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ABSTRACT

he human fetal y-globin gene is repressed in adulthood through

complex regulatory mechanisms involving transcription factors

and epigenetic modifiers. Reversing y-globin repression, or main-
taining its expression by manipulating regulatory mechanisms, has
become a major clinical goal in the treatment of f-hemoglobinopathies.
Here we identify the orphan nuclear receptor Coup-TFII (NR2F2/ARP-
1) as an embryonic/fetal stage activator of y-globin expression. We show
that Coup-TFII is expressed in early erythropoiesis of yolk sac origin,
together with embryonic/fetal globins. When overexpressed in adult
cells (including peripheral blood cells from human healthy donors and
B°39 thalassemic patients) Coup-TFII activates the embryonic/fetal glo-
bin genes, overcoming the repression imposed by the adult erythroid
environment. Conversely, the knockout of Coup-TFII increases the
B/y+P globin ratio. Molecular analysis indicates that Coup-TFII binds in
vivo to the B-locus and contributes to its three-dimensional conforma-
tion. Overall, our data identify Coup-TFII as a specific activator of the y-
globin gene.

Introduction

In mammals, the developmental regulation of erythropoiesis ensures the pro-
duction of the different types of hemoglobin, from embryonic to fetal and adult,
required at the different developmental stages. In humans, the switch from y- to -
globin expression, resulting in the change from fetal hemoglobin (HbF) to adult
hemoglobin (HbA) production, is the subject of intense investigation. In fact, the
maintenance of expression of the fetal y-globin gene in the adult can compensate
for defects in B-globin synthesis causing f-hemoglobinopathies, the most common
monogenic inherited human diseases."” This evidence has focused the research on
discovering y-globin repressors in adult cells, several of which have been identified
to-date, the best example being the transcriptional repressor Bcllla-XL.° By con-
trast, less is known about possible specific activators of embryonic/fetal genes in
early developmental stages.

Early murine erythropoiesis is sustained by two waves of cells of yolk sac origin.
The first wave generates “primitive” red blood cells (EryP), which synthesize
embryonic €Y and BH1-globins; the second wave produces erythro-myeloid pro-
genitors (EMP), which colonize the fetal liver and differentiate into erythroid and
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myeloid cells. EMP-derived erythroid progenitors later on
will generate the first “definitive” erythroid cells, which
synthesize mainly adult p™¥ and p™ globins and little
BH1, prior to the emergence of the “adult” aorta-gonad-
mesonephros-derived hematopoietic stem cells.”® In mice
transgenic for the human B-locus, EryP synthesize ¢- and
y-globin chains, whereas the EMP erythroid progeny
mainly expresses y- and some B-globin; hematopoietic
stem cell-derived definitive cells express human p- and
very little, if any, y-globin.’

In this work, we focused on the chicken ovalbumin
upstream promoter-transcription factor II (Coup-TFII or
NR2F2/ARP1). Coup-TFII is an orphan nuclear receptor
essential for many biological processes, as demonstrated
by early embryonic death of Coup-TFII knockout mice.’
Conditional knockout models further demonstrated the
requirement of COUP-TFII in different developmental
programs, such as angiogenesis, organogenesis, cell fate
determination and metabolic homeostasis."” Within the
erythroid lineage, Coup-TFII is expressed in the early
embryo and its levels decline around embryonic day
E12.5 "»

Coup-THI was originally identified as part of the NF-E3
complex, proposed to act as a repressor of e- and y-globin
genes on the basis of in vitro DNA binding studies." "
Subsequently, transfection experiments showed that the
binding of Coup-TFII to both &- and y-globin promoters
interferes with that of NF-Y and possibly of other tran-
scription factors and/or cofactors,”™ resulting in either
cooperation or competition."

Here we show that Coup-TFII is co-expressed with
embryonic globins in cells of yolk sac origin. Significantly,
Coup-THI overexpression induces y-globin (and pH1) in
different adult erythroid cellular systems. At the molecu-
lar level, overexpression or knockout of Coup-TFII in f3-
K562 cells” (to our knowledge the only erythroid model
system expressing Coup-TFII), alters the y/f expression
ratio and the frequencies of the interactions within the f-
locus in opposite directions, further demonstrating that
Coup-THII favors the expression of embryonic/fetal glo-
bins.

