/- mice (Qiu, 1997; Pereira, 2000; Lin, 2011). Even 

though the biological function of COUP-TFII has been  widely studied 

in different tissues by the use of conditional knockouts, the role of 

COUP-TFII and the upstream signals controlling its expression in 

erythroid cells remain poorly understood. 



219 
 

By in vitro binding studies, COUP-TFII was initially proposed as a 

repressor of embryo/fetal globins, as a part of the NF-E3 complex 

(Ronchi, 1995; Liberati, 1998). More recently, COUP-TFII was instead 

demonstrated by in vivo studies to directly bind within the locus 

control region (LCR)  of the β-locus and to act as an activator of γ-globin 

in different types of erythroid cells, including adult human cells 

(Fugazza, 2021) from healthy and thalassemic donors.  

Thus, COUP-TFII as one of the regulators of the hemoglobin switching 

process is an attractive prospective target in β-hemoglobinopathies’ 

therapies. In fact, the understanding of COUP-TFII erythroid fetal 

transcription factor networks in erythroid cells will open up the 

possibilities to re-activate its expression in adult erythroid progenitors 

of β-thalassemia or sickle cell disease (SCD) patients with and 

therefore to reactivate the expression of fetal γ-globin, thus and 

mimicking the HPFH phenotype.  

To this end, it is crucial to identify regulatory elements controlling the 

COUP-TFII developmentally regulated expression in erythroid cells, 

either through fetal-specific enhancer(s) or adult-specific silencer(s), 

or both. In addition, it is important to characterize the COUP-TFII 

target genes other than γ-globin in order to understand whether/how 

the modulation of COUP-TFII level could affect the erythroid program.  
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5.2. The transcriptional regulation of COUP-

TFII 

 

5.2.1. A direct repeat (DR1) element within the COUP-TFII 

promoter mediates its positive regulation in K562 

erythroid cells 

 

Little is known about the transcriptional regulation of COUP-TFII, even 

though its context-dependent expression pattern suggests a complex 

regulatory mechanism. 

 COUP-TFII gene expression was shown to be positively regulated by 

supraphysiological concentration of retinoic acid (RA) in P19 

embryonal carcinoma (EC) cells and PCC7 teratocarcinoma cells (Jonk, 

1994; Qiu, 1996; Soosar, 1996), Sonic hedgehog (Shh) in P19 cells 

(Krishnan, 1997) and Ets-1 in HeLa cells (Petit, 2004).  

Yet, COUP-TFII mRNA level was shown to be upregulated in different 

cellular models by retinoic acid, this effect was never confirmed in 

erythroid cells. Therefore, I treated K562 erythroid cells (expressing 

COUP-TFII together with fetal hemoglobin) with RA and 48 h after the 

mRNA level of endogenous COUP-TFII was indeed increased in the 

treated cells, when compared to the control (Fig. 2.5B). To identify the 

sequences mediating RA activation of the COUP-TFII promoter, I 
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cloned the minimal COUP-TFII promoter described by Soosar and 

colleagues (1996) in the pGL3 reporter vector. Interestingly, the COUP-

TFII minimal promoter of contains two conserved hormone response 

elements (HREs), known to  be bound by nuclear receptors. The distal 

direct repeat 1 (DR1) is located 72 bp upstream to the COUP-TFII 

transcription start site (TSS), and the proximal inverted repeat (IR) is 

located 49 bp upstream to the COUP-TFII TSS (Fig. 2.1B).  By removing 

the distal -72 bp DR1 site, The reporter gene expression was 

significantly reduced in luciferase assays (Fig. 2.5A) demonstrating that 

this element (and not the -49 bp IR element) is important for the 

COUP-TFII activation by retinoic acid. Which nuclear receptors can 

bind the DR1 of the COUP-TFII promoter remains to be elucidated. It 

would be interesting to perform a co-transfection experiment by using 

the reporter vector containing the COUP-TFII minimal promoter and 

vectors expressing different nuclear receptors activated by RA, such as 

RAR, RXR or COUP-TFII itself.  However ChIP-seq profiles of COUP-TFII 

in erythroid cells, neither in K562 nor in HUDEP-1/2 cells show a direct  

COUP-TFII binding to its own promoter.  

