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Thursday 5th May
14.00 – 17.00

REGISTRATION
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DINNER

Friday 6th May
07.00 – 08.20 BREAKFAST
8.25 – 8.35

Doug Higgs – opening

8.35 – 8.45

Iqbal Parker - IUBMB

The George Stamatoyannopoulos Lecture
Chair: Doug Engel
8.45 – 9.30

Dr Tom Maniatis
Hemoglobin switching and the emergence of the field of eukaryotic gene regulation

SESSION 1:

Hematopoiesis and Erythropoiesis
Chair: Elaine Dzierzak and Marjorie Brand

This session will include talks on the three developmental phases of hematopoiesis (primitive, EMP and definitive
hematopoiesis). In addition, we will include talks on the process of hematopoiesis as stem cells undergo lineage
specification, differentiation and maturation to form peripheral blood cells. Talks will particularly focus on the process of
erythropoiesis at each stage of development.

9.35 – 9.50

John Pimanda
Mesoderm-derived PDGFRA+ cells regulate the emergence of hematopoietic stem
cells in the dorsal aorta

9.53 – 10.08

Mihaela Crisan
PDGFRb+ cells play a dual role as hematopoietic precursors and niche cells during
mouse ontogeny

10.11 – 10.26 Adam Wilkinson
Ex vivo hematopoietic stem cell expansion technologies

10.30 – 11.00 COFFEE BREAK
11.00 – 11.15 Iwo Kucinski
Self-renewal and differentiation dynamics of native hematopoietic stem and
progenitor cells at single-cell resolution

11.18 – 11.33 Len Zon
m6A epitranscriptome mediated RNA stress granule assembly governs blood
development and regeneration

11.36 – 11.51 Marlies Rossmann
TIF1g regulates nucleotide and mitochondrial metabolism, and counteracts
ferroptosis to drive erythroid progenitor differentiation

11.54 – 12.10 BREAK
12.10 – 12.25 Merav Socolovsky
EpoR-induced spike in ribosome biogenesis and protein synthesis rates coincident
with activation of erythroid terminal differentiation

12.28 – 12.43 Jian Xu
A metabolic switch regulates normal and ineffective erythropoiesis

12.46 – 13.01 Saghi Ghaffari
Mitochondria in the regulation of terminal erythropoiesis

13.15 – 14.45 LUNCH
15.00 – 17.00 POSTER SESSION

SESSION 2:

Advances in our understanding of the regulation of globin gene
expression and of gene expression in general
Chair: Tom Maniatis and Marella de Bruijn

A key issue underlying hematopoiesis concerns the mechanisms by which 20,000 individual genes are switched on and
off to produce the specific blood cell phenotypes observed. Although some mechanisms underlying gene expression
are well understood, how genes are regulated in their normal 3D chromosomal context and how enhancers, promoters
and insulator elements combine to control gene expression are poorly understood. New ideas and approaches to these
issues will be presented in this session.

17.00 – 17.15 Ross Hardison
Systematic integration of epigenomic profiles in human and mouse blood cells
to predict activity and targets of regulatory elements

17.18 – 17.33 John Stamatoyannopoulos
Single molecule analysis of chromatin dynamics and DNA repair

17.36 – 17.51 James Davies
Defining genome architecture at base pair resolution at the globin loci

17.54 – 18.09 Joe Blayney
Comprehensive genetic dissection exposes additive, synergistic and redundant
cooperation within a single superenhancer

18.12 – 18.27 Danya Martell-Smart
RNA polymerase II pausing coordinates stage-selective cell cycle progression
and erythroid differentiation

18.45 – 20.15 DINNER

SESSION 2:

Advances in our understanding of the regulation of globin gene
expression and of gene expression in general (Contd.)

20.15 – 20.30 Mira Kassouf
A functional overlap between actively transcribed genes and chromatin boundary
elements

20.33 – 20.48 Suming Huang
The role of RNA-dependent CTCF chromatin boundary in normal and malignant
hematopoiesis

Saturday 7th May
07.00 – 08.15 BREAKFAST

SESSION 3:

The Erythroid Transcriptional and co-Factor Program
Chair: Gordon Ginder and Jim Bieker

Many of the key regulators of erythropoiesis and globin gene expression have been discovered, but the precise role
played by these transcription factors and co-factors in normal erythropoiesis remain to be worked out in detail. In
addition, the mechanisms underlying the abnormal erythropoiesis that occurs when these factors are mutated are often
poorly understood. Talks in this session will address the role of individual trans-acting factors in erythropoiesis.

8.30 – 8.45

Charlene Lam
Novel immediate direct targets of EPO signaling in human erythropoiesis

8.48 – 9.03

Kaustav Mukherjee
EKLF/Klf1 regulates erythroid transcription by its pioneering activity and
subsequent control of RNA Pol II pause-release

9.06 – 9.21

Jan Frayne
Human cellular model of CDA IV enables comprehensive analysis revealing
underlying dysregulated proteome and processes that elucidate the disease
phenotype

9.24 – 9.39

Emery Bresnick
An integrated transcriptional, metabolic and signaling mechanism in
erythroid Biology and Pathology

9.42 – 9.57

Mitch Weiss
Loss of miR-451 alleviates b-thalassemia by stimulating ULK1-mediated
autophagy of free a-globin

10.00 – 10.30 COFFEE BREAK
SESSION 4:

The Transcriptional and Epigenetic Pathways
Hemoglobin Switching
Chair: Jorg Bungert and John Stamatoyannopoulos

Influencing

A major aim of the Hemoglobin Switching Conference over the past 40 years has been to understand the developmental
switch from fetal to adult hemoglobin. A major trans-acting pathway controlling this switch has been elucidated over the
past decade and the key factors within this pathway have been characterised. Further analysis of these factors is
warranted and other factors affecting globin synthesis either by modifying this pathway or pointing to different
independent pathways that may affect gamma globin expression will be included and discussed.

10.33 – 10.48 Merlin Crossley
Elements across the globin locus work together to mediate fetal globin silencing

10.51 – 11.06 Vijay Sankaran
The genetic architecture of fetal hemoglobin regulation across global populations

11.09 – 11.24 Stuart Orkin
Control of Hemoglobin Switching through BCL11A

11.27 – 11.42 Stuti Mehta
PROTAC-mediated depletion of BCL11A protein identifies its very limited primary
targets and reveals that reactivation of HbF occurs independent of demethylation
of the g-globin gene promoter

11.45 – 12.00 BREAK
12.00 – 12.15 Gerd Blobel
HIC2 controls developmental hemoglobin switching by repressing BCL11A
transcription

12.18 – 12.33 Eugene Khandros
Dissecting the role of the BAF chromatin remodeling complex in globin gene
regulation

12.36 – 12.51 Nithya Gnanapragasam
Pumilio-1, a new player in human hemoglobin switching

12.54 – 13.09 Gregg Myers
The splicing factor MBNL1 participates in gamma globin silencing during
terminal erythroid differentiation

13.12 – 13.27 Ruopeng Feng

Activation of g-globin expression by hypoxia-inducible factor 1a

13.30 – 15.00 LUNCH
15.30 – 17.30 POSTER SESSION II
18.45 – 20.15

DINNER

SESSION 5:

Small Molecule Approaches to Modifying Hemoglobin Switching
Chair: Connie Noguchi and Jane Little

An important future aim of our field is to find simple ways to modify the pathways controlling gamma globin expression
to increase the expression of fetal hemoglobin in definitive cells. We now know this significantly ameliorates the major
haemoglobinopathies including beta thalassemia and sickle cell disease. One or two drugs are available which may
work directly or indirectly on gamma globin expression. In this session we will update on these reagents and discuss
new approaches to achieve this goal using effective small molecules particularly those which directly alter gamma globin
expression.

20.15 – 20.30 Thijs Verheul
A robust high-throughput screening system for discovery of HbF-inducing
compounds

20.33 – 20.48 Yogen Saunthararajah
Translating an HPFH-mechanism into oral small molecule therapy for bhemoglobinopaties: clinical proof-of-principle

21.01 – 21.16 Jennifer Cherone
Reversal of hemoglobin switching by cis-regulatory interference

Sunday 8th May
07.30 – 08.25

SESSION 6:

BREAKFAST

Genetic and Cellular Approaches for Improving the Management of
Haemoglobinopathies
Chair: James Davies and Mitch Weiss

To date, the only curative approach to curing the major hemoglobinopathies has been bone marrow transplantation.
Rare patients have also benefitted from the use of autologous transplantation following lentiviral transduction of stem
cells. Via our greatly improved understanding of the cis and trans-acting factors controlling gamma globin expression,
together with transformational developments in gene editing and base editing, new approaches to modifying autologous
stem cells are becoming feasible. Further developments in assuring the safety and efficient delivery of the editing agents
are anticipated. We will discuss these new approaches.

8.30 – 8.45

Giuliana Ferrari
Gene therapy for beta-thalassemia: from bench to clinic and back

8.48 – 9.03

Punam Malik
Improving homing and engraftment of genetically modified stem cells

9.06 – 9.21

Dan Bauer
Combined +58 and +55 BCL11A enhancer editing yields exceptional efficiency,
specificity and HbF induction in human and NHP preclinical models

9.24 – 9.39

Annarita Miccio
Base editing strategies for beta-hemoglobinopathies

9.42 – 9.57

Stefano Rivella
A mouse model of severe alpha-thalassemia with abnormal iron metabolism,
erythropoiesis and coagulation can be rescued by a novel gene therapy approach

10.00 – 10.30 COFFEE BREAK
10.30 – 10.45 Grace Benjamin Moshi
Gene therapy for sickle cell disease In Africa: Progress in Tanzania

10.48 – 11.03 John Manis
Flipping the Switch: post-transcriptional genetic silencing of BCL11A to treat sickle
cell disease

11.06 – 11.21 Tim Townes
Why transplant newborn sickle patients with corrected, autologous cord blood
stem cells?

11.24 – 11.39 Alyssa Cull
Clonal dynamics after gene therapy in sickle cell disease

SESSION 7: Roundtable Discussion on These issues including Companies
Chair: Stuart Orkin
The hemoglobinopathies represent a huge health burden with over 300,000 infants with thalassemia and sickle cell
disease born each year. To implement and deliver new approaches to the management of these diseases, basic
biologists are working in collaboration with many relevant companies to develop clinical grade protocols to translate our
fundamental insights into a cure for the haemoglobinopathies. We welcome a round table discussion of where we are
with current research and trials, and the hurdles we need to overcome working together in the future.

11.45 – 12.45
Intellia video
Company presentations : Ensoma – Pauline Rimméle
Fulcrum – Olga Mitelman
Global Blood Therapeutics – Xin Geng
Panelists : John Stamatoyannopoulos, Punam Malik
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SESSION 8:

Quickfire Session from the Abstracts and Posters
Chair: Len Zon

14.30 – 15.30
15.30 – 16.00 TEA BREAK
16.00 – 17.00

18.45

DINNER FOR THOSE NOT ATTENDING VINEYARD

Monday 9th May
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DEPARTURE

MANIATIS
Hemoglobin Switching and the Emergence of the Field of Eukaryotic Gene Regulation
Tom Maniatis

Columbia University, Zuckerman Institute, Department of Biochemistry and Molecular Biophysics, New York Genome
Center, New York, NY

In the mid-1970’s prokaryotic molecular genetics (bacterial and bacteriophage) dominated mechanism-based
studies of gene regulation. Bacterial conjugation enabled the detailed mapping and characterization of both
bacterial and prophage genes, the operon model of gene regulation was proposed by Jacob and Monod in
1970, and Ptashne and Gilbert isolated the phage l and lac repressor proteins, respectively. This made
possible the detailed characterization of the mechanisms of gene regulation in prokaryotes, which involved
the specific binding of transcriptional regulatory proteins to DNA recognition sequences (promoters).
At the same time exciting advances were being made in human genetics. In 1975 George Stamatoyannopoulos
described the persistent expression of g-globin in some individuals with b-thalassaemia or sickle cell anemia,
and that observation led to a strategy of treating these diseases by reactivating fetal hemoglobin production
in adults. However, virtually nothing was known about the mechanisms of gene regulation in eukaryotes at
that time. A step forward in establishing the means of studying globin gene regulation was provided by the
development of gene cloning methods between 1975 and 1980, taking advantage of the deep knowledge of
prokaryotic biology to develop cloning “vectors” (plasmids and phage), and the discovery and characterization
of enzymes necessary to manipulate DNA (kinases, ligases, restriction enzymes, etc.).
The human b and a globin gene clusters were the first human genes to be cloned, and this established the
feasibility of detailed studies of globin gene transcription and RNA splicing in vitro, in erythroid cells in culture,
and in mice. Thus, the study of globin gene regulation was deeply impactful on the wider field of eukaryotic
gene expression, and a dominant topic of the nearly 50 years of the hemoglobin switching conference. The
recent advances in the application of this understanding to gene therapy provides an excellent example of
how research at the most basic level (from bacterial genetics to human disease) can provide the tools and
concepts necessary to provide dramatic advances in the understanding and treatment of human diseases. I
dedicate this historical overview to the life work of George Stamatoyanopoulis who made fundamental
contributions at every stage of this process.

PIMANDA

Mesoderm-Derived PDGFRA+ Cells Regulate the Emergence of Hematopoietic Stem
Cells in the Dorsal Aorta
John Pimanda

Lowy Cancer Research Centre, UNSW, Sydney, Australia

Mouse hematopoietic stem cells (HSCs) first emerge at embryonic day 10.5 (E10.5) on the ventral surface of
the dorsal aorta, by endothelial-to-hematopoietic transition (EHT). We investigated whether cells with
mesenchymal stem cell-like activity, which provide an essential niche for long-term HSCs (LT-HSCs) in the bone
marrow, reside in the aorta- gonad-mesonephros (AGM) and contribute to the structural development of the
dorsal aorta and EHT. Using transgenic mice, we demonstrate a lineage hierarchy for AGM stromal cells and
traced the E10.5/E11.5 aortic endothelium and HSCs to mesoderm derived (Mesp1) PDGFRA+ stromal cells
(Mesp1der PSCs). Mesp1der PSCs dominate the sub-endothelial and ventral stroma in the E10.5–E11.5 AGM but
by E13.5 were replaced by neural crest (Wnt1) derived PDGFRA+ stromal cells (Wnt1der PSCs). Co-aggregating
non-hemogenic embryonic and adult endothelial cells with Mesp1der PSCs but not with Wnt1der PSCs resulted
in activation of a hematopoietic transcriptional program in endothelial cells accompanied by EHT and
generation of LT-HSCs. Dose-dependent inhibition of PDGFRA signalling or BMP, WNT, NOTCH signalling
interrupted this reprogramming event. This partnership between endothelial cells and AGM Mesp1der PSCs
could potentially be harnessed to manufacture LT-HSCs from endothelium.

CRISAN
PDGFRβ+ cells play a dual role as hematopoietic precursors and niche cells during
mouse ontogeny

Diana Sá da Bandeira1, Alastair M. Kilpatrick2, Madalena Marques2, Mario Gomez-Salazar2, Telma Ventura2,
Zaniah N. Gonzalez1, Dorota Stefancova2, Fiona Rossi2, Chris S. Vink3, Mariana Beltran3, Neil C.
Henderson3,4, Bongnam Jung5, Reinier van der Linden6, Harmen J. G. van de Werken7, Wilfred F.J., van
IJcken8, Christer Betsholtz9,10, Stuart J. Forbes2, Henar Cuervo11, Mihaela Crisan1

1Centre for Cardiovascular Science and Centre for Regenerative Medicine, Institute for Regeneration and Repair, The
University of Edinburgh, Edinburgh, UK; 2Centre for Regenerative Medicine, Institute for Regeneration and Repair, The
University of Edinburgh, UK; 3Centre for Inflammation Research, Institute for Regeneration and Repair, The University of
Edinburgh, Edinburgh, UK; 4MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, University of
Edinburgh, Edinburgh, UK; 5Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden
and Harvard Medical School, Department of Surgery, Boston Children's Hospital, Boston, USA; 6Hubrecht Institute,
Utrecht, The Netherlands;7Erasmus MC Cancer Institute, University Medical Center, Cancer Computational Biology
Center and Department of Urology and Department of Immunology, Rotterdam, The Netherlands; 8Center for Biomics,
Department of Cell Biology, Erasmus MC University Medical Centre, Rotterdam, The Netherlands; 9Department of
Medicine Huddinge, Karolinska Institutet, Huddinge, Sweden, 10Department of Immunology, Genetics and Pathology,
Uppsala University, Uppsala, Sweden; 11Department of Physiology and Biophysics, College of Medicine, University of
Illinois at Chicago, USA.

Hematopoietic stem cell (HSC) generation in the aorta-gonad-mesonephros region requires HSC
specification signals from the surrounding microenvironment. In zebrafish, PDGF- B/PDGFRβ signaling controls
hematopoietic stem/progenitor cell (HSPC) generation and is required in the HSC specification niche. Little is
known about murine HSPC specification in vivo and whether PDGF-B/PDGFRβ is involved. Here we show that
PDGFRβ is expressed in distinct perivascular stromal cell layers surrounding the mid-gestation dorsal aorta,
and its deletion impairs hematopoiesis. We demonstrate that PDGFRβ+ cells play a dual role in murine
hematopoiesis. They act in the aortic niche to support HSPCs, and in addition, PDGFRβ+ embryonic precursors
give rise to a subset of HSPCs that persist into adulthood. These findings provide crucial information for the
controlled production of these clinically important cells in vitro.
Keywords: PDGFRβ, hematopoietic niche, MSCs, osteogenesis, HSPC precursor.

WILKINSON
Ex vivo haematopoietic stem cell expansion technologies
Adam C. Wilkinson
MRC Weatherall Institute of Molecular Medicine, University of Oxford, UK

A rare population of multipotent and self-renewing haematopoietic (blood-forming) stem cells (HSCs) in the
adult bone marrow support blood system homeostasis throughout life. HSCs can also reconstitute the entire
blood system following transplantation, which is used clinically as a curative therapy for a wide range of blood
diseases. We recently developed the first culture system that supports long-term ex vivo expansion of mouse
HSCs. Here we will discuss recent improvements in this technology and its potential implications for improving
HSC therapies.