Methods

Cell cultures

B-K562 cells were cultured in RPMI with 10% fetal bovine
serum.” Ex vivo cultures of mouse E13.5 fetal liver were estab-
lished from human p-locus transgenic mice (a gift from Prof. Frank
Grosveld). After expansion of erythroblasts, cells were infected,
with a multiplicity of infection of 100, and analyzed 72 h after
transduction.” Human burst-forming unit erythroid cultures
from peripheral blood were obtained essentially as described by
Migliaccio et al.,” by using a two-phase protocol (details in the
Online Supplementary Methods). Cells were monitored by flow
cytometry for the expression of CD71, Ter119/CD235a, CD117
and ANGFR. Experiments on mouse and human samples were
approved by the Italian Ministry of Health.

Coup-TFII overexpression

Coup-TFHI murine cDNA (a gift from Dr. Micheéle Studer) was
cloned into a bicistronic IRES-eGFP or IRES-ANGFR CSI vector
(a gift from Prof. Tariq Enver) (Online Supplementary Figure S1).
Exogenous expression was monitored by quantitative real-time
polymerase chain reaction (RTqPCR) analysis and/or western

blotting and flow cytometry (Figure 3 and Online Supplementary
Figures S2, 3 and 5).

Coup-TFIl CRISPR/Cas9 knockout

The 39900 single guide RNA from the GeCKOv2 library
(https://www.addgene.org/crispr/libraries/geckov2) was cloned into the
LentiCrisprV2 plasmid (Addgene #52961), as described in the
Online Supplementary Methods. After selection, single knockout
(KO) cells were isolated to obtain single clones.

Lentiviral production and transduction experiments
HEK-293T cells were transfected with the Coup-TFII or empty
vector plus the packaging plasmids psPAX2 and pMD-VSVG
(www.lentiweb.com). Seventy-two hours after transfection, recom-
binant particles were collected, concentrated and resuspended in

phosphate-buffered saline.

RNA isolation and polymerase chain reaction
The procedures used for RNA isolation and RTqPCR are
detailed in the Omnline Supplementary Methods.

Western blotting

Protein extracts were prepared according to standard protocols™
and subjected to sodium dodecylsulfate polyacrylamide gel elec-
trophoresis and blotting.

Immunofiuorescence

Cells were fixed in 4% paraformaldehyde, washed, permeabi-
lized and incubated overnight with the appropriate antibodies.
DAPI was added 20 min before the final wash in phosphate-
buffered saline. Cells were analyzed using an ArrayScan VIT high-
content screening reader (Thermo-Fisher), as described by Durlak
et al.,”* or by flow cytometry.

Chromatin immunoprecipitation, sequencing and analysis

B-K562 overexpressing Coup-TFII were fixed with 1%
formaldehyde for 10 min at room temperature. Chromatin was
sonicated to a size of about 500 bp. DNA immunoprecipitation
was obtained by incubation with the appropriate antibodies and
subsequent isolation with protein A-agarose beads. DNA was
sequenced on an Illumina platform. The sequencing data were
uploaded to the Galaxy web platform.” Reads were mapped to
the human genome (GRCh37/hg19) using the Burrows-Wheeler
aligner® and peaks were detected using the HOMER tool
package.” Peaks in different experiments were called as the same
if the minimal overlap of intervals was 1 bp. To identify peaks
bound in one experiment but not in another, intervals should not
overlap.”” Motif discovery was conducted using Multiple
Expression motifs for Motif Elicitation (MEME)” with default
parameters.

Chromosome conformation capture
Chromosome conformation capture (3C) experiments
described in detail in the Online Supplementary Methods.

82 gre

Flow cytometry

Transduced cells were washed in phosphate-buffered saline,
fixed in 4% paraformaldehyde, stained with appropriate antibod-
ies, acquired on FACSCalibur (Becton-Dickinson) or a CytoflexS
(Beckman-Coulter) and analyzed with Summit V4.3 software or
CytExpert, respectively.

Primers, antibodies and reagents
The primers, antibodies and reagents used in this study are list-
ed in Online Supplementary Tables S1 and S2.
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Figure 1. Expression profile of Coup-TFIl during the early fetal liver globin switching developmental window. (A) Representative western blot to assay the protein lev-

els of Coup-TFIl in nuclear extracts from E11.5, E12.5 and E13.5 mouse fetal livers.