Related to this, it has been shown that in pancreatic β-cells this same  

DR1 element in promoter, is indeed directly bound by COUP-TFII, but 

this results in a negative autoregulation of COUP-TFII gene expression 

(Perilhou, 2008). This suggests that COUP-TFII binding to its on 

promoter is cell context-dependent and can result in opposite 

functional outputs. 
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It is interesting to note that retinoic acid could also be involved in 

COUP-TFII protein activation, although it was originally classified as an 

orphan NR, due to the lack of a known natural ligand. However, Kruse 

and colleagues (2008) demonstrated that COUP-TFII is a low-affinity 

retinoic acid receptor, activated only by supra physiological doses of 

RA. Moreover, other studies identified small-molecule synthetic 

inhibitors of COUP-TFII that bind directly to the COUP-TFII ligand 

binding domain (LBD) (Guevel, 2017; Wang, 2020). Finally, more 

recently, 1-deoxysphinosines were identified as candidate natural 

ligands of COUP-TFs (Wang, 2021). These non-canonical alanine-based 

sphingolipids positively regulate the transcriptional activity of COUP-

TFII protein by binding to its LBD. All together, these  findings 

demonstrate that the “orphan” nuclear receptor COUP-TFII could be 

instead a ligand-regulated and therefore a pharmacologically 

modulable protein.  

 

5.2.2. The -52 kb COUP-TFII enhancer element mediates a 

COUP-TFII positive autoregulation in K562 erythroid cells 

 

According to the ChIP-seq and CUT&RUN data, COUP-TFII does not 

bind to the DR1 in the minimal promoter discussed above. Instead, it 

binds to the -52 kb COUP-TFII enhancer element (Fig. 2.11) and 
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CRISPR/Cas9-mediated targeting of the COUP-TFII motif within this 

element  reduces the COUP-TFII expression level by 40% (Fig. 2.15B). 

These results point to a possible positive autoregulation of COUP-TFII 

expression in erythroid cells through this element. Moreover, the 

exogenous COUP-TFII overexpression in K562 cells leads to increased 

mRNA levels of endogenous COUP-TFII, supporting the concept of a 

positive feedback loop (Fig. 2.16A). Of note, the overexpression of 

COUP-TFII in HUDEP-2 cells, which do not express endogenous COUP-

TFII, did not result in the gene reactivation (Fig. 2.16B). However, the 

H3K27ac and ATAC-seq profiles in HUDEP-2 cells from the ENCODE 

data confirmed that COUP-TFII locus is not transcriptionally active in 

these cells. Therefore, COUP-TFII can increase its own expression only 

in fetal-like erythroid cells in which the COUP-TFII site is already open, 

but not in the adult erythroid environment when the locus is not 

accessible.  

Overall, these data suggest an autoregulatory mechanism of COUP-

TFII in which COUP-TFII can either activate or repress its own gene 

expression in a cell-dependent manner. 
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5.2.3. Identification of the human-specific COUP-TFII 

enhancer element in erythroid cells 

 

To identify potential enhancer elements of COUP-TFII in erythroid 

cells, I analyzed the evolutionary conservation, epigenetic marks  and 

transcription factor binding sites (TFBSs) within the predicted 

enhancers that interact with the COUP-TFII promoter according to the 

GeneHancer database (Fishilevich, 2017) (Fig. 2.6, 2.7, 2.8). Four 

regions located between 61 and 40 kb upstream of the COUP-TFII TSS 

(Table 2.4) were further analyzed by luciferase reporter assays in K562 

erythroid and HepG2 hepatic cell lines, both expressing COUP-TFII. 