KUCINSKI

Self-renewal and differentiation dynamics of native haematopoietic stem and
progenitor cells at single-cell resolution

Kucinski I*1, Barile M*1, Campos J*2, Bohin N2, Haltalli MLR1, Kinston SJ1, O’Carroll D†3, Kranc K†2 , Göttgens B†1
*Equal contribution; †Senior authors
1. Wellcome–MRC Cambridge Stem Cell Institute, Department of Haematology, Jeffrey Cheah Biomedical Centre,
University of Cambridge, Cambridge, UK; 2. Laboratory of Haematopoietic Stem Cell & Leukaemia Biology, Centre for
Haemato-Oncology, Barts Cancer Institute, Queen Mary University of London, London EC1M 6BQ, UK; 3. Centre for
Regenerative Medicine, University of Edinburgh, Edinburgh EH16 4UU, UK

Recent haematopoietic research, particularly considering clonal foundations of blood disorders, have
highlighted the need for numerical models of cell population dynamics.
However, current approaches are largely insufficient to tackle the complexity of blood stem and progenitor
cell sub-populations. While key parameters, such as differentiation or self-renewal rates can be estimated
from time-course immunophenotyping, many of the isolated populations are molecularly and functionally
heterogeneous. Conversely, single-cell RNA-Sequencing (scRNA-Seq) analyses offer improved resolution, but
a single snapshot measurement lacks the necessary temporal component.
In this study, we employ persistent labelling of stem cells combined with time-series scRNA-Seq to build the
first quantitative model of the native blood stem and progenitor compartment in the mouse bone marrow.
We demonstrate a unified landscape incorporating external reference data, which captures gradual
progression from stem cells to committed progenitors of 7 distinct lineages. By analysing the pattern of label
propagation across the landscape we build discrete and continuous models of population dynamics. The
discrete model captures compartment-wide cell flux and proliferation rate in real-time, thus revealing the
distinct ways in which each lineage maintains its cellular output. In turn, the continuous models pinpoint
molecular changes associated with changes in cell behaviour, for instance increased distinct zones of increased
growth and accelerated proliferation in erythropoiesis.
Finally, unlike the immunophenotyping data, our models can easily be integrated with new data. Utilising this
capability, we interpret changes in lineage output associated with stem cell transplantation, which indicate
strong up-regulation of differentiation rates, particularly in progenitor cells contributing to the neutrophilic
fate.

ZON

m6A epitranscriptome mediated RNA stress granule assembly governs blood
development and regeneration
Leonard Zon and Rajesh Gunage1
1

Stem Cell Program and Division of Hematology/Oncology, Boston Children’s Hospital and Dana Farber Cancer Institute,
Howard Hughes Medical Institute, Harvard Medical School, Harvard Stem Cell Institute, Stem Cell and Regenerative Biology
Department, Harvard University, Boston, MA

Hematopoietic stem cell (HSC) form diverse cell types and requires transcription and translation regulation.
Using CD34+ human hematopoietic stem and progenitor cells combined with N6-methyladenosine (m6A) seq
we identified a novel, stress granule regulation during erythropoiesis. Transcriptome-wide single-nucleotide
resolution m6A analysis identified ~4800 transcripts to be m6A modified and showed demethylation (>2-14
fold) during erythropoiesis. Genome-wide CHIP-seq of CD34+ cell erythropoiesis with anti-Gata1 showed an
enhancer enrichment at the Alkbh5 RNA demethylase gene. CD34+ cell Alk5 CRISPR Cas9 KO led to
erythropoiesis failure validating Alk5 role in erythropoiesis. CD34+ Alk5 KO cells showed a failure of RNA m6A
demethylation and we discovered stress granule (SGs) transcripts m6A levels to be upregulated (>2-4 fold,
p=0.01). SGs are membrane-less organelles composed of various RNA-binding proteins. SGs form a hub in the
cytoplasm, govern RNA metabolism and global proteome by translational regulation. We show ATXN2,
G3BP1/2, Tia-1, and PABPC1 SGs transcripts are m6a modified at 3’UTR. K562 cell Alk5 KO erythropoiesis
model led to massive m6A upregulation on ATXN2 3’UTR (>14 fold, p=0.001) and other SGs transcripts. Mass
spectrometry of CD 34+ Alk5 KO cell proteome showed ATXN2 downregulation (>2 fold, -log P value2),
confirming 3’ UTR m6A mediated regulation. Alk5 KO led to the aggregation of SGs protein in the cytoplasm
due to altered SG protein stoichiometry(>4-10 fold, p=0.001). Our Zebrafish Alk5 KO has defective blood
development characterized by anemia and increased myeloid and lymphoid lineages indicating early lineage
bias. CD34+ ATXN2 KO cells with colony formation assay showed erythroid and myeloid lineages defects.
Super-resolution microscopy of CD34+ ATXN2 KO cells phenocopied the presence of disease-associated ALS
(amyotrophic lateral sclerosis) stress granules with TDP-43, G3BP1/2, PABPC1, and Tia-1 enriched for m6A
mRNAs. Next, the K562 Alk5 KO erythropoiesis model and ATXN2 lentiviral overexpression effectively resolved
stress granules and rescued erythropoiesis. In summary, ATXN2 mRNA m6A regulates SG biology to affect HSC
function, impacting blood development. SG- mediated regulation of HSC fate may highlight new therapeutic
strategies for blood disorders.

ROSSMANN

TIF1γ regulates nucleotide and mitochondrial metabolism, and counteracts
ferroptosis to drive erythroid progenitor differentiation

Marlies P. Rossmann1,2, Song Yang2, Brian J. Abraham3, James Mullahoo4, Malvina Papanastasiou4, Ying Wang5,
Ilaria Elia6, Partha P. Nag4, Stuart L. Schreiber4, Richard A. Young3, Marcia Haigis6, Siegfried Hekimi5, Steven A.
Carr4, Leonard I. Zon1,2.
1

Department of Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA. 2Stem Cell Program, Harvard
Stem Cell Institute, Harvard Medical School, Boston, MA. 3Whitehead Institute for Biomedical Research, Cambridge, MA.
4
Broad Institute of MIT and Harvard, Cambridge, MA. 5Department of Biology, McGill University, Montreal, Canada.
6
Department of Cell Biology, Harvard Medical School, Boston, MA. 7Broad Institute of MIT and Harvard, Cambridge, MA.

Understanding in-vivo mechanisms of hematopoiesis is critical for developing directed blood differentiation
approaches to treat blood disorders such as leukemias. Zebrafish moonshine mutant embryos defective for
the conserved transcription elongation factor transcriptional intermediary factor 1 gamma (tif1γ) are blocked
in erythroid differentiation, which we have shown can be rescued by inhibitors of the essential mitochondrial
pyrimidine synthesis enzyme dihydroorotate dehydrogenase (DHODH). DHODH limits lineage formation in
moonshine due to its functional link to the electron transport chain. Importantly, a coenzyme Q analog also
rescues red blood cells (RBCs) in moonshine embryos. The impaired respiration in tif1γ-deficient embryos
furthermore leads to changes in TCA cycle metabolites, including an increased succinate/α-ketoglutarate ratio
that is associated with higher histone methylation states, which may contribute to the RBC phenotype.
Imbalances in nucleotide metabolism like those in moonshine mutants have also been reported in the
presence of active ferroptosis. In zebrafish and human cells, we uncovered an expression signature indicative
of activated ferroptosis upon tif1γ loss, and that anti-ferroptotic genes are direct TIF1γ targets. Functionally,
tif1γ and gpx4 loss of function synergize in blocking erythroid differentiation. These results demonstrate a
tight coordination of nucleotide metabolism, mitochondrial respiration, and the regulation of lipid
peroxidation as a key function of tif1γ-dependent transcription that drives cell fate decisions in early
embryonic erythropoiesis. Our work highlights the importance of the plasticity achieved by transcription
regulatory processes such as transcription elongation for metabolic processes during lineage differentiation
and could have therapeutic potential for blood diseases.

SOCOLOVSKY

EpoR-Induced Spike In Ribosome Biogenesis and Protein Synthesis Rates Coincident
with Activation Of Erythroid Terminal Differentiation
Daniel Hidalgo, Sean Thackeray, Ashley Winward, Merav Socolovsky.

Department of Molecular, Cell and Cancer Biology, University of Massachusetts Chan Medical School, Worcester,
Massachusetts, USA

The transition of progenitors with colony-forming-unit-erythroid (CFU-e) activity to erythroid terminal
differentiation (ETD) is an S-phase-dependent transcriptional switch that induces erythroid gene expression
and takes place during an unusually short S phase, part of a cell cycle that is shorter than either preceding or
subsequent cycles. We have been studying the CFU-e/ ETD switch in the mouse fetal liver, where it
corresponds to the transition from subset S0 (Kit+ CD71med/ lo Ter119-) to S1 (Kit+ CD71high Ter119-). We recently
found that EpoR signaling is one of the factors responsible for the shortened cycle at the S0/S1 transition.
Specifically, EpoR signaling increases both the number and speed of early ETD cell cycles, while simultaneously
increasing erythroblast cell size (Hidalgo et al., Nat. Commun. 2021). The paradoxical increase in cell size
despite a shorter cycle suggested that Epo/EpoR might signal unusually fast cell growth in biomass. This
hypothesis was strengthened when we undertook single cell RNA sequencing (scRNAseq) of mouse fetal liver
deleted for either Epor or its downstream signaling mediator Stat5. We found that, in addition to regulating
cell cycle genes, EpoR and Stat5 each regulate expression of multiple genes involved in ribosomal RNA (rRNA)
transcription and processing as well as translation initiation.
To test the role of EpoR in cell growth, we measured rates of rRNA transcription, protein synthesis and cell
size growth in fetal liver subsets S0, S1, and S2 (Ter119+ CD71high) to S5 (Ter119high CD71low; all Ter119+ subsets
contain erythroblasts in ETD). We found a striking spike in rRNA transcription rate (~2.5 fold), protein synthesis
rate (~4 fold) and rate of growth in cell size (~3 fold) with the transition from S0 to S1. These rates declined
rapidly with progression of cells from S1 to more differentiated subsets (S2-S5). The spike in growth was
dependent on the presence of EpoR and Stat5, and was highly correlated with the speed of the cycle, which
peaks in S1 cells. There appeared to be no correlation between the spike in protein synthesis rate and either
cell proliefration (which continues throughout ETD) or hemoglobin synthesis rate (which peaks in S3, Oudelaar
et al., Nat. Commun. 2020).
Our findings suggest novel EpoR/Stat5 pathways that induce an energetically expensive growth spurt
specifically during the fast cycle of S1 cells, coincident with activation of ETD. The role of this fast growth and
rapid cycle in the transition to ETD is unclear, but is likely to present an achilles heel that potentially explains
the sensitivity of the erythroid lineage to ribosomal protein mutations.

XU
A Metabolic Switch Regulates Normal and Ineffective Erythropoiesis

Zhimin Gu1, Yuannyu Zhang1, Min Ni1, Christophe Lechauve2, Hieu Vu1, Feng Cai1, Ralph J. DeBerardinis1,3,
Mitchell J. Weiss2, Jian Xu1
1

Children’s Medical Center Research Institute, UT Southwestern Medical Center, Dallas, TX; 2Hematology Department, St.
Jude Children’s Research Hospital, Memphis, TN; 3Howard Hughes Medical Institute, UT Southwestern Medical Center,
Dallas, TX

Developing erythrocytes have unique metabolic needs as they execute lineage specification from
hematopoietic stem/progenitor cells (HSPCs), followed by terminal differentiation of erythroblasts undergoing
morphological changes, enucleation, and maturation to red blood cells (RBC). Dysregulated metabolism
causes common RBC disorders including pyruvate kinase (PK) and glucose-6-phosphate dehydrogenase
(G6PD) deficiencies, whereas other inherited disorders such as β-thalassemia present major metabolic
dysfunction associated with clinical severity. Despite these findings, major questions remain as to how
metabolic programs are rewired to regulate erythroid differentiation and maturation, and how dysregulated
metabolism contributes to pathophysiology of red cell disorders. In extensive and collaborative studies, we
performed metabolomic profiling of developing erythroid cells across lineage commitment, differentiation
and terminal maturation in mice and humans. We discovered profound metabolic rewiring including an
unexpected metabolic switch from glutamine catabolism to glutamine synthesis during erythroid maturation.
These findings raise a fundamental question about how intracellular metabolism is programmed to meet
evolving cellular function to orchestrate lineage differentiation. By integrating metabolomics with
transcriptomic and epigenomic changes, we revealed that the glutamine metabolic switch is transcriptionally
controlled through the expression of a key metabolic enzyme, glutamine synthetase (GS), at developmental
stage-specific enhancers during erythropoiesis. We generated erythroid-specific GS knockout mice and
observed that GS deficiency selectively impacts the terminal maturation of erythroblasts. By metabolic
profiling, we also noted dysregulated glutamine metabolism underlying ineffective erythropoiesis including βthalassemia, resulting in significantly increased intracellular glutamate and glutamate-to-glutamine ratio.
Ongoing studies using stable isotope tracing and flux analyses aim to identify the metabolic substrates, fates,
and function for rewired glutamine metabolism in normal and ineffective erythropoiesis. Together, these
findings support a model by which the developmental rewiring of intracellular metabolism functions as an
instructive cue to coordinate erythroid lineage specification and maturation, whereas dysregulation of
glutamine metabolism contributes to the metabolic phenotypes of pathological erythropoiesis.

GHAFFARI
Mitochondria in the Regulation of Terminal Erythropoiesis

Saghi Ghaffari, M.D.-PhD.

Departments of Cell, Developmental and Regenerative Biology and Oncological Sciences, Icahn School of Medicine
at Mount Sinai, New York, NY 10029 USA

Terminal erythropoiesis requires the remarkable coordination and integration of the steps involved in the
hemoglobin production, chromatin condensation, enucleation, and transition to glycolysis which must occur
in maturing erythroblasts prior to RBC generation. Mechanisms that coordinate these processes are yet to be
identified.
Cumulating evidence suggest that mitochondria actively and dynamically control cell fate including in blood
formation. In erythroid cells, mitochondria are specifically implicated in iron metabolism and heme synthesis,
in addition to ATP production through oxidative phosphorylation (OXPHOS), the regulation of epigenome and
the control of reactive oxygen species (ROS) and calcium buffering.
We have discovered that mitochondria are critically implicated in the enucleation process. Specifically,
mitochondrial positioning and regulated moderated activity are essential for this process. We found that
mitochondrial properties distinguish enucleating from non-enucleating terminally maturing erythroblasts.
We further found to our surprise that mitochondria fueled by exogenous pyruvate – a product of glycolysis –
but not by in situ glycolysis maintain the enucleation process. More recently, we uncovered that the
mechanisms that are implicated in clearing mitochondria from erythroblasts upstream of reticulocytes,
specifically PTEN-induced putative kinase 1 (PINK1)-mediated pathways, are critical for terminal
erythropoiesis.
These unanticipated findings raise the possibility that in erythroid cells, mitochondria constitute hubs that
integrate several processes which must be precisely fulfilled prior to terminal erythroid maturation and
enucleation.

HARDISON

Systematic integration of epigenomic profiles in human and mouse blood cells to
predict activity and targets of regulatory elements

Ross C. Hardison1, Guanjue Xiang2, Xi He3, Camden Jansen1, Belinda M. Giardine1, Cheryl A. Keller1, April
Cockburn1, Michael E.G. Sauria4, Kathryn Weaver4, Qunhua Li3, Shaun Mahony1, Yu Zhang3
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Genome-wide maps of chromatin accessibility, histone modifications, and binding by regulatory and structural
proteins are available across a large number of cell types in humans, mice, and other model species. Our
VISION project provides a ValIdated Systematic IntegratiON of these epigenomic data in blood cells to
facilitate effective utilization by researchers. We learn common epigenetic states (combinations of features
such as histone modifications and chromatin accessibility) jointly in both human and mouse blood cells,
establishing a common “vocabulary” for epigenetic analysis in both species. Assigning each genomic 200bp
bin to an epigenetic state provides a painting of the regulatory landscape across blood cell types and species,
revealing cell type-specific regulatory patterns that are common across species and others that are distinctive
to one species. The integrative analysis also generated a comprehensive catalog of candidate cis-regulatory
elements (cCREs), and we can follow the actuation (opening of chromatin) and changes in epigenetic state
during differentiation from multipotent stem and progenitor cells. The common epigenetic state vocabulary
in mouse and human allows us to investigate the evolution of the cCREs both by traditional inter-species
sequence comparisons and by correlations of epigenetic states across species. We find distinct informative
categories of sequence and epigenetic conservation, and we show that even species-specific regulatory
elements (defined by DNA sequence) share epigenetic features across species. Multivariate regression models
and chromatin interaction data were used to predict the target gene(s) regulated by each cCRE in different
cell types. Determination of gene expression after directed mutation of cCREs around selected genes supports
the utility of the assignments. These catalogs of highly annotated regulatory elements are useful for many
applications, including interpretation of the phenotypic impact of genetic variants in noncoding genomic
regions. Resources from the VISION project are available at our website usevision.org.
Supported by NIH grants R24DK106766, R01DK054937, R01GM109453, R01GM121613

STAMATOYANNOPOULOS
Single molecule analysis of chromatin dynamics and DNA repair

John A. Stamatoyannopoulos, Pavel Zrazhevskiy, Vivek Nandakumar, William H. Kerwin, Eric Haugen, Richard
Sandstrom, Daniel Bates, Hao Wang, Alexander A. Gimelbrant, and Alister P. W. Funnell
Altius Institute for Biomedical Sciences, 2211 Elliott Avenue, 6th Floor, Seattle, WA 98121, USA

Direct communication between regulatory elements and their target genes has long been regarded as a core
mechanistic feature of gene regulation yet has been challenging to visualize and quantify at the level of single
chromatin templates. We developed an approach for visualizing genomic DNA segments in situ at sub-kilobase
resolution and applied it to quantify spatial interactions between and among regulatory elements across the
beta-globin locus in individual erythroid cells, and to analyze the detailed progress of site-specific DNA repair
in response to genome editing. It is widely assumed that targeted double-stranded DNA breaks introduced by
programmable nucleases for either functional genomic analysis or therapeutic intent are resolved locally by
an error-prone end-joining process that results chiefly in small deletions and insertions spanning only a few
nucleotides. Here we show that targeted DNA breaks unexpectedly trigger rapid dissolution of chromatin
extending bidirectionally up to tens of kilobases at the majority of individual templates within individual
cells. Most such lesions are precisely reconstituted within 24-48h, indicating that locus-level chromatin
architectures do not depend on local epigenetic information inherited from prior cell states. However, a
substantial fraction of templates fails to reconstitute resulting in large and complex DNA deletions that evade
detection using conventional assays. Regional resetting of chromatin and DNA templates with variable
structural outcomes in response to targeted nuclease action provides insights into chromatin dynamics and
presents potential challenges for both functional genomic analyses and corrective cell therapies.