B-actin was used as a loading control. (B) Quantitative real-time polymerase reac-

tion expression analysis relative to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (n>4, error bars: standard error of mean; *P<0.05; **P<0.01; ***P<0.001).

(C) Flow cytometry (FC) analysis defining Coup-TFll in erythro-myeloid progenitors (C

D41'/CD117°/CD16/14") and “primitive” red blood cells (EryP: ey*y*) in fetal liver

cells from human f-globin locus transgenic mouse embryos at E11.5. (D) FC analysis identifying Coup-TFIl in EryP (ey*y*) in blood at E11.5. FSC: forward scatter; EMP:

erythro-myeloid progenitors.

Statistical analysis
Data are expressed as the mean=+standard error of mean of =3

replicates and were analyzed using a paired two-tailed Student t-
test (GraphPad Prism).

Results

Coup-TFIl expression declines during the time
of hemoglobin switching

To gain insight into the role of Coup-TFII in the process
of hemoglobin switching, we first analyzed its expression
in mouse fetal liver at E11.5-E13.5, i.e, in the timeframe
during which globin switching takes place. Coup-TFII is
expressed at E11.5 and both its protein and RNA levels
decline sharply (Figure 1A, B) at E12.5-E183.5; its expression
profile follows that of the decline of embryonic mouse
Hbb-bh1/Hbb-y globins and the parallel accumulation of
adult Hbb-b1/2 globins (Figure 1B). This trend is consistent
with a potential role of Coup-TFII as an activator of
embryonic globins, which is the subject of this work.

In order to investigate the role(s) of Coup-TFII in embry-
onic/fetal to adult hemoglobin switching in greater detail,
we took advantage of a mouse model that is transgenic for
the entire human HBB locus,” in which the human y to
switch occurs in parallel to the embryonic/adult switch of
the murine genes.

In E11.5 fetal liver, erythropoiesis is sustained by EryP
cells derived from the yolk sac which express murine
embryonic €Y and fH1 globins and human transgenic e-
and y-globins,” and by EMP that will generate the first
definitive red blood cells expressing adult p-globins.”®

The overall percentage of Coup-TFII" cells in the E11.5
fetal liver is about 2% (Figure 1C). Only approximately
0.63% of EryP cells (i.e., ey'y") cells express Coup-TFII,
whereas approximately 12.2% of the rare (0.06%) EMP
population, identified as CD41/CD117+/CD16/32* cells,
express it (Figure 1C). In blood, about 97.7% of cells are
ey™y’, but only a small percentage of them (1.79%) also
express Coup-TFII (Figure 1D). This suggests asynchrony
between Coup-TFII expression and hemoglobin synthesis,
Coup-TFHII being predominantly expressed at early stages
and then declining during maturation and hemoglobiniza-
tion. Accordingly, the few ey"y" Coup-THI" cells found in
the fetal liver could possibly represent EryP progenitors
undergoing maturation.

Coup-TFIl overexpression activates embryonic/fetal glo-
bin genes in adult cells

To test whether Coup-TFII activates embryonic/fetal
globin genes, we first reintroduced Coup-TFII into fetal
liver cells isolated from mouse embryos transgenic for the
human B-locus at E138.5, when Coup-TFII expression is
already greatly reduced (Figure 1). We transduced the
expanded proerythroblasts from E13.5 fetal liver with viral
particles carrying either the Coup-TFII-ANGFR overex-
pressing vector, or the empty vector EV-ANGFR control
(Online Supplementary Figure S1). As shown in Figure 2A,
Coup-THII significantly increased human y-globin and
mouse BH1 expression, without affecting the expression of
mouse (Hbb-b1/2) and human (HBB) adult globins. This
resulted in a significantly increased y/(y+p) globin ratio. No
major changes were observed in a-like mouse globin genes
(Online Supplementary Figure S2).
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Figure 2. Coup-TFIl overexpression increases y- (and fhl)-globin expression. (A) Quantitative real-time polymerase reaction (RTQPCR) analysis of globin gene expres-
sion using cDNA from erythroblasts derived from E13.5 ex-vivo fetal liver erythroid cultures transduced with either empty vector (EV) or with the Coup-TFll-overex-
pressing lentiviral particles (Coup-TFll). Left panel: the relative fold-change on the control is shown (error bars: standard error of mean; *P<0.05, **P<0.01).
Expression levels on Gapdh are shown in Online Supplementary Figure S2. Middle panel: the same data are expressed as vy to f ratio (y+f3 =1). Right panel: RTqPCR
analysis for mouse globin genes. In all experiments >90% cells were transduced as assessed by flow cytometry (FC) analysis for ANGFR expression (Online
Supplementary Figure S2). (B) Coup-TFIl overexpression in both healthy and thalassemic $°39 ex-vivo peripheral blood cultures. The analysis was carried out as in
(A). In all experiments, cells were magnetically purified on the basis of ANGFR expression (>85% cells were isolated as assessed by FC analysis on ANGFR expression
(Online Supplementary Figure S3). Expression levels on Gapdh are shown in Online Supplementary Figure S3. (C) FC analysis on CD71 and CD235ab (GpA).