Since two of the selected regions (-61 and –57 kb) had been previously 

studied by Baroukh and colleagues (2005) in HepG2 cells, I used HepG2 

cells as a control. Surprisingly, the -61 kb region identified as hepatic 

COUP-TFII enhancer (Baroukh, 2005), in our experiments did not show 

any activating activity in HepG2 cells, and in K562 cells it decreased the 

COUP-TFII promoter activity. The -57 kb,  region previously reported 

as an inactive element, instead increases the reporter gene expression 

by 3-fold in HepG2 cells (Fig. 2.10). It is possible that the discrepancies 

in  the evaluation of the regulatory potential of the -61 and -57 kb 

regions are due to the fact that in the study of Baroukh’s group, these 

regions  were cloned upstream to the SV40 promoter, and not to the 

COUP-TFII promoter, as we did. The -40 kb element in HepG2 cells did 

not affect the COUP-TFII promoter activity significantly, while in K562 

it showed mild decrease. Finally, the -52 kb element increased the 
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reporter gene expression significantly (5-fold), in both cellular models 

(Fig. 2.10).  

The -52 kb region has both H3K27ac mark and open chromatin feature 

in K562, but not in HepG2 cells (Fig. 2.8). This suggests that the -52 kb 

region can be indeed an erythroid-specific enhancer of COUP-TFII. 

Interestingly, the nucleotide sequence of this region is not 

evolutionary conserved, and thus the enhancer activity of the -52 kb 

region is also human-specific.  

 

5.2.4. The -52 kb COUP-TFII enhancer element is bound by 

key erythroid transcription factors 

 

We demonstrated (see above) that COUP-TFII itself binds within the -

52 kb region (Fig. 2.11). To obtain more information about the 

transcription factors regulating the identified COUP-TFII enhancer 

activity, I analyzed the transcription factors reported  by ENCODE ChIP-

seq data to bind within the -52 kb region in K562 erythroid cells (Table 

2.5). Among them, there are some key erythroid regulators: STAT5 

(Grebien, 2008; Tothova, 2021), TAL1 (Kassouf, 2010) and NFE2 

(Andrews, 1994; Mutschler, 2009) (Fig. 2.11). In addition, ChIP-seq 

profiles of binding of GATA1, the “master” erythroid transcription 

factor (Shimizu, 2008; Romano, 2020) published in other datasets, 

confirm a peak of binding within this region, even though GATA1 was 
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not present in the obtained list (Table 2.5). What is more, it is known 

that GATA1/TAL1 complex is strongly associated with the activation of 

erythroid gene expression (Wu, 2014; Han, 2016). Indeed, the -52 kb 

enhancer element contains the motif consisting of a TG 7 or 8 bp 

upstream of a WGATAA, that was described by Han and colleagues 

(2016) to be bound by GATA1/TAL1 complex. In addition, GATA2, an 

essential regulator of early steps in erythroid differentiation (Tsai and 

Orkin, 1997), emerged in the list of TF binding the -52 kb element. The 

two factors belong to the same family, recognize the same core motif 

and it is known that GATA2 binding is often replaced by GATA1 on the 

same genomic sites during the erythroid differentiation process 

(Romano, 2020). The progressive deletion analysis of the -52 kb COUP-

TFII enhancer element in luciferase assays allowed to evaluate the 

contribution  of the identified consensus motifs  to the enhancer 

activity of this region. In  particular,  the removal of the STAT motifs 

significantly reduced the activity of the luciferase reporter (Fig. 2.12B).  

Finally, the CRISPR/Cas9-mediated deletion of the -52kb enhancer 

element in K562-Cas9 cells, confirmed the importance of the identified 

region in the regulation of the COUP-TFII expression level. The level of 

COUP-TFII mRNA was reduced by 80% in cells carrying the deletion of 

the non-repetitive core sequence of the -52kb element (Fig. 2.15B). 