DAVIES
Defining genome architecture at base pair resolution at the globin loci

Matthew Gosden, Peng Hua, Mohsin Badat, Lance Hentges, Marieke Oudelaar, Jim Hughes, Doug Higgs and
James Davies
MRC Weatherall Institute of Molecular Medicine, University of Oxford, UK

In higher eukaryotes, many important genes including the globin loci, are regulated by enhancers that are
distant from the promoter in the linear sequence. Enhancer sequences usually contain multiple small
transcription factor binding sites (typically 7-22 bp) and they are believed to make physical contact with the
promoter to alter gene expression. We have developed a using a novel chromatin conformation capture (3C)
method called Micro Capture-C (MCC) that can define the interactions between different classes of regulatory
elements at sub restriction fragment resolution.
Using the alpha and beta globin genes as model loci, we find that highly localised contacts occur between
enhancers, promoters and CTCF sites. Using genome editing to delete a transcription factor binding sites we
show that transcription factors can play an important role in mediating contacts between enhancers and
promoters. Our data show that contacts from CTCF sites highly correlate with co-occupancy of cohesin and
that interactions between CTCF sites are increased when active promoters and enhancers are located within
the intervening chromatin. In addition, we find that NIPBL, which loads cohesin, is predominantly found at
active enhancers and promoters.
This supports a model in which chromatin loop extrusion is initiated by cohesin loading at active promoters
and enhancers. This explains the formation of tissue-specific chromatin domains without changes in CTCF
binding.

BLAYNEY
Comprehensive genetic dissection exposes additive, synergistic and redundant
cooperation within a single superenhancer
Joseph Blayney1 , Helena Francis1 , Brendan Camellato2 , Jef Boeke2, Douglas Higgs1, Mira Kassouf1
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Superenhancers are a newly described and somewhat controversial class of regulatory element, which control
expression of key cell-identity genes; they are characterized by high densities of enhancer elements, elevated
H3K27-acetylation, and abnormally high levels of mediator occupancy. Whether SEs are simply clusters of
independent enhancer elements, or if they act as cooperatives to manifest emergent properties, remains
unclear. Answering this basic question is essential for scrutinising the legitimacy of this new category of
regulatory feature, and for understanding, evaluating and manipulating gene regulation. The α-globin SE (αSE) is a model well-suited for investigating SE cooperativity, owing to its developmental and genomic
characterisation, and its lack of downstream regulatory activity. The α-SE contains five constituents: R1, R2,
R3, Rm & R4. Previous single element deletions suggested that R2 is the strongest enhancer, whereas R3, Rm
& R4 appeared inactive. To further probe the α-SE’s coordination, we generated a mouse model in which the
native α-SE is cropped to its strongest constituent, R2. In this model, R2 remains active, based on enhancerassociated epigenetic-modifications and tissue-specific transcription factor binding; however, mediator
recruitment, enhancer-promoter contact frequency, and α-globin gene expression are all severely attenuated.
R2’s impaired function upon separation from its α-SE context inspired us to rebuild the α-SE from the bottom
up, generating all informative enhancer permutations, at the native locus. This work has revealed a complex
interplay of additive, synergistic, and redundant cooperation. Rather than being a collection of inequivalent
regular enhancers, the α-SE appears to be composed of two distinct modules: one containing the major
activators of transcription (R1 & R2), and the other comprising three elements which, despite exhibiting no
conventional enhancer activity, act as facilitators of full SE function.

MARTELL

RNA Polymerase II pausing coordinates stage-selective cell cycle progression and
erythroid differentiation

Danya J Martell1,3,4, Claudia Fiorini3,4,5, Jacob Ulirsch3,4,5, Alexis Caulier3,4,5, Chris Babbs2, Hope Merens1, Douglas
R Higgs2, L. Stirling Churchman1, Vijay G Sankaran3,4,5
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Promoter-proximal pausing is a key transcription regulatory step, but its role in human cell differentiation is
not well understood. Hematological analysis on eight different families showed phenotypes consistent with
β-thalassemia trait, a common blood disorder due to reduced β-globin. Whole-exome sequencing revealed
loss-of-function mutations in one copy of SUPT5H, which encodes the transcription elongation factor SPT5. As
SPT5 regulates promoter-proximal Pol II pausing, we used NET-seq to monitor changes in pausing in human
hematopoietic stem/progenitor cells (HSPCs) undergoing erythroid differentiation. We observed numerous
highly paused genes in progenitor cells, many of which were involved in the cell cycle, yet as cells entered
terminal differentiation, there were far fewer highly paused genes. We used CRISPR/Cas9 to knockdown
SUPT5H in a predominantly monoallelic manner in human HSPCs that underwent differentiation. Gene
expression analysis in the SPT5 knockdown (KD) showed a decrease in β-globin, recapitulating the patient
phenotype. We observed increased pausing in the KD, indicating a block of pause escape into productive
elongation. In progenitor cells, we observed a 2-fold increase in proliferation in the KD compared to wild-type
cells. In KD progenitor cells, genes involved in the cell cycle and erythroid differentiation decreased in
expression, which correlated with a transient delay in differentiation. The S phase of the cell cycle was faster
in KD progenitor cells, but once cells transitioned to terminal differentiation, cell cycle phase distributions
normalized to what is observed in wild-type cells. All observations in progenitor cells occurred at the specific
stage during erythropoiesis when NET-seq data showed cell cycle genes were highly paused. Therefore, when
pause release is blocked in the KD, cell cycle kinetics are perturbed and the onset of erythroid terminal
differentiation –which includes the expression of β-globin and other erythroid-specific genes– is delayed.
Despite this delay, cells are still able to appropriately undergo terminal differentiation. All of this is consistent
with the patient phenotype of β-thalassemia. This suggests that the timely coordination between cell cycle
kinetics and differentiation at a key timepoint during erythropoiesis is contingent upon pause release into
productive elongation.

KASSOUF

A functional overlap between actively transcribed genes and chromatin boundary
elements

Caroline L Harrold, Lucy J Cornell, Susannah R Holliman, Felice Tsang, Rosa J Stolper, Matthew E Gosden,
Damien J Downes, Jelena M. Telenius, Jacqueline A Sharpe, Benjamin Davies, Jacqueline A. Sloane-Stanley, Jim
R Hughes, Mira T Kassouf, Douglas R Higgs
Gene Regulation Laboratory, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Headley Way, OX3 9DS,
United Kingdom

Topologically Associating Domains (TADs and sub-TADS) compartmentalise the mammalian genome and
variably impact on enhancer-promoter interactions and output. The borders of these domains are mostly
defined by convergently orientated boundary elements associated with CCCTC-binding factor (CTCF), which
are thought to delimit chromatin loop extrusion, the mechanism underlying the formation of TADs. However,
not all CTCF-bound sites act as boundaries and, importantly, not all TADs are flanked by convergent CTCF sites.
We have manipulated a ~70 kb sub-TAD containing the well-characterised murine α-globin locus, to better
understand boundary elements. Previously, by deletion studies, we found that the 5’ border of this sub-TAD
is indeed defined by a pair of upstream CTCF sites. In this study, we show that deletion of the downstream
CTCF binding sites in various combinations, surprisingly, leave the sub-TAD intact. NG Capture-C reveals that
the predominant 3’ border of the sub-TAD corresponds to the transcribed α2-globin gene, rather than the
CTCF sites, highlighting the role of the active genes in determining the limits of the sub-TAD’s structure.
Of interest, the α1-globin gene which is proximal to the enhancers is expressed to a higher level than the distal
α2-globin gene, suggesting α1-globin gene may also form a partial boundary between the enhancers and the
distal α2-globin gene. We then tested whether the α-globin genes are indeed capable of acting as boundary
elements. We developed a boundary reporter assay at the α-globin locus whereby we engineered a landing
pad between the α-globin enhancers and the α-globin YFP-tagged genes that allows the insertion of any
sequence to be tested as a boundary. We inserted the transcriptional units of the α-globin gene (i.e. promoter
and gene body) in both orientations into this reporter. Irrespective of their orientation, the promoter and the
promoter-and-gene effectively downregulate the downstream α-globin-YFP expression, whilst the gene-body
alone does not. This suggests transcription from the inserted sequences has potentially intercepted native
enhancer-promoter interactions. These observations provide direct evidence that actively transcribed genes
can delimit a sub-TAD and may qualify as a boundary.

HUANG

The role of RNA-dependent CTCF chromatin boundary in normal and malignant
hematopoiesis
Huacheng Luo, Melanie Eshelman, and Suming Huang
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The role of CTCF in mammalian genome regulation is dependent on CTCF’s ability to homodimerize with itself
or heterodimerize with other proteins including cohesin complex. However, it remains unknown how CTCF
boundary activities and CTCF-mediated TAD formation are regulated across the genome to participate in celltype-specific gene regulation. Given that CTCF Zn finger domains possess RNA binding ability and are
responsible for CTCF-mediated long-range interactions, we explored the role of RNAs in CTCF boundary
function, TAD formation, and gene regulation. We showed that HOTTIP lncRNA associated with CTCF/cohesin
complex to occupy a subset of CTCF binding sites in the genome including TAD boundaries of several key
hematopoietic transcription factor loci critical for hematopoietic stem cell (HSC)/leukemic stem cell (LSC) selfrenewal. Mechanistically, HOTTIP recognized and regulated CTCF TAD boundaries at beta-catenin and its
target loci by sequence complementary to form R-loop structure. Either depletion of HOTTIP or targeted
hydrolysis of TAD boundary associated R-loop blocked the binding of CTCF/cohesin complex to the TAD
boundary leading to disruption of beta-catenin and it target TAD topology, blockage of enhancer/promoter
interactions within TADs, and impaired HSC/LSC specific transcription profiles. Furthermore, we explored the
architectural role of RNAs in CTCF mediated boundary function and genome organization in erythroid and
leukemia cells by combining ribonuclease digestion strategy with Cut & Run and NG Capture-C. We found that
CTCF not only requires RNAs for its chromatin localization in hematopoietic genome, it also mediates longrange interactions in an RNA-dependent manner. Thus, our data suggest that RNAs play a central role in
CTCF/cohesin-mediated three-dimensional genome organization.
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Novel immediate direct targets of EPO signaling in human erythropoiesis
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Erythropoietin (EPO) regulates expression of genes that drive proliferation, survival and differentiation of
erythroid progenitor cells into mature erythrocytes. The EPO receptor signals via JAK2 and STAT, PI3K and
MAPK pathways. Only a few direct target genes of these pathways have been identified to date. To examine
EPO-induced target genes in human erythroid cells, we employed a conditionally immortalized EPOdependent erythroid progenitor model (HUDEP-2 cells). EPO stimulation resulted in rapid phosphorylation
of STAT5, but not STAT1 or STAT3. We performed ChIP-seq for pSTAT5 after starvation followed by 1 hour of
EPO stimulation, and identified 3128 EPO-induced pSTAT5 binding sites. The majority of peaks contain a
palindromic ‘GAS’ motif (TTCYXRGAA), and are located at intronic (50%), distal (29%) and intergenic (15%)
enhancers; only 3% are located at promoters. De novo motif discovery identified significant enrichment of
DNA-binding motifs for GATA and KLF transcription factors (TFs), suggesting co-operativity between EPO
signaling and the essential basal erythroid TFs, GATA1 and KLF1.
To find STAT5-independent changes in chromatin, we performed differential analysis of ATAC-seq peaks
before and after EPO stimulation. We found 14,535 EPO-responsive regions, mostly at promoters. Only ~8%
overlap with pSTAT5 ChIP-seq peaks, suggesting EPO-mediated phosphorylation and DNA-binding of
undiscovered TFs. By searching for enriched motifs within these regions, we identified binding sites for TFs
of the NFY, EGR, and NRF1 families and others, suggesting a hidden complexity of transcription factors that
mediate responses to EPO.
We developed a novel metabolic labelling technique and bio-informatic pipeline, called BodySLAM-seq, to
determine the immediate transcriptional targets of EPO. We used this to find differentially transcribed genes
(DTGs) in immediate response to EPO. Some are direct pSTAT5 target genes such as BCL2L1, PIM1, and CISH;
others are novel targets involved in transcription regulation, erythropoiesis and signaling.

MUKHERJEE

EKLF/Klf1 regulates erythroid transcription by its pioneering activity and
subsequent control of RNA Pol II pause-release
K Mukherjee and JJ Bieker
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EKLF/Klf1 is a master transcriptional activator of critical genes that regulate both erythroid fate specification
and terminal erythroid maturation. EKLF binds to DNA using three Zn-fingers at its C-terminus while the Nterminus constitutes a transcription activation domain (TAD) that interacts with various transcription cofactors including the protein acetylase complex CBP/p300. An autosomal semi-dominant mutation at a single
residue (E339D) in the mouse EKLF Zn-finger leads to Neonatal anemia (Nan). A mutation at the same residue
in human EKLF (E325K) causes Congenital Dyserythropoietic Anemia type IV (CDA IV). Nan/Nan mice show
lethality at embryonic day E10-11, whereas Nan/+ heterozygotes survive to adulthood but are severely
anemic. During embryonic erythropoiesis in the E13.5 Nan/+ fetal liver, the transcriptome is severely altered,
and terminal erythropoiesis is affected. First, many genes are overexpressed or ectopically expressed that
significantly contribute to the severe anemia in Nan/+. Second, a subset of EKLF targets is downregulated in
heterozygous Nan/+ mutants despite the presence of one copy of wild type EKLF. Thus, uncovering the
mechanism by which gene expression is altered in Nan/+ may illuminate the mechanism by which EKLF
normally activates transcription of its targets in vivo.
Using ChIP-Seq in E13.5 fetal liver to examine the global occupancy of EKLF in WT and Nan/+ we find that EKLF
binding is altered in Nan/+, and that Nan-EKLF only binds to a subset of EKLF binding motifs with a G/C at the
center of the sequence recognized by the middle zinc finger. Consequently, all the genes with an A/T at that
position in Nan/+ lose EKLF binding and are downregulated. This includes two major EKLF peaks at the locus
control region of the ß-like globin region resulting in an almost 50% reduction in the expression of the adult
hbb-b2 gene. A number of novel molecular ramifications follow from these unusual properties. First, increased
binding of EKLF is seen globally at intronic and intergenic enhancers in Nan/+ compared to WT leading to
overexpression or ectopic expression of adjacent genes. Second, the pioneering ability of EKLF is reduced in
Nan/+ due to reduced co-occupancy with Gata1 and CBP, leading to low levels of H3K27ac and open chromatin,
especially within a subset of enhancers. Third, we notice reduced paused and elongating RNA Pol II marks at
downregulated EKLF targets and at half of the ectopic or overexpressed Nan-EKLF targets. Fourth, we find that
the other half of the overexpressed or ectopically expressed EKLF targets have a higher pausing index even in
WT, and that this subset has higher amounts of EKLF and CBP bound to their promoters in WT. Finally, the
increased Nan-EKLF binding at enhancers in Nan/+ enables release of paused RNA Pol II into productive
elongation and increased expression of these genes.
Thus, we propose a transcription activation model where EKLF has robust pioneering activity in the presence
of a productive transcription complex with Gata1 and CBP that can acetylate H3K27 and generate accessible
chromatin. This leads to RNA Pol II recruitment and pausing near the transcription start site. Coordinated with
this, EKLF binding to enhancers and co- occupancy with CBP can activate enhancers by H3K27 acetylation, and
this can release paused Pol II into productive elongation.

FRAYNE

Human cellular model of CDA IV enables comprehensive analysis revealing
underlying dysregulated proteome and processes that elucidate the disease
phenotype
Ivan Ferrer-Vicens, Daniel C. J. Ferguson, Marieangela C. Wilson, James J. Bieker and Jan Frayne
School of Biochemistry, University of Bristol, Bristol BS8 1TD, UK