This result prompted us to overexpress Coup-TFII in
the context of human adult cells, in cultures from periph-
eral blood from healthy donors and from thalassemic
patients carrying the Sardinian $°39 mutation, which gen-
erates an in-frame stop codon resulting in f-globin mRNA
degradation by nonsense mediated decay.”** As shown in
Figure 2B, Coup-TFII overexpression in normal cells led
to a 7-fold increase in y-globin RNA expression, with no
significant change in B-globin expression. Similarly, a 3-
fold activation of y-globin was also seen in $°39 cells fol-
lowing COUP-TFHII overexpression. Of interest, in (39
thalassemic, but not in wild-type cultures, the increase in
y expression was accompanied by a decrease in the level
of the residual p RNA produced from the °39 mutation-
carrying alleles, which we tested as a control.
Overexpressing Coup-TFHI in these cells did not result in
statistically significant maturational changes (CD71/GpA
profiles in Figure 2C).

Generation of overexpressing and knockout [3-K562 cells

Together, the above data indicate that Coup-TFII is an
activator of y-globin. To better characterize the role of
Coup-TFHII at the molecular level, we took advantage of p-
K562 cells, a K562 subclone that, to our knowledge, is the
only erythroid cell model system that expresses Coup-
TFII together with e-, y- and pB-globins® (Online
Supplementary Figure S4). We used these cells to either
knockout by CRISPR/Cas9 (KO cells) or overexpress by
lentiviral transduction (OE cells) Coup-TFHII (Figure 3A). In
OE cells, we observed an increase in embryonic HBE and
HBG and a decrease in adult HBA and HBB (Figure 3B). By
contrast, in KO cells there was a general induction of all
globin genes transcription, resulting in increased hemoglo-
binization (Figure 3B and Online Supplementary Figure S6A).
In this context, -globin expression increased by an aver-
age of 45-fold, whereas the increases in a-, e- and y-glo-
bins was about 10 times lower (Figure 3B). This differen-
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the Coup-TFIl KO and OE. U2AF: protein loading control. The Coup-TFIl KO was also confirmed by quantitative real-time polymerase reaction RTqPCR (not shown). (B)
RTgPCR analysis of individual globin genes in a pool of six single clones at day 60 (KO) and on a pooled population of Coup-TFIl OE cells. As a control, a pool of two
clones infected with the EV were analyzed. Globin expression levels relative to GAPDH (n>3, error bars: standard error of mean; *P<0.05) are shown. Right panel: y-
to B-globin ratio (y+p=1).
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tial increase of P versus y levels resulted in an increase in
the B/(y+p) ratio from about 20% in cells transduced with
the empty vector (EV cells) to about 30% in KO cells; this
is in clear contrast to the decrease in the p/(y+f) ratio from
about 20% in EV cells to about 8% in OE cells (Figure 3B,
right panel). This result was confirmed at the protein level
(Online Supplementary Figure S6).