When only the COUP-TFII binding site within this region was disrupted, 

the COUP-TFII mRNA level is reduced by 40% (Fig. 2.15B). 
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5.3. Role of COUP-TFII in the regulation of 

the β-locus 

 

In K562 cells, a fetal-like erythroid cellular model, COUP-TFII induces 

γ-globin expression by direct binding to the locus control region (LCR) 

of the β-locus, possibly by favoring the interaction of the LCR with HBG 

genes, encoding γ-globin (Fugazza, 2021). To better characterize the 

COUP-TFII binding to the β-locus, I used two human umbilical cord-

derived erythroid progenitor (HUDEP) cell lines: the fetal-like HUDEP-

1 and the adult-like HUDEP-2 cells. Although both cell lines do not 

express COUP-TFII, HUDEP-1 cells express fetal globin genes, whereas 

HUDEP-2 cells express adult globin genes. The exogenous expression 

of COUP-TFII in both HUDEP-1 and HUDEP-2 cells, as expected, 

reactivated HBG gene transcription (Fig. 4.2). Therefore, CUT&RUN 

experiment was performed in these two cellular models 

overexpressing COUP-TFII to map regions bound by COUP-TFII within 

the β-locus. In these cells, COUP-TFII binds to the same hypersensitive 

sites (HS2, HS3 and HS4) as in K562 cells (Fig. 4.3), with the strongest 

peak observed at HS3. Indeed, HS3 element was previously reported 

to be involved in the β-locus regulation of embryo/fetal globins 

(Navas, 1998). What is more, COUP-TFII sites overlap within those 

bound by BCL11A (Liu, 2018) (Fig. 4.4). COUP-TFII is an embryo/fetal 

erythroid transcription factor, whereas BCL11A is an adult regulator of 

β-locus. Thus, by binding to the same consensus sequence, they could 
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functionally contribute to the differential regulation of embryo/fetal 

vs. adult goblins.  

 

5.4. MYB transcription factor, a γ-globin 

repressor, is a candidate direct target of 

COUP-TFII 

 

MYB is an adult erythroid transcription factor and a known repressor 

of γ-globin. Increased levels of MYB in K562 erythroleukemic cells 

reduce the expression of γ-globin (Jiang, 2006), whereas the inhibition 

of MYB in different cellular and mouse models results in increased 

fetal hemoglobin (HbF) (Sankaran, 2011; Gu, 2022). 

The ChIP-seq experiment performed in this study in K562 cells 

demonstrated the binding of COUP-TFII to the HBS1L-MYB intergenic 

region, a quantitative trait locus (QTL) controlling HbF level (Thein, 

2007) (Fig. 4.6). What is more, one of the regions bound by COUP-TFII 

was identified by Stadhouders (2014) as an enhancer element of MYB 

gene. The RT-qPCR analysis revealed that in short-term K562 cells 

overexpressing COUP-TFII, the level of MYB mRNA is reduced, whereas  

its  long-term overexpression (25 days post transduction), leads to a 

MYB level increase (Fig. 4.7). On the other hand, COUP-TFII knockout 

in K562 cells did not cause any variations in MYB protein expression 
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(Fig. 4.7). The discrepancy between short-term and long-term effect of 

elevated levels of COUP-TFII on MYB could be explained by some 

indirect downstream effects of COUP-TFII overexpression that are 

established over time. 

To check if COUP-TFII can control the expression of MYB by the HBS1L-

MYB intergenic region, I evaluated the regulatory potential of the P1 

and P4 elements within this region depends on the COUP-TFII level by 

luciferase assay in K562 cells expressing different COUP-TFII levels. 

Both regions increased the expression of the reporter gene, confirming 

their relevance for MYB expression. However, their activity does not 

depend on the presence or absence of COUP-TFII (Fig. 4.9). These data 

are confirmed by co-transfection experiments of  P1 and P4 reporter 

vectors together with a vector expressing COUP-TFII (Fig. 4.10). 