Congenital dyserythropoietic anemia IV (CDA IV) is caused by the heterozygous mutation pE325K in
transcription factor KLF1. CDA IV patients present with splenomegaly, RBC osmotic fragility, iron overload,
erythroid cell membrane abnormalities, markedly elevated HbF, high levels of nucleated and binucleated
erythroid cells and dyserythropoiesis. However, studying the molecular basis of CDA IV is severely impeded by
paucity of suitable and adequate quantities of material from anaemic patients and rarity of the disease. We
therefore created a sustainable, human cellular disease model for CDA IV by introducing the c973G>A
mutation into one KLF1 allele of the erythroid line BEL-A by CRISPR. The resultant disease line accurately
recapitulates the phenotype and characteristics of CDA IV patient erythroid cells. Comparative proteomic and
Gene Ontology and Pathway Enrichment analyses revealed extensive distortion of the proteome and a wide
range of disordered biological processes in the CDA IV cells. These include down-regulated pathways
governing cell cycle, chromatin separation, DNA repair, cytokinesis, membrane trafficking and global
transcription, and upregulated networks governing mitochondria biogenesis. The diversity of such pathways
correlate with the spectrum of phenotypic abnormalities found with CDA IV, and the impairment to erythroid
cell development and survival. The data also reveal novel roles for KLF1 in the regulation of intracellular
processes not previously attributed to this transcription factor. Overall, the data demonstrate the power of
such a model cellular system to unravel the molecular basis of disease, and also how studying effects of a rare
mutation can reveal fundamental biology.
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An Integrated Transcriptional, Metabolic and Signaling Mechanism in Erythroid
Biology and Pathology
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Our multi-omic studies revealed that GATA1 regulates the synthesis and/or transport of small molecules,
including heme, metal ions, and nucleosides (Liao et al. Cell Rep. 2020, Tanimura et al. Dev. Cell 2018,
Zwifelhofer et al. PLOS Genet. 2020). Analogous to essential protein functions in GATA1-regulated networks
governing erythrocyte development and function, we predict that small molecules are essential constituents
of these networks. This type of mechanism is exemplified by GATA1-mediated induction of heme biosynthetic
enzymes to elevate heme, and heme-dependent downregulation of the repressor BACH1 to derepress betalike globin genes. Heme also regulates genome function through a BACH1-independent mechanism. Analysis
of GATA1-regulated genetic and protein networks revealed components involved in sphingolipid biosynthesis,
and sphingosine 1-phosphate has been implicated in causing sickle cell disease phenotypes (Zhang et al. JCI
2014). Quantitative lipidomic and mechanistic analyses provided evidence that GATA1 controls sphingolipid
biosynthetic pathways, and the resulting signaling lipids are functionally critical in erythroid biology. One of
these genes, Degs1, encodes dihydroceramide desaturase (DES) that converts dihydroceramides to ceramides.
Small molecule-based inhibition of DES or elevating dihydroceramide or ceramide levels in primary fetal liver
HSPCs severely inhibits erythroid, but not myeloid, colony formation. Erythroid progenitors rely on
mechanisms that are particularly vulnerable to alterations in dihydroceramide and ceramide levels.
Mechanistically, dihydroceramides and ceramides inhibit stem cell factor and erythropoietin-dependent
signaling post-receptor activation in mouse and human erythroid progenitors and erythroblasts. These
findings establish a paradigm in which GATA1 controls sphingolipid biosynthetic enzymes and the generation
of regulatory lipids that restrict cytokine signaling, thereby impacting erythrocyte development and function.
As inflammatory mediators implicated in anemia of inflammation elevate dihydroceramides and ceramides,
we propose that the integrated transcriptional, metabolic and signaling mechanism has broad importance in
erythroid biology and pathology and may extend to other systems in which GATA2 is the predominant GATA
factor.
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Loss of miR-451 alleviates b-thalassemia by stimulating ULK1-mediated degradation
of free a-globin
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The pathophysiology of b-thalassemia is fueled by accumulation of excess free a-globin, which forms cytotoxic
precipitates that cause delayed maturation and apoptosis of erythroid precursors and shorten the lifespan of
circulating red blood cells (RBCs). We showed previously that the Unc-51–like autophagy activating kinase 1
(ULK1) drives the autophagic clearance of free a-globin in b-thalassemia. In general, ULK1 is inhibited by the
mammalian target of rapamycin complex 1 (mTORC1) kinase and stimulated by AMP-activated protein kinase
(AMPK) according to metabolic signals favoring cell growth or catabolism, respectively. Thus, administration
of the mTORC1 inhibitor rapamycin to b-thalassemic (HbbTh3/+) mice caused ULK1-dependent reductions in aglobin precipitates with improvement in clinical biomarkers. Our new data show that the abundant erythroid
microRNA miR-451 represses AMPK indirectly to inhibit autophagic clearance of free a-globin. miR-451 targets
Cab39, which encodes an essential cofactor for the serine-threonine liver kinase B1 (LKB1), an AMPK activator.
Ablation of miR-451 in HbbTh3/+ mice caused upregulation of Cab39, leading to activation of the LKB1->AMPK>ULK1 pathway, increased autophagy of free a-globin and >90% reduction of RBC a-globin precipitates.
Associated clinical improvement was evidenced by reduction in the average reticulocyte count from 29% to
8%, increased half-life of circulating RBCs from 8.3 to 13.2 days (vs.17.8 days for for wild-type RBCs), >2-fold
reduction in spleen mass and improved maturation of erythroid precursors. Our findings link b-thalassemia
severity to a fundamental protein quality control pathway that is amenable to therapeutic manipulation.

CROSSLEY
Elements across the globin locus work together to mediate fetal globin silencing

Kate Quinlan, Henry Bell, Sarah Topfer, Lu Yang, Lana Ly, Sonia Goozee, Manan Shah, Gabriella Martyn, Beth
Stout, and Merlin Crossley
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Like all genes the fetal globin genes are regulated by cis-elements that are bound by trans-acting factors. The
fetal globin promoters contain cis-acting sites for trans-acting activators and repressors. Mutations that alter
the binding of these factors can affect fetal globin silencing, and result in the Hereditary Persistence of Fetal
Hemoglobin (HPFH). Other important cis-elements are distributed across the b-globin locus. We have been
scanning the locus for sites bound by key regulators, including GATA1, KLF1, ZBTB7A and BCL11A, and the corepressor NuRD. Key cis-acting elements associated with de-repression of fetal globin lie in the locus control
region and in the promoters of the fetal and adult globin genes. For example, we have shown that the proximal
promoter of the b-globin gene is required for proper fetal globin silencing, and the disruption of this promoter
by deletions of varying sizes contributes to the elevated fetal globin expression observed in HPFH.
Interestingly, the binding of some of the transcription factors we are studying is sensitive to methylation. We
are exploring the hypothesis that association of DNA methylation with fetal globin silencing is associated with
the access of particular transcription factors and co-factors to key elements within the locus.

SANKARAN
The Genetic Architecture of Fetal Hemoglobin Regulation Across Global Populations
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Studies of human genetic variation have provided new knowledge about the regulators of fetal- to-adult
hemoglobin switching, including our identification of BCL11A that has led to therapeutic advances. However,
despite the progress made through such early studies in the field, limited further insights have been obtained
into the full spectrum of human genetic variation and how it contributes to the global mechanisms of fetal
hemoglobin gene regulation. To address this limitation, we have conducted a multi-ancestry genome-wide
association study of 17,784 individuals from several cohorts spanning 5 different continents to define the
architecture of human genetic variation impacting fetal hemoglobin regulation. We have identified a total of
10 genome-wide significant loci (p < 5X10-8), including robust signals (p < 10-300) at three loci that have been
previously identified. Importantly, this new data enables us to ask critical questions to better define the
mechanisms by which hemoglobin switching occurs in vivo. We can define causal variants and underlying
mechanisms at the BCL11A locus, in which the impact of such variants has remained undefined. We have
gained insights into how rare deletions in the HBB locus can interact with polygenic variation to influence fetal
hemoglobin levels both genetically and mechanistically. Finally, and most importantly, we have been able to
define and use targeted genome and base editing to perturb several new variant-harboring regulatory
elements that influence previously suggested and new factors involved in hemoglobin switching. Our study
paves the way for the next generation of therapies that seek to induce fetal hemoglobin for more effective
treatment of sickle cell disease and thalassemia.

ORKIN
Control of Hemoglobin Switching through BCL11A
Stuart H. Orkin

Dana Farber/Boston Children’s Hospital Cancer and Blood Disorders Center, Harvard Medical School and HHMI, Boston,
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The hemoglobin switching conference, first convened by George Stamatoyannopoulos and Art Nienhuis, was
based on the premise that an understanding of how HbF is silenced at the adult stage would provide insights
into novel therapeutic approaches to b-thalassemia and sickle cell disease (SCD). Only recently has this vision
been realized. Genetic down-regulation of BCL11A alone is sufficient to reactivate HbF to a therapeutic level
and lead to transformative clinical outcomes in patients. Despite this progress, the burden of disease of the
hemoglobinopathies will not be significantly reduced unless genetic therapies can be delivered in vivo. In
principle, pharmacological down-regulation of BCL11A levels or function can meet this challenge. The premise
of our current efforts is that impairment of the most proximal and intrinsic factors involved in HbF repression
is required to achieve adequate HbF reactivation for effective therapy. Upstream factors or those affecting
cellular properties of proliferation, differentiation, or “stress” are unlikely to serve as suitable targets due to
lack of specificity and potency with respect to HbF repression in erythroid cells.
Our efforts are directed toward an improved understanding of how BCL11A acts as a transcription factor and
developing tools that may allow for modulation of BCL11A level or function with small molecules. In order to
facilitate genetic manipulation of BCL11A in situ in HUDPE2 cells, we developed an efficient procedure for
CRISPR/Cas9 editing of gene loci using AAV donor templates (Mehta et al, poster this meeting) and generated
cells expressing BCL11A tagged with a variant FKBP for targeted protein degradation (TPD). Upon
administration of a PROTAC (dTAG-47), BCL11A protein is rapidly depleted, permitting time-resolved analyses
of the consequences of BCL11A loss (Mehta et al, talk this meeting). In parallel, new mutant alleles of BCL11A
in the mouse have yielded additional insights into the role of ZNF456 of BCL11A beyond the erythroid lineage
(Fujiwara, poster this meeting). To develop new tools to interfere with BCL11A, we have generated
nanobodies that distinguish BCL11A from its close relative BCL11B. Based on structural determination, the
affinity of nanobodies has been enhanced, allowing for TPD of untagged BCL11A and reactivation of HbF in
HUDEP2 cells. Complexes of BCL11A protein and nanobodies may serve as platforms for discovery of small
molecule ligands directed to BCL11A, as well as tools for repurposing other E3 ubiquitin ligases for TPD in
erythroid cells.

MEHTA
PROTAC-mediated depletion of BCL11A protein identifies its very limited primary
targets and reveals that reactivation of HbF occurs independent of demethylation of
the g-globin gene promoter
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Introduction Reactivation of fetal hemoglobin (HbF, a2g2) by downregulation of BCL11A is a promising strategy
for the treatment of b-hemoglobinopathies. Studies of BCL11A function have been limited to steady-state
observations, therefore kinetic insights into the repression or reactivation of g-globin are lacking.
Results We utilized the small-molecule driven “dTAG” PROTAC (Proteolysis Targeting Chimera) system to
acutely degrade BCL11A protein in immortalized adult-stage, HbA (α2β2) expressing HUDEP2 cells within 2h,
and examined immediate consequences by nascent transcriptomics, proteomics, chromatin accessibility, and
histone profiling. Transcription of g-globin commenced promptly (~3h) of dTAG47 treatment, and restoration
of BCL11A by drug washout resulted in rapid transcriptional repression. We identified a small core of 31 genes
as the primary targets of BCL11A. Among these, HBG1/2 (g-globin) and HBZ (z-globin) showed the most potent
and consistent induction/repression. Quantitative proteomics of BCL11A-depleted cells revealed a striking
correlation with control samples (r2 >0.85), suggesting limited differences in the proteome across erythroid
differentiation. g-globin and z-globin outweighed the abundance of all other DE proteins at all times. By
concurrent BCL11A-depletion and exposure to the DNMT1-inhibitor azacytidine, we assessed the relative
contributions of BCL11A and promoter CpG methylation in the g-globin promoter to repression at the locus.
Our data reveal that the presence of BCL11A, rather than promoter DNA methylation, is the primary barrier
to g-globin transcription.
Summary BCL11A represses a very small number of genes in erythroid cells. Demethylation of g-globin gene
promoter CpGs is not required for robust HbF reactivation.
Implications The limited set of primary targets of BCL11A likely accounts for the near normal production of
red cells upon marked BCL11A depletion. Our results question the effectiveness of DNA methylation inhibitors
for HbF reactivation in b-hemoglobinopathies, and caution regarding other epigenetic therapies for this
purpose. We suggest that removal of the direct g-globin repressors (BCL11A/LRF) from the promoter is a
prerequisite for robust g-globin reactivation.

BLOBEL
HIC2 controls developmental hemoglobin switching by repressing BCL11A
transcription

Peng Huang, Scott A. Peslak, Ren Ren, Eugene Khandros, Kunhua Qin, Cheryl A. Keller, Belinda Giardine, Henry
W. Bell, Xianjiang Lan, Malini Sharma, John R. Horton, Osheiza Abdulmalik, Stella T. Chou, Junwei Shi, Merlin
Crossley, Ross C. Hardison, Xiaodong Cheng and Gerd A. Blobel
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The fetal-to-adult switch in hemoglobin production is an intensely studied model of developmental gene
control with relevance to the treatment of hemoglobinopathies. Transcription factor BCL11A, which directly
represses the fetal beta-type (HBG1/2) genes in adult erythroid cells, is predominantly controlled at the level
of transcription, but the mechanism of BCL11A developmental and transcriptional control is still unclear. Using
a CRISPR-Cas9 screen, we identify transcription factor HIC2 as a transcriptional repressor of BCL11A. HIC2 and
BCL11A are expressed in an inverse pattern in fetal and adult erythroblasts. Forced expression of HIC2 in adult
cells inhibits BCL11A transcription and induces γ-globin expression. HIC2 binds selectively to a constituent
erythroid developmental BCL11A enhancer to reduce chromatin accessibility and impair occupancy by
transcription factor GATA1, resulting in loss of enhancer activity and enhancer-promoter contacts. In vitro
DNA binding studies in conjunction with crystallographic studies reveal direct steric hindrance as one
mechanism of GATA1 inhibition by HIC2 at a critical BCL11A regulatory element. Conversely, loss of HIC2 in
fetal erythroblasts increases enhancer accessibility, enables GATA1 binding and induces BCL11A transcription.
HIC2 emerges as an evolutionarily conserved regulator of globin gene switching by imposing developmental
control on the BCL11A gene.

KHANDROS

Dissecting the role of the BAF chromatin remodeling complex in globin gene
regulation
Eugene Khandros1 Kathryn M. Farrell,1 Peng Huang1 Osheiza Abdulmalik,1 DVM, Junwei Shi2 Gerd A. Blobel1
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The mammalian BAF (BRG1/BRM-associated factor) complex is a multi-subunit ATP-dependent chromatin
remodeling complex with diverse composition and roles in regulation of gene expression. BRG1 is a core
component of the complex with ATPase activity, and has been previously shown to be crucial for LCR- b-globin
promoter interactions and b-globin expression. The role of the specific BAF complex subunits in regulation of
fetal hemoglobin remains largely undefined. We recently identified BRG1/SMARCA4 as a potential activator
of g-globin production in a HUDEP2 CRISPR screen targeting ATPase and helicase domains. In validation
experiments in HUDEP2 and CD34 erythroid cultures, loss of BRG1 led to a marked decrease in g-globin
containing F-cells by flow cytometry and g-globin protein by western blot, along with a smaller decrease in bglobin production. Because the BAF subunits have significant heterogeneity in expression and function, we
asked whether any components may have specificity for g-globin versus b-globin gene transcription in adult
erythroid cells. Using CRISPR-Cas9 targeting, we systematically ablated 12 individual BAF complex components
in a HUDEP2 sub-clone with elevated fetal hemoglobin levels and identified 5 components whose loss of
function led to a reduction in g-globin: BAF53A/ACTL6A, BAF155/SMARCC1, BAF60A/SMARCD1,
BAF60B/SMARCD2, and BAF57/SMARCE1. We subsequently depleted these five components in primary
human erythroid cultures from three independent donors using CRISPR-Cas9 targeting. Notably, loss of
BAF60A/SMARCD1 had the most potent effect on g-globin, with up to 80% reduction in g-globin with no
decrease in b-globin production. Studies defining the mechanism underlying the specific role of BAF60A in gglobin gene expression are ongoing.

GNANAPRAGASAM
Pumilio-1, a new player in human hemoglobin switching
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Effective reversion of expression from adult β-globin to its fetal form, g-globin, in adult erythrocytes, can
ameliorate debilitating diseases such as sickle cell anemia and β-thalassemia. Here, we identify Pumilo-1
(PUM1), an RNA binding protein, with no previously known functions in erythropoiesis, as a posttranscriptional regulator of switching from the fetal to adult form of hemoglobin. PUM1 expression, regulated
by the erythroid master transcription factor, EKLF, peaks during erythroid differentiation, impacts g-globin
mRNA stability and translation, and culminates in reduced γ-globin protein levels. Suppression of PUM1
increases g-globin protein levels without affecting β-globin in human erythroid cells. Importantly, targeting
PUM1 does not limit erythropoiesis progression, providing a potentially safe and effective treatment strategy
in sickle cell anemia and β-thalassemia. In support of this idea, we report higher than normal fetal hemoglobin
(HbF) levels in a patient with a novel PUM1 mutation. Taken together, our studies suggest that PUM1
mediated post-transcriptional regulation is an important player during human hemoglobin switching.

MYERS

The splicing factor MBNL1 participates in gamma globin silencing during terminal
erythroid differentiation
Greggory Myers1, Lei Yu1, A. Bilge Ozel2, James Douglas Engel1 and Rami Khoriaty1,3
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The beta-globinopathies are a group of inherited disorders that affect the quantitative and qualitative
characteristics of hemoglobin in red blood cells. Our previous work has identified LSD1 as a potential
therapeutic target for the treatment of hemoglobinopathies. Subsequent investigation into the effects of LSD1
loss in erythroid development have highlighted a role for LSD1 in promoting erythroid differentiation through
the exclusion of alternate cell fates. Since many gene targets for the treatment of b-globinopathies have
subsequently been shown to be required for erythroid differentiation, we sought to define the repertoire of
genes required for terminal erythroid differentiation. To this end, we performed a genome-scale screen in
HUDEP2 cells to identify erythroid essential genes as well as genes required for terminal erythroid maturation.
Top-ranked genes identified as essential for HUDEP2 cell differentiation included GATA1, ALAS2, and EPOR
among additional novel candidate genes with no prior annotated role in erythropoiesis. Interestingly, a gene
with a previously reported requirement in murine erythroid differentiation, MBNL1, appeared to be
dispensable for HUDEP2 differentiation. Upon targeting this gene with CRISPR-Cas9, we observed an increase
in the percentage of fetal hemoglobin expressing cells (F cells) with no overt differentiation defect in HUDEP2
cells at the population level, as assessed by flow cytometry. We next generated clonal MBNL1 deleted cell
lines using CRISPR-Cas9. These cell lines exhibited no overt defects in erythroid differentiation by cell surface
marker staining, yet the MBNL1 deleted clonal cells appeared significantly disrupted morphologically. Clonal
MBNL1-deficient cells exhibited increased percentage of F cells by flow cytometry and gamma globin
expression by HPLC, proportional with the degree of morphological aberration observed in these cells.
Currently, we are validating the impact of loss of MBNL1 deletion in adult peripheral blood derived CD34+
cells on erythroid differentiation and gamma globin expression.