Identification of Coup-TFll in vivo binding sites by
chromatin immunoprecipitation sequencing analysis
To elucidate whether Coup-TFII binds directly to the f-
locus in vivo and to identify other high-confidence relevant
Coup-TFII genomic target regions in B-K562 cells, we
designed a stringent chromatin immunoprecipitation
(ChIP)-sequencing experiment. We selected Coup-TFII
peaks common to the OF and not transduced (NT) cells,
from which we subtracted the background peaks present

also in KO cells (Figure 4A). Almost 100% of the remain-
ing 1,783 immunoprecipitated regions mapped to an asso-
ciated gene and showed a peak distribution profile within
-500 and +500 kb relative to the transcription start site
(Online Supplementary Figure S7). Interestingly, Gene
Ontology analysis of mouse phenotypes of genes associ-
ated with Coup-TFII peaks clearly pointed to hematologic
diseases and in particular to erythroid diseases (shaded in
pink in Figure 4B). The MEME algorithm? for enriched
motifs discovery identified the canonical (GGTCA)
nuclear receptor DNA binding consensus and the GATA-
family (GATAA) consensus as the most represented
sequences centered under the Coup-TFI peaks (Figure 4C,
D). About 39% of sequences bound by Coup-TFII, also
contain the GATA consensus, suggesting that Coup-TFII
does indeed participate in the regulation of the erythroid-
specific genetic program.®
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Figure 5. Coup-TFIl binds in vivo to the human f-globin locus. (A) Schematic representation of the human p-globin locus. (B) Close-up of the HS2, HS3 and HS4 core
regions within the locus control region (LCR). (C) Validation of the chromatin immunoprecipitation-sequencing sites within the LCR. (D) Chromosome conformation
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genes are shown at the top of the Figure. The anchor regjon is shown in black; the positions and sizes of the analyzed interacting fragments are shaded in light gray.
(n=3; error bars: standard error of mean; *P<0.05; **P<0.01; ***P<0.001). OE: overexpressed; NT: not transduced; KO: knockout.
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Coup-TFIl binds in vivo within the human (3-globin
locus and contributes to its three-dimensional
conformation

The ChlIP-sequencing data show that Coup-TFII binds
in vivo within the B-locus, with the strongest peaks (pre-
sent in both NT and OE cells but absent in KO cells) map-
ping within the locus control region (LCR), at hypersensi-
tive sites HS2, HS3 and HS4 (Figure 5A, B). Scanning of the
core sequence of these elements using JASPAR software™
identified several potential Coup-TFIl consensus
sequences within these elements (Online Supplementary
Figure S8), which were confirmed by ChIP assays (Figure
5B, C). To determine whether the level of Coup-TFII could
influence the chromatin structure of the B-locus, we per-
formed a 3C assay on the OE, NT and KO B-K562 cell
lines described above. In this assay, the physical interac-
tion within two nearby loci is measured on the basis of
the relative crosslinking efficiency between a predefined
anchor region and given downstream positions.

In our experiment, in the absence of Coup-TFII the rel-
ative frequency of interactions of the y-gene with the LCR
is significantly lower (=4%) than that of  (=30%), point-
ing to an effect on the B-locus favoring B-globin expression
(in agreement with data in Figure 3B). By contrast, in the
presence of Coup-TFII (OFE and NT cells), the interaction
of p with the LCR is around 15%. Of note, in KO cells, the
absolute frequencies of interactions within the f-locus
with the LCR increases, possibly reflecting concomitant
overlapping differentiation effects.

Of interest, in OF cells, a significant interaction was
observed in the Ay-0 region which has been implicated in
hereditary persistence of fetal hemoglobin® (Figure 5D).
These results, together with ChIP-sequencing data identi-

fying Coup-TFII peaks in different regions within the f-
locus, suggest a potential broad role of Coup-TFII in the
differential regulation of globin genes and of the f-locus
structure.

Discussion

In recent years, several repressors of embryonic/fetal
globin genes have been identified in murine and human
adult erythroid cells.** These studies have not directly
addressed the regulation of these genes in earlier develop-
mental stages. In particular, there is no evidence so far of
stage-specific factors activating human and mouse embry-
onic/fetal globins prior to the switch to adult globin syn-
thesis. Here we show that Coup-TFII is expressed in cells
of yolk sac origin (Figure 1) and that its overexpression
selectively activates embyonic/fetal globins in a variety of
adult erythroid cells, including (°39-thal cells (Figure 2).
Coup-TFHII overexpression increases y-globin relative to f3-
globin expression and shows that Coup-TFII is not a
repressor of y-globin, as previously suggested by in vitro
DNA binding studies.”