 

5.5. ApoE is a candidate direct COUP-TFII  

target relevant for erythroid cells 

metabolism 

 

COUP-TFII overexpression in adult cells does not significantly change 

the  proliferation/differentiation profile (Fugazza, 2021), suggesting 

that its major effect in these cells is the activation of fetal γ-globin 

gene. 
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However, nothing is known about additional direct COUP-TFII targets 

that could be relevant in embryo/fetal cells during early development. 

Although COUP-TFII overexpression or knockout in K562 erythroid 

cells did not result in any dramatic alterations of cell 

proliferation/differentiation balance, it is possible that depletions of 

candidate targets have a stronger impact on erythroid program than 

only upon COUP-TFII level modulation. To get insight on this point,  I 

performed the integrative analysis of RNA-seq and ChIP-seq in K562 

erythroid cells with different levels of COUP-TFII. 66 genes were 

identified as candidate direct target genes of COUP-TFII of which 33 

were upregulated and 33 downregulated by COUP-TFII (Fig. 4.12B, 

table 4.6). After further validations, 12 genes were selected for 

CRISPR/Cas9 screening experiment in K562-Cas9 cells. None of these 

genes has a well characterized role in erythroid cells. Hence, I sought 

to explore effects of targeting them with sgRNAs on K562 erythroid 

cell proliferation and differentiation.  

Among 12 genes that were sgRNA targeted in K562-Cas9, APOE, 

BAMBI, ENC1, GALM and PLA2G6 showed consistent effect on cell 

proliferation and/or erythroid differentiation marker levels (Fig. 4.14, 

4.15). APOE and PLA2G6, identified as downregulated direct targets of 

COUP-TFII, are involved in lipid metabolism (Marais, 2019; Turk, 2019), 

GALM functions in galactose metabolism (Timson and Reece, 2003), 

and BAMBI and ENC1, both upregulated by COUP-TFII are involved in 

cellular developmental processes (Higashihori, 2008; Hernandez, 

1997). APOE, GALM and PLA2G6 are expressed both in K562 and in 
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adult  HUDEP-2 erythroid cells. RT-qPCR analysis of expression levels 

of these 3 genes in HUDEP-2 cells overexpressing COUP-TFII showed 

that APOE, GALM and PLA2G6 can be also regulated by COUP-TFII in 

adult erythroid progenitor cells (Fig. 4.16). The effect of COUP-TFII on 

APOE and GALM gene expression in adult-like HUDEP-2 cells was the 

same as in fetal-like K562 cells, whereas PLA2G6, downregulated in 

K562 cells is upregulated by COUP-TFII in HUDEP-2 cells.  

What is more, PLA2G6 and APOE affect cell phenotype in the opposite 

manner as COUP-TFII – as expected since they are both downregulated 

targets of COUP-TFII (Fig. 4.14, Fig. 4.15).  

BAMBI (BMP And Activin Membrane-Bound Inhibitor Homolog) is a 

pseudoreceptor that negatively regulates TGFβ signaling by 

preventing the activation of the TGFβ receptor (Onichtchouk, 1999). 

TGFβ inhibits proliferation of erythroid progenitors and accelerates 

their differentiation (Zermati, 2000). Indeed, a role of BAMBI in cell 

proliferation was suggested by numerous observations: in tumors, 

elevated levels of BAMBI correlate with tumor growth and metastasis 

(Sekiya, 2004; Togo, 2008; Fritzmann, 2009). Interestingly, BAMBI 

mRNA expression is reduced upon COUP-TFII shRNA targeting in 

breast cancer cells (Erdős and Bálint, 2020).  

PLA2G6 gene encodes a calcium-independent group VI phospholipase 

A2 (iPLA2β), an ubiquitously expressed enzyme that catalyzed the 

release of fatty acids from phospholipids. iPLA2β regulates cell 

membrane permeability and mitochondrial integrity (Kinghorn, 2015). 