FENG
Activation of g-globin expression by hypoxia-inducible factor 1a
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Defining the mechanisms that control the perinatal switch from g-globin (HBG1 and HBG2) to b-globin (HBB)
gene expression in human red blood cells (RBCs) has informed novel approaches to reactivate fetal
hemoglobin (HbF, a2g2) therapeutically for sickle cell disease and b-thalassemia. However, one longstanding
unsolved problem is to explain how HbF becomes elevated in conditions such as blood loss, hypoxia and
hemolysis. These conditions are associated with accelerated RBC production, also referred to as stress
erythropoiesis, driven by activation of hypoxia-inducible factor (HIF) via a canonical O2 sensing pathway.
Through a CRISPR/Cas9 genetic screen we identified VHL and HIF1a, as negative and positive regulators of
HbF expression, respectively.
Disruption of the VHL gene in CD34+ hematopoietic stem and progenitor cells (HSPCs) by transfection with
ribonucleoprotein (RNP) consisting of Cas9 and VHL-targeting guide RNA increased HbF expression from 7.5%
±1.2% in control cells to 30.9% ± 4.8% (mean ± SD, P<0.0001) in RBC progeny generated by in vitro
differentiation. Mass spectrometry and transcriptome analysis of VHL-disrupted CD34+ HSPCs revealed
increased HIF1a expression with no change in the corresponding mRNA. Disruption of HIF1A gene prevents gglobin induction in RBCs generated from VHL RNP-treated CD34+ cells, indicating VHL knockout induced HbF
through HIF1a protein accumulation. CUT&RUN analysis of VHL-depleted erythroblasts revealed HIF1a/HIF1b
heterodimer occupancy at BGLT3, a long-noncoding RNA locus approximately 2.7kb 3’ of HBG1. The HIF1abound BGLT3 locus contains two canonical HREs (ACGTG) separated by 13 bp. Disruption of HRE motifs in VHL/HUDEP-2 cells by base editing caused reductions in BGLT3 HIF1a occupancy and g-globin expression.
Mechanistically, VHL depletion caused the accumulation of HIFa/b heterodimers at BGLT3, recruitment of the
transcriptional activators GATA1 and P300, and targeted chromatin accessibility to establish the active
enhancer mark H3K27ac. These changes were accompanied by altered chromosome conformation to favor
long-range interactions between the g-globin loci (HBG1 and HBG2) and the locus control region, a powerful
upstream enhancer. Treating peripheral blood mononuclear cells (PBMCs) derived erythroblasts from Sickle
cell disease donor with the clinically approved PHD inhibitor FG-4592 (Roxadustat) caused significant HbF
induction, and hydroxyurea a widely used SCD drug caused additive HbF induction and significant reductions
of RBC sickling. Our findings link developmental globin gene regulation with O2 sensing, provide a mechanism
for HbF induction during stress erythropoiesis, and identify a novel therapeutic approach for bhemoglobinopathies.
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A robust high-throughput screening system for discovery of HbF-inducing
compounds
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Expression of fetal hemoglobin (HbF), normally silenced after birth, is known to ameliorate the symptoms of
β-hemoglobinopathies[1]. Hydroxyurea, an FDA-approved drug for patients with sickle cell disease, has modest
effects on HbF levels with some patients not responding at all.[1] Since most β-hemoglobinopathy patients live
in low- and middle-income countries, there is an urgent global need to develop an effective and affordable
treatment, preferably in the form of an orally available drug. We aim to accelerate the identification of novel
HbF inducers through high-throughput compound screens (HTS).
To this end, we developed an HbF reporter cell line in which the HBG1 gene, encoding the HbF subunit Agglobin, was endogenously tagged. The reporter system is based on the adult Human Umbilical cord-blood
Derived Erythroid Progenitor cell line HUDEP2[2] and provides a simple protein-level readout for Ag-globin
expression. Extensive characterization of the reporter cells confirmed behavior similar to HUDEP2 cells in both
proliferation and differentiation conditions.
The reporter cell line is used in two HTS projects based on orthogonal library designs. The first, a maximum
variability library, contains over 150,000 small chemical compounds and has optimal coverage of chemical
space. If chemical structures exist that induce HbF, there should be structurally related compounds in this
library. This screen is performed at the EMBL Chemical Biology core facility (Heidelberg, DE). Here, the reporter
cell line passed validation by industry standards for HTS.
The second library prioritizes natural products and contains bio-active compounds produced by fungi
(Hubrecht Institute, Utrecht, NL). We have tested the HbF inducing capacity of the crude growth media of over
10,000 fungal strains. HbF induction was observed in 12% of the fungal media, with 46 fungal strains showing
an over 3-fold induction. In a follow-up screen of 96 selected hits, 89 induced HbF expression.
The construction, characterization and validation of the HbF-HUDEP2 reporter cell line will be presented, as
well as its practical use in the two screening projects. Furthermore, some caveats of genome editing in the
repetitive human HBB locus will be discussed, and the initial results of the screening projects will be shown.
[1]
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Translating an HPFH-mechanism into oral small molecule therapy for bhemoglobinopathies: clinical proof-of-principle
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Hereditary persistence of fetal hemoglobin (HPFH) down-modulates severity of co-inherited sickle cell disease
(SCD), encouraging characterization of HPFH-mechanisms for interventional reprise. One HPFH mechanism is
polymorphisms in DNA methyltransferase 1 (DNMT1) that decrease DNMT1 protein stability (Gong et al, Blood
2021), agreeing with biochemical observations that BCL11A/TR2/TR4 recruit DNMT1 to repress HBG1/2. Here
we describe drug development to translate this HPFH-mechanism. The small molecule decitabine contains a
pyrimidine ring modification that binds and depletes DNMT1 protein while its unmodified deoxyribose moiety
spares DNA chain synthesis. Decitabine is moreover hematopoietic-precursor tropic (shown in formal
toxicology studies) mediated by high expression in these cells of DCK that rate-limits decitabine intra-cellular
accumulation. For oral therapy we combined decitabine with tetrahydrouridine (THU) to inhibit the catabolic
enzyme CDA that otherwise severely restricts decitabine bioavailability/half-life. We identified oral
THU/decitabine dose/schedule that depletes DNMT1 without cytotoxicity to hematopoietic precursors in nonhuman primate studies then early phase clinical trials, and here we describe clinical proof-of-principle in highrisk SCD patients. Study interventions are oral THU/decitabine (~10/0.2 mg/kg) 1X/week for up to 48 weeks,
with or without oral vitamin B3 (nicotinamide, direct precursor of NADH/NADPH) 1 g/day. SCD patients at
high-risk of early mortality were identified using published criteria of which 5 of overall intended 20 are
enrolled at this time, with THU/decitabine treatment-durations 48, 44, 36, 24 and 4 weeks ongoing. No
toxicities/adverse events attributed to study drugs, no significant neutrophil or platelet count changes, and
accordingly no dose-modifications or holds, occurred. THU/decitabine dose was less than target window in
one patient who accordingly did not have HbF%/hemoglobin increases (protocol since amended to
accommodate high body weights). In the 4 other patients HbF (%) increases (pre-treatment to maximum)
were: 9.4 to 17.3, 5.9 to 11, 3.4 to 9, and 3.8 to 6.1 (after 4 weeks THU/decitabine), and total hemoglobin
(g/dL) increases were: 9.9 to 11.5, 8.7 to 10.6, 6.6 to 7.7, 4.8 to 5.5 respectively. In sum, we present clinical
proof-of-principle of oral molecular-targeted therapy to model an HPFH-mechanism; the accessibility (oral
1X/week) and safety profile permitting infrequent laboratory monitoring are consistent with world-wide
application goals.
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Reversal of hemoglobin switching by cis-regulatory interference
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Elevation of fetal hemoglobin production in adult erythroid cells has demonstrated potential to ameliorate
the clinical phenotypes of both β-thalassemia and sickle cell disease, and reactivation of endogenous
developmentally silenced γ-globin production is being pursued intensively as a therapeutic avenue. We
developed a novel approach for directly manipulating cis-regulatory circuitry by using high-affinity synthetic
DNA binding domains (synDBs) modeled on those found in TALE proteins, yet lacking any linked activating or
repressive domain. Here we show that expression of a synDB (γ208) targeting a 16bp sequence centered at 208nt relative to the transcriptional start site of the human γ-globin promoter is sufficient to reverse
hemoglobin switching in human erythroid cells, resulting in up to 99% γ-globin expression by HPLC with
reciprocal silencing of cis-linked β-globin gene expression. γ208 is capable of penetrating silenced chromatin
and catalyzing formation of an active, DNase I-hypersensitive γ-globin promoter. Genomic footprinting
reveals that γ208 tightly clamps a previously identified ZBTB7A recognition site while potentiating occupancy
of a 3’-adjacent GATA1 recognition element. Both γ-globin activation and the extinction of β-globin expression
result solely from position-specific DNA occlusion and are functionally independent of BCL11A
occupancy. γ208 is a compact single-chain molecule that can be expressed from any therapeutic vector type,
and primary adult human hematopoietic stem cells expressing lentivirus-transduced γ208 exhibit long term
copy-proportional γ-globin expression following transplantation into immunoreceptive mice. Taken together,
our results expose a dominant ‘Achilles’ heel’ within the native cis-regulatory architecture of human beta-like
globin gene switching. Cis-regulatory interference using synDBs offers a potent and flexible approach for
dissecting regulatory mechanisms at nucleotide resolution and for engineering therapeutic gene expression
without DNA modification or the use of linked functional domains.
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Gene therapy for beta-thalassemia: from bench to clinic and back
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Transfusion-dependent b-thalassemia (TDT) is a disorder due to mutations in the gene encoding the b-globin
chain causing a reduced or absent production of HbA leading to severe anemia and lifelong transfusion
dependence.
Results from experimental gene therapy trials have recently demonstrated therapeutic efficacy as a possible
alternative to the only curative treatment represented by allogeneic bone marrow transplantation. In TIGET
Bthal trial (NCT02453477) nine patients with severe TDT have been treated with a drug product of
autologous mobilized hematopoietic stem cell transduced by GLOBE lentiviral vector, expressing human ßglobin gene, and administered to patients, following a myeloablative conditioning. Overall, gene therapy was
generally well-tolerated with no adverse events related to the drug product. Insertion site analysis
demonstrated highly polyclonal engraftment with no clonal dominance. Clinical outcome showed a reduction
of transfusion requirement both in frequency and volume in adult patients up to more than 50%. Among
the pediatric patients, 4 out of 6 discontinued transfusions shortly after gene therapy and are transfusionindependent at the last follow-up.
These successful results prompted us to better investigate the basic features of hematopoiesis and
erythropoiesis in Bthal in order to extend improved gene therapy approach to wider patients’ cohort.
Recent findings of HSC-niche interactions and molecular pathways regulating HSC activity and
hematopoiesis will be presented.
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Improving homing and engraftment of genetically modified stem cells
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Gene therapy involves a substantial loss of hematopoietic stem and progenitor cells (HSPC) during processing
and homing. Intra-bone marrow (IBM) transplantation can reduce homing losses but prior studies have not
yielded promising results. We studied the mechanisms involved in homing and engraftment of IBM- and IVtransplanted genetically-modified (GM) human HSPC. We found that IBM HSPC transplantation improves
engraftment of hematopoietic progenitor cells (HPC), but not of long-term repopulating hematopoietic stem
cells (HSC). Mechanistically, HPC express higher functional levels of CXCR4 than HSC, conferring them a
retention and homing advantage when transplanted IBM. Removing HPC and transplanting an HSC-enriched
population IBM significantly increased long-term engraftment over IV transplantation. Transient upregulation
of CXCR4 on GM HSC-enriched cells, using a non-cytotoxic portion of VPR fused to CXCR4 delivered as a protein
in lentiviral particles, resulted in higher homing and long-term engraftment of GM HSC transplanted either IV
or IBM compared to standard IV transplants. Overall, we show a mechanism for why IBM transplants do not
significantly improve long-term engraftment over IV transplants. IBM transplantation becomes relevant when
an HSC-enriched population is delivered. Alternatively, CXCR4 expression on HSC, when transiently increased
using a protein delivery method, improves homing and engraftment specifically of GM HSC.
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Combined +58 and +55 BCL11A enhancer Editing Yields Exceptional Efficiency,
Specificity and HbF Induction in Human and NHP Preclinical Models
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Targeting the BCL11A erythroid enhancer by gene editing is a promising approach to HbF induction for bhemoglobinopathies. We compared CRISPR-Cas9 endonuclease editing of the BCL11A +58 enhancer with
alternative gene modification approaches. Combined targeting of the BCL11A +58 and +55 enhancers with
3xNLS-SpCas9 and two sgRNAs resulted in the most potent HbF induction of tested approaches. Disruption of
core half E-box/GATA motifs at both the +58 and +55 enhancers was associated with greatest HbF induction.
Combined editing of +58 and +55 enhancers was compatible with xenograft function. Off-target analyses by
pooled amplicon sequencing of 601 candidate off-target sites for the +58 and +55 targeting sgRNAs,
nominated by a range of computational and experimental methods, did not identify reference genome offtarget edits. However, we found an off-target edit produced by a non-reference allele common in Africanancestry populations (rs114518452, minor allele frequency (MAF)=4.5%) that introduces a protospacer
adjacent motif (PAM) for SpCas9. SpCas9 generates indels (~9.6% frequency) and chr2 pericentric inversions
in a strictly allele-specific manner in edited CD34+ hematopoietic stem/progenitor cells (HSPCs), although a
high-fidelity Cas9 variant mitigates this off-target. We evaluated +58/+55 enhancer combined targeting in
nonhuman primates by performing ribonucleoprotein (RNP) electroporation in rhesus macaque mobilized
peripheral blood CD34+ HSPCs with autologous re-infusion following busulfan myeloablation. We observed
high gene edit frequency (~85-90%) and durable HbF induction in the peripheral blood in 3 animals at greater
than a year post infusion. Erythroid stress due to hydroxyurea treatment, with or without phlebotomy, was
associated with substantially augmented HbF responses. No hematologic or other toxicities attributable to
gene editing were observed. Together these results suggest that combined BCL11A +58 and +55 erythroid
enhancer editing produces highly efficient on-target allelic disruption, erythroid-specific BCL11A
downregulation, heightened HbF induction capacity, preserved long-term multilineage engraftment potential,
and absence of evident genotoxicity, under clinically relevant conditions.
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Beta-hemoglobinopathies are caused by mutations affecting adult hemoglobin β-chain production. The only
curative treatment is allogenic hematopoietic stem/progenitor cells (HSPCs) transplantation, an approach
limited by compatible donor availability and immunological complications. Therefore, transplantation of
autologous, genetically modified HSPCs is an attractive therapeutic option. However, current gene therapy
strategies based on the use of lentiviral vectors or CRISPR/Cas9 nuclease are not equally effective in all the
patients and/or raise safety concerns. Base editing is a CRISPR/Cas9-based genome editing technology that
allows the introduction of point mutations in the DNA without generating dangerous double strand breaks.
Dr. Miccio will discuss base editing strategies aiming either to correct the genetic defect or target disease
modifiers in patient cells and provide a safe and effective treatment for β-hemoglobinopathies.
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We developed two novel adult mouse model of severe a-thalassemia to study erythropoiesis, iron
metabolism, as well as coagulation, and as a test bed for an improved gene therapy approach for this disease.
We generated adult animals that do not produce a-globin chains (a-KO) through transplantation of
homozygous B6.129S7-Hbatm1Paz/J fetal liver cells (FLC; isolated at E14.5) or deletion of floxed alpha-globin
genes in hematopoietic stem cells (HSC) by delivery of lipid-nanoparticles embedded with Cre-mRNA. In each
case, the a-KO animals demonstrate a severe phenotype, paradoxically showing an elevated hematocrit, with
RBC expressing only b-globin chains (HbH) and aberrant morphology. Due to the inability of these RBC to
deliver oxygen, animals succumb to the disease, displaying splenomegaly and other organ pathologies,
including vaso-occlusive events, associated with neutrophil infiltration, fibrinogen staining, von Willebrand
factor (vWF) released, platelet recruitment and activation. These animals also show iron deposition in the liver
and kidney, in agreement with very low levels of hepcidin expression in the liver, and elevated erythropoietin
(EPO) in the kidney.
We generated ALS20aI, a vector in which the a-globin gene is under the control of the b-globin promoter and
its locus control region. One copy of ALS20αI produces exogenous a-globin at a level comparable to that
produced by one endogenous a-globin gene. Use of ALS20aI resulted in correction of the disease phenotype
in a dose-dependent manner in a-KO mice. Additional data in CD34 cells isolated from patients with both
deletional and non-deletional HbH disease also indicated that ALS20aI can improve b/a-globin mRNA ratio
(b/aR) and reduce HbH. In conclusion, we generated an adult mouse model of lethal a-thalassemia and a
vector, ALS20aI, that successfully improves a-globin levels in mice and patient cells.
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SCD is one of the most common serious genetic disease, with 300,000 affected individuals born yearly
worldwide; 75% are born in Africa. With newborn screening and comprehensive care programmes, survival to
adulthood is low (up to 50%). The cost of SCD management in a lifetime is high, in comparison to a once-inlifetime curative procedure. These include the clinically approved, allogeneic hematopoietic stem cell
transplantation (allo-HSCT) and gene therapy (GT), an autologous, alternative curative therapy, with potential
for wider-outreach. Allo-HSCT is has procedural risks and only 15% having matched sibling donors. Barriers to
GT is cost (~$1.8million/patient) and complications including secondary leukaemia and potential
chromothripsis from CRISPR/Cas gene editing.
At least four countries in sub-Saharan Africa are actively establishing HSCT and preparing for GT trials for SCD.
Tanzania is undertaking research and will introduce curative therapies by leveraging existing platforms in
clinical, genomic and ELSI research (established since 2003). This includes descriptive epidemiology of
anaemia, HbF and F-cell associated genomic factors; with a novel finding through GWAS of an X-linked gene
that influences the number of F cells, FRMPD4 on Xp22.2; characterizing HSCs (including patterns and risks of
basic and clonal haematopoiesis) and preparation for participating in GeneRx trials. This research is all done,
whilst strengthening and establishing health services such as use of disease-modifying medicines, exchange
blood transfusion and facilitating patient-centered research and advocacy.
The quest for the ideal in vivo gene therapy for SCD is appealing. Ideally lipid nanoparticle (LNP) based gene
editing, injected intravenously, would be an ideal out-patient GT for SCD if it could be targeted to deliver the
payload to HSCs, modify them safely, efficiently, and permanently. LNPs have the advantage of being scalable
with minimal toxicity and avoids the immunogenicity associated with viral vectors. Scientific collaboration
bridging continents will be essential for success.
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Sickle cell disease (SCD) is characterized by hemolytic anemia, pain, and progressive organ damage. These
manifestations are ameliorated by sufficiently fetal hemoglobin (HbF) because a high level of HbF mitigates
sickle hemoglobin polymerization and sickling. BCL11A is a repressor of gamma globin expression and HbF
production in adult erythrocytes. Its downregulation is a promising therapeutic strategy for induction of HbF.
We enrolled patients with SCD in a single-center, open-label, pilot trial. The investigational therapy involved
infusion of autologous CD34+ cells transduced with the BCH-BB694 lentiviral vector, which encodes an shRNA
targeting BCL11A mRNA embedded in a microRNA (shmiR) allowing erythroid lineage-specific knockdown. Ten
patients have been enrolled and 9 have been infused with gene modified cells with follow up in half of these
patients now over 2 years after receiving BCH-BB694 gene therapy. All patients engrafted. Seven fully
evaluable patients achieved robust and stable HbF induction (%HbF 21.6-40.0% at latest follow-up) with
broadly distributed HbF in red cells 58.9-93.6%) and HbF per F cell of 9.0-18.6 pg/cell. Clinical manifestations
of SCD were reduced or absent during the follow up period. We find HbF content in single-RBC measurements
was higher in gene therapy subjects as compared to 14 hydroxyurea-treated patients. Engraftment kinetics
were faster in patients infused with cell products transduced with one enhancer as compared to two
enhancers. This study validates BCL11A inhibition as an effective target for HbF induction and provides
preliminary evidence that shmiR-based gene knockdown offers a favorable risk/benefit profile in SCD. A multiinstitutional, phase 2 study is underway.
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We have conditioned newborn, humanized sickle mice (SS) with a minimal dose of busulfan and transplanted
these animals with a mixture of 20% AS and 80% SS HSPC. Transplanted animals synthesize 50% HbA and are
cured of sickle cell disease. Importantly, all of the transplanted animals are fertile. These results suggest that
corrected, autologous umbilical cord blood stem cells may be transplanted into newborn human patients and
cure the disease without the pathology associated with high-dose conditioning. Also, we have corrected the
sickle mutation in human patient cord blood CD34+ cells at an efficiency of 30-60% and demonstrated
multilineage cell correction at 4 months post-transplantation in NSG mice. These results suggest that the
disease could be cured if these cells were transplanted into the newborn sickle patients from which the cells
were derived. Finally, in order to model cord blood gene correction and safe and effective transplantation
into newborns, we have collaborated with Precigen Exemplar to produce humanized sickle pigs. Recently, we
have corrected the sickle mutation in HSPC from cord blood of newborn animals at an efficiency of 30%. Our
goal is to repeat these studies and transplant autologous, corrected cord blood HSPC into minimally
conditioned, newborn sickle pigs to demonstrate the safety and efficacy of this approach and to provide a
foundation for the treatment of human newborn sickle patients.
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Clonal tracking of hematopoietic stem cells (HSCs) by whole genome sequencing (WGS) enables interrogation
of unperturbed human hematopoiesis by using spontaneous somatic mutations as unique clonal tags. Using
this approach, we mapped the somatic mutation and clonal landscape of gene modified and non-modified
HSCs in patients undergoing gene therapy for sickle cell disease (SCD).
1580 single stem and progenitor cells from four SCD patients (7-24 years old) were expanded and WGS
performed (average 12.2× depth) to map HSC clonal dynamics. Pre- and post-gene therapy samples were used
to distinguish background genomic changes due to SCD from those induced, or selected for, by cell
manufacturing, gene transfer and engraftment.
Pre-gene therapy phylogenetic trees were highly polyclonal and no clonal expansions were observed, but
mean mutation burden per cell was elevated compared to age-matched controls. Following engraftment of
the drug product, we estimate that 20,000-80,000 transplanted clones were active at up to 3 years posttransplantation. No clonal expansions were detected from progeny of either transduced or non-transduced
cells. An increased frequency of single colonies with mutations implicated in clonal hematopoiesis or myeloid
neoplasia was observed, although none of these mutations were detectable by targeted panels during clinical
follow-up.
No clonal expansions were identified but the increased frequency of potential driver mutations posttransplantation suggests a possible selection for HSCs carrying such mutations during the gene therapy
process. Comprehensive monitoring of HSCs in SCD patients will provide a new understanding of leukemia
initiating events after gene therapy.
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Introduction: Increasing HbF (hemoglobin F) has the potential to mitigate disease-related pathophysiology of Sickle
Cell Disease (SCD), including hemolysis and vaso-occlusive crises (VOC). FTX6058 is a potent, selective oral small-molecule inhibitor of Embryonic Ectoderm Development (EED) that has
demonstrated robust target engagement and corresponding increases in HbF levels up to approximately 40% of total
hemoglobin in preclinical models of SCD. Here, we report the safety, tolerability, pharmacokinetics (PK) and
pharmacodynamics (PD) of FTX-6058 from a Phase 1, single ascending dose (SAD) and multiple ascending dose (MAD)
clinical study.
Methods: Healthy volunteers received oral placebo vs. single oral doses of FTX-6058 in the SAD cohorts, or oral placebo
vs. single oral doses of FTX-6058 once daily (QD) for 14 consecutive days in the MAD cohorts. Safety assessments included
AEs, vital signs, ECGs, and laboratory parameters. PK/PD blood sampling was performed pre-dose and Days 1 and 2 in
the SAD cohorts, and Days 1, 2, 7, 8 and 12 - 15 in the MAD cohorts. Target engagement was assessed as change from
baseline in H3K27me3/Total Histone H3 ratio. PD assessments included changes in F reticulocytes and HBG mRNA.
Results: FTX-6058 has been evaluated in 7 healthy volunteer (HV) SAD cohorts (2 to 60 mg), 5 HV MAD cohorts (2 to 30
mg QD, 14-day dosing). Treatment-related adverse events have been mild (Grade 1 or 2). There have been no SAEs or
discontinuations. PK profiles demonstrated dose proportionality across all doses. Robust target engagement was
observed across the entire dose range. Additionally, exposures achieved in the 6 – 30 mg MAD cohorts resulted in 2.4 –
6.2 fold placebo-adjusted increases from baseline in HBG mRNA.
Conclusion: FTX-6058 was generally well tolerated and no unexpected safety signals were detected. The positive PK/PD
data support continued development of FTX-6058 in patients with SCD and β- hemoglobinopathies.
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Is GDF11 the target for luspatercept (ACE-536) in treatment of beta-thalassemia?
TN Andrienko, DE Daniels, I Ferrer-Vicens, DCJ Ferguson, J Frayne
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The most promising drug for the treatment of β-thalassemia to date is Luspatercept (ACE-536) developed in collaboration
by Acceleron Pharma and Celgene. ACE-536 is a fusion protein comprising the modified extracellular domain of activin
receptor type IIB, linked to the human immunoglobulin G1 Fc domain. Several studies using murine models suggested the
action of ACE-536 and ACE-001 (mouse versions RAP-536 and RAP-001) is due to it binding GDF111,2,3. However, a recent
study4 reported that knock out of GDF11 in a β-thalassemia mouse model does not improve anaemia or prevent the
activity of RAP-536, calling into question the role of GDF11 in β-thalassemia.
The adult human erythroid cell line (BEL-A) and a β-thalassemia model line created by CRISPR/Cas9 knock out of HBB (HBB/) in BEL-A, were used to investigate whether GDF11 is the causative factor of ineffective erythropoiesis (IE) in βthalassemia and if ACE-536 alleviates IE by binding GDF11. In control BEL-A cells GDF11 treatment results in decreased
proliferation, a small decrease in viability and a small increase in apoptosis at early stages of differentiation but does not
cause ineffective erythropoiesis. These small effects are reversed by simultaneous addition of ACE-536. Addition of ACE536 to β-thalassemia erythroid cell cultures does not ameliorate the inherent IE phenotype of the cells. However, addition
of recGDF11 exacerbates the IE phenotype and increases Smad2/3 phosphorylation, an effect rescued by ACE-536. In
addition, GDF11 expression, analysed by qPCR, was very low in both control and HBB-/- lines, suggesting that erythroid
cells are not the primary source of GDF11 in β-thalassemia patients.
Our findings suggest that GDF11 could be an exacerbating factor for IE in β-thalassemia, with ACE-536 treatment
sequestering GDF11 and reducing IE, potentially with greater efficacy in patients where the inherent IE is below a severity
threshold. However, the improvement in erythroid differentiation seen by Guerra et al4 in GDF11 KO β-thalassemia mice
treated with RAP-536 indicate other factors involved that are inactivated by ACE-536.
1. Suragani et al, 2014. Blood 123:3864-3872
2. Suragani et al, 2014. Nat Med 20:408-413
3. Dussiot et al, 2014. Nat Med 20:398-401
4. Guerra et al, 2019. Blood 134:568-572
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Over decades the research on pathophysiology and therapeutic solutions for hemoglobinopathies has been mostly
focused on the primary erythropoietic defect, leaving the study of the hematopoietic stem cell (HSC) compartment
underexplored. We have recently provided the first demonstration of impaired HSC function caused by an altered bone
marrow (BM) niche in beta-thalassemia (BT) (Aprile et al., Blood 2020). BT is a globally widespread congenital hemoglobin
disorder, resulting in severe anemia, ineffective erythropoiesis, iron overload and multi-organ secondary complications,
including hormonal and bone alterations. Correction of the genetic defect is achieved by transplantation of HSC from
healthy donors or autologous HSC from patients upon gene therapy. Since the quality and the engraftment of HSC depend
on the BM microenvironment, niche-HSC crosstalk plays a crucial role for transplantation outcome.
Our data in BT Hbbth3/+ (th3) mice indicate that multi-factorial alterations of stromal and hematopoietic components of
the BM niche might have a role in impairing HSC self-renewal and repopulating capacity. Importantly, we assessed that
the defective HSC function can be rescued by targeting the BM niche, thus a deeper investigation of the perturbed BM is
pivotal to develop supportive therapies to ameliorate the BM environment and preserve long-term HSC.
During the analysis of different components of the niche, we found reduced bone density in BT th3 mice, along with a
defective HSC supporting activity by the BM stromal niche, also confirmed in BT patients. As osteoporosis is a constant
hallmark of the disease, we investigated the mechanisms underlying bone disease focusing on the role of fibroblast growth
factor-23 (FGF-23), a negative regulator of bone metabolism secreted by osteocytes and erythroid cells. We found high
levels of circulating FGF-23 in BT mice and patients and neutralization of erythropoietin (EPO) normalized FGF-23
levels, thus demonstrating the causative role of high EPO on the increased FGF-23 in BT. In vivo inhibition of FGF-23
signaling rescued the bone density in th3 mice and importantly, restored the expression of key niche molecules, such as
Jag1 and Opn, involved in the functional crosstalk between HSC and the stromal niche. Consistently, the treatment
restored the frequency of quiescent th3 HSC and had also a positive anti-apoptotic effect on the expanded BM erythroid
compartment, promoting the maturation of erythroid precursors. Evidence in BT patients showed negative correlations
between FGF-23 levels and markers of bone homeostasis and positive correlations with EPO and makers of ineffective
erythropoiesis, thus positioning FGF-23 as the molecule at the crossroads of hematopoiesis and bone in BT.
In addition to the BM stroma, we found altered levels of multiple local and systemic factors, including reduction of systemic
thrombopoietin (TPO). Since TPO is a key regulator of both HSC and megakaryocytes (Mk), we investigated the dual role
of TPO defect on BT HSC and BM microenvironment. Target genes of TPO signaling associated to stemness were found
downregulated in BT HSC, thus negatively affecting stem cell function. In vivo stimulation of TPO axis in th3 mice restored
the pool of quiescent HSC, thus demonstrating the contribution of defective TPO in perturbing HSC. Moreover, analyses
of BM sections from BT mice and patients showed defective Mk maturation and sorted Mk highlighted the downregulation