This evidence helps to reconcile the previously unex-
plained observation that a mutation specifically abolishing
Coup-THII in vitro binding to the y promoter (-107-108)*
failed to generate the phenotype of hereditary persistence
of fetal hemoglobin in a mouse line transgenic for the
human B-locus. In the absence of Coup-TFII, the y- to 8-
globin ratio is decreased, pointing to a possible alternative
interaction between y- and B-globin genes with the LCR.*

To answer the question of whether Coup-TFII binds
directly to the p-locus in vivo, we carried out ChIP-

EMBRYO/FETAL CELLS

COACTIVATORS

COREPRESSORS

<

ADULT CELLS

Figure 6. Hypothetical model for the differential y-globin activation/silencing in embryonic vs. adult erythroid cells. In embryo/fetal cells, Coup-TFll is expressed and
recognizes the GGTCA consensus sequences within the locus control region (LCR) and possibly at other positions within the f-locus. The resulting -locus architecture
favors the expression of y-genes. In adult cells, the same positions are occupied by Bcl-11A. The switch between the two factors results in y-silencing. The overex-
pression of Coup-TFll is capable of reverting y-silencing in adult cells, suggesting that the erythroid cellular environment is similar in embryo/fetal and adult cell types,
possibly because of the presence of a large set of common factors/cofactors. Whether Coup-TFIl and Bcl-11A co-exist in some transient cellular stage during devel-
opment or are distinctly expressed in different cells, remains to be elucidated. Continuous-line arrows point to the strong binding sites within the LCR; dashed-line

arrows point to the other possible binding sites within the locus.
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sequencing and 3C experiments in B-K562 cells, which
offer the advantage of co-expression of Coup-TFII togeth-
er with e-, y- and p-globins, making it possible to evaluate
the effects of the modulation of Coup-TFII levels. We
demonstrated that Coup-TFII does indeed bind the
GGTCA binding sites present within the LCR and that its
KO favors LCR-B-globin interactions (Figure 5). The pres-
ence of Coup-TFII binding at different positions suggests
a possible widespread action of Coup-TFII in the tran-
scriptional regulation of the B-locus. The functional rele-
vance of these single binding sites will require their pre-
cise editing, with the caveat that the presence of overlap-
ping/adjacent binding sites, bound by different transcrip-
tion factors/cofactors (as in the case of the CCAAT box
region of y genes), could complicate the interpretation of
the results.

Of interest, the Coup-TFII consensus sequence
retrieved by MEME (GGTCA) in ChIP-sequencing almost
perfectly matches the one described for Bcllla-XL* and
for TR2/TR4, two known repressors of y-globin in adult
cells.”* As for Bcll1a-XL (for which direct binding to the
y promoter could only be seen using the very sensitive
CUT&RUN technique®), we could only detect very weak
peaks on the CCAAT box region of the y promoter,
although previous i vitro binding and dimethyl sulfate
interference experiments clearly mapped the Coup-TFII
binding sites to the double CCAAT box y-promoter
region.” The binding of Coup-TFII to the LCR (and pos-
sibly its interaction with the weaker sites on the double
CCAAT box region), suggests that it might concur to
establish/maintain the architecture of the B-locus in early
developmental stages, when preferential y activation is
required, as confirmed by the 3C experiment (Figure 5).
The same regions (y-promoter and LCR) bound by Coup-
TFII within the LCR, are occupied in adult cells by the y
repressors Bcllla-XL and/or TR2/TR4 that keep y-globin
expression switched off. Coup-TFII is expressed in an
early developmental stage, whereas expression of Bcll1a-
XL and TR2/TR4 is confined to adult cells. This would
suggest that repression of y-globin in the adult stage may
involve a switch between factors binding to the CCAAT
box within the y promoters and potentially within the
LCR, i.e., from Coup-TFII in erythroid cells of yolk sac
origin to Bcllla-XL and TR2/TR4 in adult erythroid cells.
The existence of specific developmental activators and
repressors could be made necessary by the presence in
both embryonic/fetal and adult cells of a common set of
activators/coactivators (such as Gatal and its coactiva-
tors) that create a “permissive environment” to which the
y promoter is responsive. This hypothesis would also
help to explain why Coup-TFII, when overexpressed in
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