Mutations of PLA2G6 have been associated with neurodegenerative 
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disease with iron dyshomeostasis (Morgan, 2006; Schaeffer, 2008; 

Paisan-Ruiz, 2012). Knockout of PLA2G6 was shown to cause 

accelerated lipid peroxidation, mitochondrial membrane 

abnormalities and an increase in reactive oxygen species (ROS) level 

(Kinghorn, 2015). PLA2G6 was never described to have a particular 

role within erythroid lineage. In PLA2G6 KO K562 cells, we did not 

observe changes in the proliferation rate (Fig. 4.14). In contrast, the 

expression of GpA, a late erythroid marker, was clearly upregulated in 

these cells (Fig. 4.15). The percentage of PLA2G6 KO cells remains 

stable in the competition assay, with no  loss in CD71 marker and 

increase in GpA, suggesting that the PLA2G6 KO promotes partial 

erythroid differentiation. Interestingly, the upregulation of iPLA2β was 

linked to higher levels of TNFα, a cytokine that was shown to suppress 

GpA+ population of cells (Xiao, 2002). Therefore, a possible 

explanation of the GpA upregulation in PLA2G6 KO cells, is that 

PLA2G6 depletion led to a decrease in TNFα level, and, in 

consequence, an increase in GpA level. 

Apolipoprotein E (ApoE) is a secreted glycoprotein with a wide range 

of roles, in particular in lipid metabolism and in the pathogenesis of 

Alzheimer’s disease. The APOE gene has three polymorphic alleles (ε2, 

ε3, and ε4) and encoded ApoE isoforms show different affinity for 

lipoproteins particles and low-density lipoprotein receptor (Giau, 

2015; Husain, 2021).   

The regulation of APOE gene expression is highly complex and tissue-

specific (Kockx, 2018). It involves proximal and distal regulatory 
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elements, various transcription factors and epigenetics. Within the 

extended ApoE locus (TOMM40-APOE-APOC2), the genes are 

interspersed with the regulatory regions: homologous pair of hepatic 

control region (HCR.1 and HCR.2) (Simonet, 1993; Shachter, 1993; 

Allan, 1995; Allan, 1997), the copies of multienhancer (ME.1 and ME.2) 

(Shih, 2000; Tse, 2001) and the brain control region (BCR) (Zheng, 

2004). ME.1 and ME.2 drive Apoe expression in astrocytes, 

macrophages and adipocytes, while they remain inactive in 

hepatocytes. Evolutionary duplicates HCR.1 and HCR.2 are active in 

both hepatic and non-hepatic tissues.  

Among transcriptions factors that were shown to regulate APOE gene 

expression by binding to ME.1/ME.2 are LXR/RXR and STAT1 (Liang, 

2004, Trusca, 2011; Trusca, 2012). Recently, C/EBPβ was identified as 

a key regulator of ApoE expression in brain, enhancing APOE gene 

expression by binding to the ApoE promoter (Xia, 2021). In hepatic 

cells, ApoE level is regulated by TR4 and PPARγ (Kim, 2003; 

Subramanian, 2017).  

Our experiments showed that COUP-TFII negatively regulates ApoE 

level in fetal-like K562 and adult-like HUDEP-2 erythroid cells (Fig. 

4.16). COUP-TFII binds to HCR.2  element and to promoter regions of 

TOMM40 and APOC1 genes when overexpressed in K562 cells (Fig. 

4.17). All of three regions bound by COUP-TFII are acetylated and show 

chromatin accessibility signature in K562 cells. HCR.2 and TOMM40 

promoter region were shown to regulate APOE gene. The methylation 

of TOMM40 promoter has been reported to influence ApoE mRNA 
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level (Shao, 2018). COUP-TFII binds also to APOC1 promoter. 

Interestingly, APOC1 was indicated in the list of candidate direct target 

genes from RNA-seq and ChIP-seq integrative analyses as 

downregulated by COUP-TFII (Table 4.6). However, it was not selected 

to be further analyzed as RT-qPCR analysis did not show significant 

decrease in ApoC1 mRNA level upon COUP-TFII overexpression in K562 

cells. 