of niche factors, as Pf4, Cxcl12, TnC, relevant for HSC maintenance, thus suggesting the contribution to the impaired HSCniche crosstalk.
Our findings point the attention to previously unexplored features of HSC and BM components in BT, uncovering the
underexplored roles of FGF-23 and TPO in the BM niche. Further dissection will elucidate the overriding players and the
complex functional interconnections between stromal and hematopoietic alterations of the BT BM. Overall, our evidence
challenges the paradigm of BT, as a disorder confined to erythropoiesis, and paves the way towards potential combined
therapies targeting not only the genetic defect, but also HSC and the BM microenvironment to improve HSC
transplantation and gene therapy approaches.

BADAT
Base editing repairs the HbE mutation restoring the production of normal globin chains in
severe HbE/β-thalassemia patient hematopoietic stem and erythroid cells

Badat, M1, 2; Hua, P2; Mettananda, S3; Fisher, CA2; Roy, N4; Rice, S2; Roy, A2; Higgs, DR2; Davies, JOJ2
1
Barts Health NHS Trust, London, United Kingdom; 2Weatherall Institute of Molecular Medicine, Oxford, United
Kingdom; 3University of Kelaniya, Ragama, Sri Lanka; 4Dept Haematology, Oxford University Hospitals NHS Trust, Oxford,
United Kingdom

HbE/β-thalassemia is the commonest form of severe β-thalassemia, and comprises approximately 50% of all cases
worldwide1. Severe HbE/β-thalassemia is caused by the HBB codon 26 G>A mutation on one allele and any β0-thalassemia
mutation on the other. Importantly, individuals with a mutation on one, but not two, alleles have β-thalassemia trait, a
carrier state with a normal phenotype shared by 1.5% of the world’s population2. Recent gene therapy and gene editing
approaches have been developed to treat β-thalassemia but do not directly repair the causative mutation in-situ. Gene
replacement approaches rely on lentiviral vector-based sequence insertion or homology directed repair. HbF induction
strategies rely on non-homologous end joining targeting of enhancers in-trans. These approaches, whilst variably
successful, are associated with potential safety concerns.
Adenine base editors (ABEs) circumvent these problems by directly repairing mutations in-situ through deamination.
Conversion of the HbE codon to WT through base editing is an attractive strategy to recapitulate the phenotypically normal
β-thalassemia trait state without potentially harmful double-strand breaks or random vector insertions. ABEs are able to
convert the HbE codon (AAG) to wild-type (GAG), but also to GGG or AGG. GGG at codon 26 is found in a naturally occurring
haemoglobin, Hb Aubenas3. Heterozygotes have normal red cell indices and are phenotypically normal. We electroporated
the latest generation of ABE8 editors4 as mRNA into 3 different severe HbE/β-thalassemia donor HSPCs with sgRNAs
targeting the HbE codon.
The mean conversion from the HbE codon to a normal or normal variant in unselected cells was 86.2% (SD±8.1%). The
indel rate from inadvertent on-target Cas9 cleavage was below 0.5%. Edited cells did not show any perturbations in
erythroid differentiation as assessed by Immunophenotyping and cellular morphology. In differentiated erythroid cells,
RT-qPCR showed a mean fall in the α/β mRNA ratio to 0.65±0.08 (unedited patient cells normalised to 1, n=5), indicating
a reduction in excess α-globin gene expression. Protein analysis by CE-HPLC showed a 3.6-fold reduction in HbE levels
(SD±1.3) and a 13.5-fold increase in HbA/Hb Aubenas (SD±2.4, Fig D & E).
In serial NSG-murine xenotransplantation experiments, edited cells were found to persist in secondary transplants,
showing editing is possible in long-term HSCs (mean editing efficiency 34.5%). Potential off-target effects were assessed invitro by CIRCLE-seq5; most candidate sites were in intergenic and intronic regions. The top 250 sites were sequenced using
deep targeted NGS. Only 5 sites showed OT deaminations at low levels in patient cells (mean 1.5%). We developed a
machine learning model to assess potential OT-effects on chromatin accessibility, at all candidate sites in 49 different
blood cell types6. Only 17 potential edits were predicted to result in a significant change in chromatin state. 3 of these
were in the top 250 sites sequenced previously, and none showed deamination in-vivo.
Together these data provide robust evidence for base editing being used as an effective and safe therapeutic strategy for
HbE/β-thalassemia.
References
1. Modell and Darlison, Bull World Health Organ (2008) 86(6):480–7
2. Origa, Genet Med (2017) 19(6):609–619
3. Lacan, Hemoglobin (1996) 20(2):113–24
4. Richter, Nat Biotechnol (2020) 38(7):883–891
5. Tsai, Nat Methods (2017) 14(6):607–614,
6. Schwessinger, Nat Methods (2020) 17(11):1118–1124
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NuRD reads DNA methylation to maintain HBG1/2 repression in haemoglobin switching
Henry W. Bell1, Kate G. Quinlan1, Joel P. Mackay2, Merlin Crossley1.

1. School of Biotechnology and Biomolecular Sciences, UNSW Sydney, NSW 2052, Australia; 2. School of Life and Environmental
Sciences, University of Sydney, NSW 2006, Australia

During development, many genes are switched on and off as needed at each developmental stage. One example of this is
at the β-globin locus, where genes required for the formation of embryonic, foetal, and adult haemoglobin are sequentially
activated at the required stage, while its predecessor in the sequence is repressed in a process known as haemoglobin
switching. The Nucleosome Remodelling and Deacetylase (NuRD) complex plays an important role in haemoglobin
switching as it is recruited to the foetal stage γ-globin genes to mediate repression by key repressors, BCL11A and ZBTB7A
1,2
. The canonical NuRD complex is composed of 6 subunits, each possessing at least one paralog. In the context of
haemoglobin switching, the Methyl-CpG Binding Domain protein 2 (MBD2) subunit of NuRD, which has a high affinity for
methyl-CpG sites, has been found to play an important role in maintenance of γ-globin repression 3,4.
We hypothesise that MBD2 mediated binding of the NuRD complex to methyl-CpG sites in γ-globin and other genes is an
important mechanism for gene repression. To investigate this, we have employed CRISPR genome editing to produce
models of adult-like red blood cell progenitors containing an MBD2 mutant that is expected to be defective in methyl-CpG
binding. This model recapitulates the de-repression of γ-globin reported in MBD2 KO models3, suggesting methylation
binding is an essential feature of MBD2-NuRD in this context. Differential expression analysis has been performed on our
model to identify other genes affected by this mutation, while also confirming that the expression of known γ-globin
regulators is unchanged by the MBD2 mutation.
Future research will aim to clarify how MBD2’s DNA methylation reading capability directs NuRD binding dynamics
throughout the foetal to adult haemoglobin switch, noting concurrent changes in the epigenetic landscape of chromatin.
1.
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Identification of a genomic DNA sequence that quantitatively modulates KLF1 expression in
differentiating human hematopoietic cells
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Expression of the b-like globin genes is under strict developmental control, with both direct and indirect inputs responsible
for this effect. One of the major players regulating their transition is KLF1/EKLF, where even a two-fold difference in its
level alters the regulation of globin switching. We have identified a short, conserved enhancer element in KLF1 intron 1
that is important for establishing optimal levels of KLF1 expression in mouse and human cell lines and primary cells.
Further, we have developed a dual Cpf1 approach to editing this region that has extremely high efficiency and achieves
exactly the drop in KLF1 levels that is likely to produce clinical benefit for hemoglobinopathies. Chromatin accessibility of
this site exhibits cell-type specificity and is under developmental control during the differentiation of human CD34+ cells
towards the erythroid lineage. This site binds GATA1, SMAD1, TAL1, and ETV6. As ablation of KLF1 is lethal in mice and
rarely observed in humans, the identification of a site that quantitatively, rather than completely, decreases levels of KLF1
expression provides a novel target for gene therapy approaches designed to alleviate hemoglobinopathies. We have thus
demonstrated that directed, quantitative control of KLF1 expression can be attained by genomic manipulation, and
suggest a new way in which modulation of transcription factor levels may be used for clinical benefit.