The ApoE-/- mouse model was established over 30 years ago, followed 

by a mouse knockin model with human ApoE and up to now both are 

a widely used (Zhang, 1992; Jawien, 2012; Pendse, 2009). While the 

aspects of ApoE function and its transcriptional regulation were mainly 

studied in hepatocytes, macrophages and neural cells, there is also 

quite some evidence that ApoE is important in erythroid cells.  

ApoE has a role in modulating reactive oxygen species (ROS) 

production, cellular damage and alteration of proteins’ production and 

folding (Ramassamy, 1999). High concentration of oxygen and 

hemoglobin make erythrocytes particularly sensitive to oxidative 

damage.  Indeed, it was observed that Aβ levels  and oxidative stress 

was increased in erythrocytes from ApoE E4 carriers (Piccarducci, 

2019). Particularly, enhanced oxidative damage has been linked to 

elevated lipid (membrane phospholipid) peroxidation, resulting in 

altered composition of the cellular membrane, and thus its properties 

(Miyazawa, 1996; Ramassamy, 1999). In line with this, decreased 

levels of erythrocyte membrane fluidity have been observed in 

subjects carrying the ApoE ε4 (Piccarducci, 2019). This is consistent 
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with a study in which erythrocyte membrane fluidity decreased in 

response to a drop in phospholipid content (Saha, 2012; Ortiz, 2013). 

Holm and colleagues (2002) showed that autophagocytosis and 

phagolysosome expulsion are essential steps in erythroid maturation, 

and that these steps are inhibited by altered plasma lipoprotein 

metabolism and elevated cellular cholesterol levels, leading to 

maturation disruption of red blood cells (RBCs). Interestingly, ApoE 

level was upregulated during the differentiation of K562 cells by ara-C 

or hydroxyurea, indicating the important role of ApoE in terminal 

maturation process of RBCs (Crespo, 1993).  

In our study, ApoE knockout led to a decrease in cell proliferation of 

K562 erythroid cells. It is possible that oxidative stress has different 

impact on progenitor and K562 cells, since erythroid cells are more 

sensitive to oxidative damage due to high concentration of oxygen and 

hemoglobin, as mentioned before. Negative regulation of K562 cell 

proliferation by oxidative stress was already reported by Kulkarni and 

colleagues (2009). Figure 5.1 shows a hypothetical model of 

downstream effects of APOE gene negative regulation by COUP-TFII in 

erythroid cells. 
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The knowledge on the ApoE role in controlling erythroid metabolism, 

suggests its relevant role in ROS response and in membrane fluidity. 

To what extent ApoE is a relevant target in erythroid cells of yolk sac 

origin in which COUP-TFII is physiologically expressed during 

development, remains to be elucidated. 

 

Figure 5.1. Hypothetical model of APOE gene expression 

regulation by COUP-TFII and its downstream effects. 
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5.6. Final remarks and future perspective 

 

In conclusion, the transcription factor COUP-TFII acts as a γ-globin 

activator in both fetal and adult cellular environments. Since the re-

activation of γ-globin expression is a therapeutic target in the 

treatment of β-hemoglobinopathies, the induction of COUP-TFII in 

adult erythroid progenitor cells is a potential approach to activate fetal 

γ-globin. Consequently, the re-activation of γ-globin expression by 

COUP-TFII would compensate for defective β-globin production in 

patients with β-hemoglobinopathies. In this study, I identified the 

enhancer element that most likely regulates the expression of COUP-

TFII in erythroid cells. This finding opens up new possibilities for the 

modulation of COUP-TFII gene expression. Further characterization of 

the mechanism by which this element controls COUP-TFII levels would 

be crucial in order to design strategies for the COUP-TFII re-activation 

in adult erythroid cells.  

Moreover, I described possible COUP-TFII direct target genes of 

functional relevance in erythroid cells. This knowledge and further 

characterization of COUP-TFII erythroid networks are important to 

elucidate the molecular mechanism of globin genes’ control and in 

light of the potential of COUP-TFII as a target for treating β-

hemoglobinopathies. 
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