BRETHERTON

Investigating the mechanisms by which a truncated EpoR, as found in primary familial and
congenital polycythaemia, impedes erythroid differentiation

N. Bretherton1, T. Andrienko1, B. Singleton2, J. Frayne1
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School of Biochemistry, University of Bristol, Bristol, UK. 2Bristol Institute for Transfusion Sciences, National Health Service
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Erythropoietin (Epo) and the erythropoietin receptor (EpoR) are the primary regulators of terminal erythropoiesis,
promoting proliferation, survival, and differentiation of erythroid-committed precursors. Approximately 20 germline
heterozygous mutations within exon 8 of the EPOR gene have been identified to cause a truncation of the cytoplasmic
domain of the EPOR. This results in an erythroid proliferative disorder termed Primary Familial and Congenital
Polycythaemia (PFCP). PFCP is characterised by low serum Epo, high hematocrit and haemoglobin concentrations, and
hypersensitivity of erythroid progenitors to Epo.
Bi-allelic mutations mimicking those responsible for PFCP were introduced into the immortalised erythroid cell line BELA, using CRISPR-Cas9 gene editing. This resulted in a truncation from leucine 429 which includes loss of 6 C-terminal
tyrosines (further called E6) important for negative regulation of EpoR internalisation and downstream signalling. To
determine the effect of the mutated EpoR, we examined EpoR surface levels by flow cytometry. Throughout both
expansion and differentiation, E6 cells retained higher amounts of the EpoR in the membrane compared to control cells,
which was highly significant at all time points. The differentiation of E6 cells was perturbed, with flow cytometry analysis
of cell surface markers and morphological analysis showing differentiation to be delayed in the early stages and defective
at later stages – an effect largely restored by culturing E6 cells in 100-fold less Epo. E6 cells cultured in this lower
concentration of Epo expanded similarly to control cells, demonstrating the hypersensitivity of E6 cells to Epo.
The morphology of E6 cells was also abnormal, with occurrence of abnormally large cells and bi/multinuclear cells, first
apparent at the time at which the cells differentiate from pro- to basophilic erythroblasts. As the differentiation defects
correlate with persistent activation of the EpoR, we analysed the phosphorylation status of the downstream signalling
mediator Stat5. Immunoblots of phospho-Stat5 demonstrated overactivation of the EpoR in E6 cells. Culturing the cells
with 100 times less Epo dampened the overactivation of Stat5, close to that of control cells. To establish how
overactivation of the EpoR in E6 cells leads to defective differentiation, we examined the expression of selected
downstream targets of phospho-Stat5 by RT-qPCR. Of these, SOCS-3, known to negatively regulate EpoR signal
transduction was significantly upregulated in E6 cells. This effect was mostly rescued when culturing in 100 times less Epo.
To investigate the causes of defective differentiation further, proteomic analysis was carried out. Proteins involved in DNA
replication and cell cycle pathways were significantly downregulated in E6 cells, suggesting they may play an important
role in contributing to the abnormal morphology and defective differentiation observed.
These data demonstrate over activation of EpoR causes defective differentiation and dysregulation of pathways governing
cell division. Future work will involve further investigation into the dysregulated proteins and pathways to help elucidate
the mechanism by which a truncated EpoR affects erythroid differentiation.

BUNGERT

The role of non-coding, enhancer associated RNA (eRNA) in β-globin gene regulation
Fang Yu, Matthew Gibbons, Austin Spicula, Niko Linzer, Mingyi Xie, and Jörg Bungert
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The hypersensitive sites (HSs) associated with the β-globin locus control region (LCR) recruit RNA polymerase II (Pol II)
transcription complexes and initiate transcription of eRNAs. Previous studies implicated LCR associated eRNA in the
regulation of β-type globin genes. These non-coding RNAs could participate in RNA induced formation of a transcription
initiation domain, which concentrates co-regulators and Pol II at the LCR super-enhancer, and/or they could engage in
sequence specific interactions with other non-coding RNA or with DNA in the β-globin gene locus. We examined the
sequence conservation of LCR associated eRNAs and found blocks of highly conserved sequences associated with HS2 and
HS3 eRNAs. Examining their potential to interact with other sequences in the globin gene locus identified clusters of
putative interactions with globin gene associated RNA or DNA. We will present preliminary data on these interactions and
propose that eRNAs together with proteins mediate transient interactions of the globin genes with LCR seeded
transcription initiation domains. These transient interactions allow transfer of components of the transcription complex,
including Pol II, from the LCR transcription initiation domain to high-affinity basal globin gene promoters.
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Chromatin Accessibility Mapping of Primary Erythroid Cell Populations Leads to Identification
and Validation of NFIX As a Novel Fetal Hemoglobin Repressor
Mudit Chaand, Chris Fiore, Brian Johnston, Anthony D’Ippolito, Diane H Moon, John P Carulli, and Jeffrey R Shearstone
Syros Pharmaceuticals, 35 Cambridge Park Drive, 4th Floor, Cambridge, MA

Human genetics has validated de-repression of fetal gamma globin (HBG) in adult erythroblasts as a powerful therapeutic
paradigm in diseases involving defective adult beta globin (HBB). To identify novel factors involved in the switch from HBG
to HBB expression, we performed Assay for Transposase Accessible Chromatin with high-throughput sequencing (ATACseq) on sorted bone marrow (BM) or cord blood (CB) erythroblast progenitors, representing adult and fetal states,
respectively. BM to CB cell ATAC-seq profile comparisons revealed genome-wide enrichment of NFI DNA binding motifs
and increased NFIX promoter chromatin accessibility, suggesting that NFIX may repress HBG. NFIX knockdown in BM cells
increased HBG mRNA and fetal hemoglobin (HbF) protein levels, coincident with increased chromatin accessibility and
decreased DNA methylation at the HBG promoter. Conversely, overexpression of NFIX in CB cells reduced HbF levels.
Identification of NFIX as a novel target for HbF activation has implications in the development of therapeutics for
hemoglobinopathies.
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Quantitative expression sensitivity analysis of erythroid genes
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Precise tuning of gene expression levels plays a pivotal role in erythropoiesis. However, most of our knowledge on the
impacts of gene expression are based on the binary control of gene activities such as knock in/out. Thus, our understanding
on the quantitative relationship between gene expression levels and cellular functions remains elusive. Since few cisregulatory elements (CREs) affect gene expression level in a binary manner, this knowledge gap also prevents us from
precisely assessing the functional impacts of CREs. To tackle this problem, we used CRISPR interference and series of
single-guide RNAs (sgRNAs) with systematically modulated activities to titrate 5 different expression levels of 900 genes
required by normal erythropoiesis. By quantitatively measuring the functional impacts of each gene at different perturbed
expression levels, we identified a special group of erythropoiesis sensitive genes (ESGs). Normal erythroid differentiation
and proliferation are highly sensitive to the expression level changes of ESGs. ESGs have lower copy number variation
(CNVs) among healthy individuals. In addition, GWAS SNPs associated with red blood cell traits are highly enriched in CREs
regulating ESGs. The CREs also show distinct patterns of histone modification, transcription factor occupancy and
chromatin looping. Our study reveals a new group of erythroid genes that function in a highly expression-level-sensitive
manner. Their unique regulatory mechanism improves our understanding on the relationship between gene expression
profiles and phenotype. It also helps us prioritize CREs that affect normal erythropoiesis.

CHIANELLA
NFKB pathway dysregulation impairs hematopoietic stem cell fate in beta-thalassemia
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During the last years, it has been proposed an innovative picture of hematopoiesis in which the hematopoietic hierarchy
roadmap is flexible to adapt to different conditions by involving distinct stem/progenitor cell populations. Recently, it has
been described that stress and inflammatory signals influence HSC fate and blood output. Beta-thalassemia (Bthal) can
be considered a model of stress-related disease, triggered by the chronic stimulus to erythropoiesis, which is ineffective
because of mutations in the ß-globin gene. We have recently demonstrated that Bthal bone marrow (BM)
microenvironment is impaired both in cellular and molecular components, thus creating a stress location for HSCs. Our
preliminary transcriptome analysis revealed downregulation of TNFα via-NF-kB signaling in Bthal HSCs compared with
healthy donor ones, along with an upregulation of some erythroid transcription factors, highlighting a marked erythroid
signature.
Our aim is to understand how this stress microenvironment could have an impact on HSC lineage commitment, thus reshaping the hematopoietic hierarchy in a unique manner driven by the disease. Interestingly, we found that human and
murine thalassemic (HbbTh3/+) HSCs are endowed with an enhanced erythroid potential, generating higher number of
erythroid colonies in vitro. Focusing on the canonical NF-κB signaling pathway, we observed a reduced expression of key
players, with a low basal activation of NF-κB, measured by immunofluorescence staining of p65 nuclear translocation.
High amount of TNFα was dosed in BM plasma of Bthal patients and in BM extracellular fluid of HbbTh3/+ mice. Interestingly,
we observed an increased TNF receptor 1 (TNFR1) expression and higher frequency of positive cells in the murine
hematopoietic primitive compartment. To investigate the role of TNFα via NF-kB signaling on HSC lineage fate, we
evaluated the clonogenic potential after in vitro exposure to TNFα stimulation and NF-kB inhibitors. Preliminary results
have shown how deregulated signaling can affect HSC commitment towards the erythroid lineage. In vivo treatment with
TNFα/anti-TNFα will provide new molecular insights on which inflammatory signals contribute to cell fate decision of Bthal
HSCs towards the erythroid lineage.

CHOUERY
Tailored WES data analysis and reanalysis in the Lebanese population and lessons learned
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The recent implementation of next generation sequencing technologies significantly improved the molecular biology field.
Indeed, it accelerated the linkage of diseases to their causative mutations while also allowing the identification of
incidental findings that are of a medical value despite being unrelated to the patient’s condition. Besides, it sheds the light
on private pathogenic variants frequent in consanguineous populations.
In this study, 500 Lebanese patients, presenting a wide spectrum of genetic disorders were referred to us for molecular
diagnosis. Whole Exome Sequencing (WES) was performed. Incidental findings in 73 genes were evaluated as per the
ACMG guidelines, in addition to the private Lebanese mutations listed in the CTGA database1.
This allowed us to identify the causative mutations in 50% of the cases, in line with other international studies. To improve
the diagnostic yield, WES data, generated during the first 2 years of this study, was reanalyzed for all patients who were
left genetically undiagnosed. Reanalysis, based on updated bioinformatics tools and novel gene discoveries, enabled us to
increase the diagnostics yield to 57%. In parallel, dominant actionable variants were found in 6% of our cohort where
genes associated with dominant cardiac diseases were the most frequently mutated (in 2% of our cohort). Genetic
predisposition to cancer was observed in 1% of the cases while 2.5% carry a recessive disease allele. Besides, our study
confirmed that the carrier rate of β-Thalassemia in Lebanon is around 3%. Furthermore, 3 patients referred for severe
hemolytic anemia were found to have G6PD deficiency, urging the need for a wider Lebanese neonatal screening program.
In conclusion, the present work pinpoints the contribution of WES to an efficient genetic diagnosis and better clinical
management. Lessons learned from WES reanalysis and genetic diagnosis in low-income countries, like Lebanon, will also
be shared.
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Using Random Forest Modelling to Predict HbF Levels in Sickle Cell Disease Patients and to
Identify Novel Genomic Markers
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Sickle cell disease (SCD) is caused by a genetic variant in the HBB gene, forming HbS. Affected individuals suffer from
successive vaso-occlusive events which cause pain and chronic organ damage. Expression of fetal globin (HbF), reduces
the severity of SCD. Three main quantitative trait loci (QTL) have been identified that influence HbF expression; chr 2
(BCL11A), Chr 6 and the globin loci. Drugs such as Hydroxyurea are given to SCD patients as they increase HbF levels and
reduce clinical symptoms. Being able to predict the HbF level of an individual is complex as the number of QTLs is large.
Having an accurate HbF prediction may enable triage of affected children, starting effective treatments and management
earlier.
We have built a Random Forest model to predict the HbF level of an individual using genome wide (MEGA) SNP array data.
This creates decision trees to find the most informative markers that are associated with the trait (HbF). Multiple decision
trees are used within a single model. Moving down a decision tree, the entropy level is reduced and the information gain
increased. This enables quantifiable assessment of the markers used in each decision. Genetic markers that have high
predictive value of HbF are likely to be in LD to genomic regions affecting HbF expression. Therefore the predictive model
may also be useful in identifying novel genomic regions associated with HbF levels.
We first created a Random Forest machine learning model using 653 non-sickle individuals and checked that it identified
the same loci as previous GWAS models. The three main QTLs, involved in HbF regulation were identified in the top 10
ranked variants, plus other published variants, with a weak association. Plotting the relative importance of each SNP
showed the top 10 variants contributed substantially to the model prediction. The observed HbF level was plotted against
the predicted and the model linearity assessed, R2 = 0.45.
A separate sickle model was created with 752 individuals. The number of genetic variants that contributed to the HbF
prediction in the sickle model was increased compared to the non-sickle cohort. Although the model was more complex
the overall prediction accuracy was similar, R2=0.38. The genetic loci used in the prediction included BCL11A but also
included NOS1 and ARG2. In addition, intragenic regions were identified at loci very distal to any know gene. We have
briefly curated the top predicting loci.
In Summary, Random Forest enables the analysis of complex datasets and permits the simple identification of potentially
important loci contributing to the trait. It also provides a simple model that is reproducible and reliable at predicting HbF.
How this will be used clinically is yet to be established. We are currently validating the prediction model on a second sickle
cell cohort.
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PDGFRβ+ cells play a dual role as hematopoietic precursors and niche cells during mouse
ontogeny
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Hematopoietic stem cell (HSC) generation in the aorta-gonad-mesonephros region requires HSC specification signals
from the surrounding microenvironment. In zebrafish, PDGF- B/PDGFRβ signaling controls hematopoietic stem/progenitor
cell (HSPC) generation and is required in the HSC specification niche. Little is known about murine HSPC specification in
vivo and whether PDGF-B/PDGFRβ is involved. Here we show that PDGFRβ is expressed in distinct perivascular stromal
cell layers surrounding the mid-gestation dorsal aorta, and its deletion impairs hematopoiesis. We demonstrate that
PDGFRβ+ cells play a dual role in murine hematopoiesis. They act in the aortic niche to support HSPCs, and in addition,
PDGFRβ+ embryonic precursors give rise to a subset of HSPCs that persist into adulthood. These findings provide crucial
information for the controlled production of these clinically important cells in vitro.
Keywords: PDGFRβ, hematopoietic niche, MSCs, osteogenesis, HSPC precursor.
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Upregulating transcriptional co-activator PGC-1A by small molecule compounds induces fetal
hemoglobin synthesis
Y Sun, A Habara, D Chui, M Steinberg and S Cui

Department of Medicine, Section of Hematology-Medical Oncology, Boston University School of Medicine, Boston Medical Center,
Boston, Massachusetts, USA.

Sickle cell disease (SCD) causes hemolytic anemia, pain, disability, progressive multi-organ damage, and early mortality.
Around 100,000 people in the United States and > 3.2 million people globally live with SCD. Therapeutic strategies that
aim to increase the amount of fetal hemoglobin (HbF) in the blood of SCD patients would ameliorate disease severity and
might even help cure the disease. Hydroxycarbamide (hydroxyurea; HU), the standard approach to inducing HbF in SCD,
has only limited efficacy in improving sickle vaso-occlusion or hemolysis. Therefore, more effective and safer HbF inducers
are highly desired.
We recently found that upregulation of PGC-1α by lentivirus infection or by a small molecule compound ZLN005 in human
primary erythroid progenitor CD34+ cells induced HbF expression and increased the percent of HbF positive cells (F-cells)
without affecting cell proliferation and differentiation. Notably, the combination of ZLN005 and HU had an additive effect,
resulting in significantly more F-cells in cultured CD34+ cells. We also found another PGC-1α agonist, SR-18292, which
exhibits similar inductive effect as ZLN005 does on HbF expression in CD34+ cells and the combination of SR-18292 with
HU also leads to more F-cells in the culture. Activation of PGC-1α by those small molecule agonists might provide a new
path into hemoglobin regulation with a promising therapeutic benefit in SCD.

DANIELS

Creating human model cellular systems of b-thalassemia for analysis of molecular defects and
as drug screening platforms
D E Daniels, J Hawksworth, T N Andrienko, I Ferrer-Vicens, D C J Ferguson, M Wilson, J Frayne
School of Biochemistry, University of Bristol, Bristol, UK

The β-thalassemias are a group of hereditary disorders characterised by reduced or absent β-globin synthesis arising from
over 300 different disease-causing mutations. Although β-thalassemia erythroid cells can be generated in vitro from
peripheral blood stem cells, cell numbers are severely limited by restricted expansion potential with repeat collections
required, a particularly unsuitable approach for anaemic patients. Therefore, sustainable and reproducible human model
systems are required to enable in-depth investigation of the underlying molecular defects, to aid identification of new
therapeutic targets and as screening platforms for the effect and efficacy of potential new drugs and reagents.
In this study, we utilised CRISPR-Cas9 genome editing of BEL-A, an erythroid line that recapitulates normal erythropoiesis,
to generate homozygous and heterozygous HBB knockout cell lines. Next, to more accurately replicate patient genotypes,
we created lines with specific high prevalence β0-thalassemia mutations (CD41/42 -TTCT and IVS-1-1 G>T) using RNP-based
precise genome editing.
The β0 lines recapitulate the phenotype previously reported for patient-derived β0-thalassemia cells in vitro, with clear
onset of ineffective erythropoiesis (IE) at the polychromatic cell stage as shown by reduced maturation and increased
apoptosis during erythroid differentiation compared to WT cells. Loss of β-globin production in the lines resulted in globin
chain imbalance and the formation of α-globin aggregates. Hydroxyurea treatment of the HBB-/- line led to a dosedependent increase in HbF production and decrease in IE, demonstrating the utility of the lines as drug screening
platforms. Finally, we performed multiplex TMT-based comparative proteomics on HBB-/- and WT BEL-A at the basophilic
and polychromatic cell stage to both verify proteins reported as mis-regulated in β-thalassemia erythroid cells and to
identify other novel aberrantly expressed proteins.
Overall, these cellular model systems provide novel tools for studying the underlying molecular mechanisms of βthalassemia as well as providing screening platforms for developing new therapeutic strategies.
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A custom CRISPR knockout screen to identify novel γ-globin repressors for the treatment of
β- hemoglobinopathies
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Kleanthous
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Reactivation of γ-globin for the production of HbF can ameliorate β-thalassemia and sickle cell disease. Although therapeutic
strategies involving addition of a functional β-globin gene or genome editing for
γ-globin reactivation are promising, the high cost and limited availability together with safety and efficacy issues
constrain such therapies to younger patients with access to sophisticated clinical care. The only FDA-approved HbFinducing drug is hydroxyurea but its use in β-thalassemia patients is restricted because of efficacy and toxicity reasons.
Luspatercept, a recently FDA/EMA-approved medication that works through enhancing erythroid maturation, despite its
benefits for β-thalassemia patients, has a limited effectiveness in severely affected patients. Additionally, the multiple
functions of BCL11A and LRF make their targeting with small molecules a real challenge. Hence, reactivation of
γ-globin with pharmacological means is still a useful and much needed avenue to explore. To identify novel γ-globin
repressors as potential druggable targets, we performed a custom CRISPR/Cas9 knockout screen targeting 293 genes
selected from previously published literature. Their selection was based on the existence of evidence suggesting a possible
γ-globin regulatory role but absence of supporting functional data. Screening this library in the HUDEP-2 cell line resulted
in the identification of several candidate γ-globin repressors. The two most promising candidate genes (based on their
ranking and known function) have been selected for further validation and functional studies. One gene encodes for a
protein involved in ion transport and iron homeostasis whereas the other gene is a transcriptional regulator. These genes
will be subjected to validation in HUDEP-2 and human primary erythroid progenitors to verify their role as γ-globin
repressors. Additionally, the mechanism of action of these genes will be investigated with regards to erythroid maturation
and hemoglobin switching. Our work could potentially identify new HbF regulators, which may provide novel therapeutic
targets for the treatment of β-hemoglobinopathies.
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Plasma iron controls neutrophil production and function
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Low plasma iron (hypoferremia) induced by hepcidin is a conserved inflammatory response that protects against infections
but inhibits erythropoiesis. How hypoferremia influences leukocytogenesis is unclear. Using proteomic data, we predicted
that neutrophil production would be profoundly more iron-demanding than generation of other white blood cell types.
Accordingly in mice, hepcidin-mediated hypoferremia substantially reduced numbers of granulocytes but not monocytes,
lymphocytes or dendritic cells. Neutrophil rebound after anti-GR1-induced neutropenia was blunted during hypoferremia
but was rescued by supplemental iron. Similarly, hypoferremia markedly inhibited pharmacologically-stimulated
granulopoiesis mediated by GCSF and inflammation-induced accumulation of neutrophils in the spleen and peritoneal
cavity. Furthermore, hypoferremia specifically altered neutrophil effector functions, suppressing antibacterial
mechanisms but enhancing mitochondrial ROS-dependent NETosis associated with chronic inflammation. Notably,
antagonising endogenous hepcidin during acute inflammation enhanced production of neutrophils. We propose plasma
iron modulates the profile of innate immunity by controlling monocyte-to-neutrophil ratio and neutrophil activity in a
therapeutically targetable system.
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Index of Ineffective Erythropoiesis: A novel method to measure ineffective erythropoiesis in
sickle cell disease
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Ineffective erythropoiesis (IE) is a hallmark of several hematological diseases including beta- thalassemia, myelodysplasia
(MDS) and Diamond-Blackfan Anemia (DBA)1,2. Although generally not considered a distinguishing feature of sickle cell
disease (SCD), recent work has provided evidence for IE also occurring in SCD patients. Using erythroblasts isolated directly
from SCD bone marrow samples, or differentiated in vitro from circulating SCD CD34+ cells, we previously documented
the extent of IE in SCD2. By mimicking the hypoxic environment of the bone marrow niche, we showed that hypoxia
induced high levels of apoptosis in the late differentiation stages of erythropoiesis which coincide with sickle hemoglobin
accumulation. Interestingly, the presence of fetal hemoglobin (HbF) counteracted apoptosis and reduced IE2. Following
on this evidence, we developed a novel index of IE (IoIE), as a means of quantitating IE and facilitating comparisons between
patients, conditions, and the effects of treatments3. We calculated IoIE by dividing the plasma concentration of soluble
transferrin receptor (sTfR, nmol/l) (proportionate to the volume of erythroid tissue) by the absolute reticulocyte count
(ARC, x109/l) (effective erythroid output from the bone marrow). The upper limit of normal IoIE was calculated at 0.28
using the established normal ranges of sTfR and ARC, and confirmed using control samples. We studied 414 SCD patients,
and showed that IE is a feature of patients with HbSS (median IoIE 0.37), but not HbSC (median IoIE 0.27). We validated
IoIE as a measure of IE in a cohort of 44 patients with HbE-beta thalassemia, a condition in which IE is known to play a
major part, and as expected found high levels (median IoIE 1.46). Within the HbSS cohort, we found that higher HbF levels
associate with reduced IoIE. In addition, we found that transfusion reduces IE whereas, surprisingly, hydroxyurea (HU)
treatment appears to have the opposite effect resulting in increased IE. HU has a direct effect on cell division which could
account for the increase in IE, but it may also be acting in other ways, such as increasing stress erythropoiesis in the bone
marrow niche of SCD patients. We therefore focused on understanding better how HU treatment may impact IE in SCD
patients. To this end, we treated the BEL-A erythroid cell line with HU, and investigated the effect of the treatment on
differentiation kinetics and apoptosis and the expression of key regulatory proteins of erythropoiesis. Upon treatment
with HU, together with increase in HbF levels oxidative stress increases altering the differentiation mechanism and hinting
to generation of stress erythropoiesis. In conclusion, we describe the IoIE as a simple and meaningful measure of IE and
show that it is clinically important in SCD in monitoring the effects of transfusion and HU treatment and in evaluating the
effects of novel therapies.

References:
1.
2.
3.

Arlet, J.B., et al. HSP70 sequestration by free alpha-globin promotes ineffective erythropoiesis in beta- thalassaemia. Nature
514, 242-+ (2014).
El Hoss, S., et al. Fetal hemoglobin rescues ineffective erythropoiesis in sickle cell disease. Haematologica (2020).
Brewin, J., El Hoss, S., Strouboulis, J. & Rees, D. A novel index to evaluate ineffective erythropoiesis in hematological diseases
offers insights into sickle cell disease. Haematologica (2021).
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Extensive comparative proteomic analysis, utilizing novel human cellular model of CDA IV,
reveals underlying molecular basis of disease phenotype
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Congenital dyserythropoiesis type IV (CDA IV) is a severe RBC disease caused by the heterozygous mutation E325K
(glutamate to lysine) in the DNA binding domain of the transcription factor KLF1. Patients with CDA IV present with severe
hemolytic anemia, splenomegaly, RBC osmotic fragility, iron overload, erythroid cell membrane abnormalities, markedly
elevated HbF, high levels of nucleated and binucleated erythroid cells in the circulation and bone marrow, and
dyserythropoiesis. However, studying the underlying molecular defects of this rare disease is impeded by paucity of
patient material.
Using a recently developed human disease cellular model of CDA IV (created by introducing the mutation into BEL-A cells),
along with comparative tandem mass tagging and LC-MS/MS we reveal extensive distortion of the proteome in the
KLF1+/E325K cells. During expansion 29% (2116) of the 7200 uniquely identified proteins were significantly different in level
compared to wildtype cells, 1226 increased, and 890 decreased. On day 2 of differentiation, 6672 unique proteins were
identified, of which 57% (3815) were significantly different, 1847 increased and 1968 decreased, in line with the increasing
severity of phenotype as the cells differentiate.
We also compared the proteome of KLF1+/E325K cells to that of a human KLF1+/- line, in which expression of some KLF1
regulated genes is decreased due to haploinsufficiency. PCA analysis demonstrated close similarity between the proteome
of wildtype and KLF1+/- cells, compared to marked difference of the KLF1+/E325K proteome to both. In addition, the profile
of dysregulation in KLF1+/E325K cells was distinct to that of KLF1+/- cells.
Functional interrogation of the proteomic datasets using the Gene Ontology and Pathway Enrichment Analysis toolkits
WebGestalt and Reactome revealed a wide range of disordered biological processes in KLF1+/E325K cells, with significantly
down-regulated networks governing cell cycle, chromatin separation, transcription and mRNA processing, DNA repair and
membrane trafficking, and significantly upregulated networks governing mitochondria processes.
Further interrogation revealed multiple dysregulated components of these processes, with a wide range of disordered
interconnected biological pathways, along with synergy of discrete pathways, which collectively contribute to the
phenotypic abnormalities of CDA IV cells. The diversity of such effected processes elucidates the spectrum of CDA IV
phenotypic abnormalities and impairment to erythroid cell development and survival. Notwithstanding, the data also
reveal far more extensive involvement of KLF1 in previously assigned biological processes, along with novel roles in the
regulation of intracellular processes not previously attributed to this transcription factor.
Finally, the data demonstrates the power of such a model cellular system to unravel the molecular basis of disease.

FERRER-VICENS

Novel human cellular model of severe RBC disease CDA IV accurately recapitulates disease
phenotype
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Congenital dyserythropoietic anaemia type IV (CDA IV) is a red blood cell (RBC) disorder caused by the heterozygous
mutation Glu325Lys (E325K) in transcription factor KLF1, a key regulator of gene expression during erythropoiesis. CDA IV
patients present with severe anemia, splenomegaly, RBC osmotic fragility, iron overload, erythroid cell membrane
abnormalities, markedly elevated HbF, high levels of nucleated and binucleated erythroid cells in the circulation and bone
marrow, and dyserythropoiesis, however the molecular defects resulting in these abnormalities and thus the severe
disease phenotype are largely unknown.
Studying such a red blood cell disease is severely impeded by paucity of suitable, and adequate quantities of material from
anaemic patients, which for CDA IV is further exacerbated by rarity of the disease.
We took the novel approach of creating a human cellular disease model for CDA IV, providing a sustainable and consistent
supply of cells, thus enabling extensive in-depth study, importantly within a physiologically relevant milieu. As founder
we used the BEL-A line, which recapitulates normal adult erythropoiesis. Using CRISPR/Cas9, we introduced the cG973A
mutation into one KLF1 allele of BEL-A, creating a CDA IV (KLF1+/E325K) line. In parallel, we created a heterozygous KLF1
knockout line (KLF1+/-) for comparison, to illustrate the KLF1+/E325K phenotype is not just due to KLF1 haploinsufficiency.
Extensive characterisation showed the KLF1+/E325K disease line accurately recapitulates the properties of CDA IV patient
erythroid cells. In contrast the KLF1+/- line had a benign phenotype, corresponding to that of erythroid cells from individuals
with heterozygous inactivating KLF1 mutations.
Phenotypically, as observed for CDA IV patient erythroid cells, a proportion of KLF1+/E325K cells were bi or multi nuclear,
with chromatin bridges detected between some daughter cells and clear plasma membrane blebbing. In line with patient
cells, levels of CD44, ICAM4 and AQP1 were also significantly reduced. On differentiation, the KLF1+/E325K cells exhibited
marked dyserythropoiesis, with both expansion and viability significantly and dramatically reduced compared to both WT
and KLF1+/- cells. Analysis of the globin subunit profile of KLF1+/E325K cells showed marked, significant elevated levels of γglobin with, inversely, significantly decreased β- and d-globin levels, again accurately recapitulating the in vivo disease
phenotype.
Overall, the data confirm validity of the KLF1+/E325K line in recapitulating the phenotype of CDA IV patient cells, with the
benign phenotype of the KLF1+/- cells emphasizing the unique activity of E325K KLF1. The KLF1+/E325K disease model line will
thus permit extensive investigation of the underlying molecular defects, importantly in a natural cellular milieu.
These data demonstrate the power of such a disease model system, with our approach applicable for other red blood cell
diseases. Finally, the data may facilitate diagnosis of CDA IV, with the disease line itself providing a sustainable and
physiologically relevant drug screening platform.
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Characterization and application of novel human beta thalassemia erythroid cell line
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The 𝛽-thalassemia syndromes refer to a group of hereditary disorders characterised by a deficiency in 𝛽-globin. Severe
cases result in chronic anemia and lead to dependency on blood transfusions, with few treatment options available.
Development of new therapeutic approaches could be facilitated by a suitable human model disease system, enabling
study of the underlying molecular defects. The immortalised erythroid cell line BEL-A, which fully recapitulates
erythropoiesis and expresses a normal adult globin profile, was used to generate a HBB knockout line using CRISPR-Cas9
genome editing. The resultant 𝛽0-line recapitulates the ineffective erythropoiesis (IE) of 𝛽-thalassemia, with increased
apoptosis around the polychromatic stage of erythroid differentiation, matching the phenotype of patient erythroid cells.
As such it provides a valuable resource for investigating potential targets for novel gene therapies.
To validate the 𝛽0 -line as a disease model system, editing of the BCL11A +58 erythroid enhancer was performed, a strategy
previously shown to increase fetal globin production and ameliorate disease severity1. RNPs were used to create
homozygous and heterozygous deletions targeting the CTG-(8n)-GATA motif underpinning its enhancer function2. Western
blot analysis revealed a decreased abundance of BCL11A protein, accompanied with elevated levels of g-globin. A flow
cytometry based IE assay demonstrated an improvement in IE, with a greater proportion of cells maturing past the
polychromatic stage and reduced apoptosis.
GDF11 is also an interesting target for the application of this model, as its role in the erythroid lineage remains contested.
Murine models suggested that the foremost drug used to treat 𝛽-thalassemia, ACE-536, rescued an anemic phenotype
through binding GDF113, and an autocrine mechanism of GDF11 secreted by the erythroid cells4. However subsequent
studies demonstrated that GDF11 knock out in a thalassemic mouse model does not impede action of the drug5. Using
RNP-mediated precise genome editing we introduced a homozygous single base-pair deletion, (c.191delT), in GDF11 gene
of the 𝛽0 -line causing a frameshift and generating a premature stop codon. Flow cytometry analysis showed no
improvement to IE in the GDF11-/- 𝛽0 -line, with consistent levels of maturation and apoptosis observed. These findings
suggest that GDF11 production by human erythroid cells does not play a role in the IE phenotype observed in 𝛽thalassemia.
Overall, these studies demonstrate the utility of the 𝛽0 -thalassemia line as a model system and demonstrate the potential
they provide for investigating other promising targets for therapeutics.
1) Zeng et al. 2021 Blood 138:1852
2) Bauer et al. 2013 Science 342:253-257
3) Suragani et al. 2014 Nat Med: 20:408-414
4) Dussiot et al. 2014 Nat Med 20:398-407
5) Guerra et al. 2019 Blood 134:568-572
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Isoform Specific Methylcytosine Binding Domain Protein (MBD)-Dependent g-globin Gene
Silencing.
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Previous studies from our group have shown that MBD2-NuRD, but not MBD3-NuRD is required for full silencing of the
g-globin gene in human adult erythroid cells. To further understand this, ChIP assays were done and showed that MBD2
occupies the g-globin gene promoter in parental HUDEP-2 cells in which the gene is transcriptionally silent. IP studies
confirmed that MBD2a interacts with Bcl11a, a major silencing factor, but also showed that both MBD3 and MBD2b
interact strongly with Bcl11a. NOME-SEQ assays showed that MBD2 was required for positioning of a nucleosome over
the proximal g-globin gene promoter. Knockout of MBD2 resulted in opening of chromatin in the promoter region as
demonstrated by ATAC seq.
MBD2a, unlike its isoform MBD2b, contains an NH-terminal arginine rich GR domain. Enforced expression of MBD2a but
not MBD2b in MBD2 knockout HUDEP-2 cells resulted in partial restoration of g-globin gene silencing, and an increased
ratio of endogenous MBD2b to MBD2a resulted in loss of full silencing. In vitro binding studies demonstrated that both
CpG methylation and the GR domain were required for the most avid binding of MBD2 to proximal g-globin gene promoter
sequences.
Proteomic analysis of MBD2a versus MBD2b associated proteins identified the PRMT5/MEP50 complex and PRMT1 as the
only proteins distinctly associated with MBD2a. As PRMT5 has previously been implicated in g-globin gene silencing, we
carried out ChIP assays which demonstrated that PRMT5 and MEP50 occupy the g-gene promoter in WT but not MBD2
knockout HUDEP-2 cells. Depletion of PRMT5 resulted in significantly increased g-globin gene expression in both WT
HUDEP-2 cells and CD34+ progenitor derived primary adult erythroid cells, but no further increase was observed in MBD2
depleted cells.
In summary, these studies suggest that MBD2a is uniquely required for complete g-globin gene silencing by virtue of its
high affinity binding to the methylated proximal g-globin gene promoter and stable nucleosome positioning there, as well
as recruitment of PRMT5/MEP50.
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A sextuplication of the alpha-globin genes leads to 8 alpha-genes in compound heterozygosity
with a beta+ -thalassemia mutation in a brother and sister presenting with beta-thalassemia
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Introduction/ objectives
The alpha-globin gene cluster contains two duplicated alpha-genes. Segmental duplications of the entire alpha-globin gene
cluster have been reported in individuals heterozygous for beta-thalassemia with a beta thalassemia intermedia
phenotype. This study reports two members of an American family showing transfusion dependent beta-thalassemia
intermedia due to a segmental triplication of the alpha-gene cluster resulting in eight alpha-globin genes in combination
with a beta+-thalassemia gene variant.
Methods
Standard hematology, HPLC and Sanger sequencing have been performed. FISH analysis, Multiplex Ligation-dependent
Probe Amplification, SNP- and fine tiling array analysis of the alpha-globin gene cluster and Whole Genome Sequencing
were performed to determine the location, orientation and breakpoint sequences.
Results
Two patients became transfusion dependent at age 15 and 10 years respectively. Sequencing the HBB gene has revealed
a heterozygote beta+-thalassemia variant (HBB:c.*113A>G) inherited from father. MLPA and array analysis, performed in
the probands and the parents, have shown a maternally inherited interstitial triplication of the alpha-globin gene cluster
on chromosome 16p13.3 (approx. 900 kb), for which the mother was approx. 25% mosaic. One child inherited eight alphagenes, without the beta+-thalassemia variant of father. The triplicated segment involves the complete alpha-globin gene
cluster and 18 additional protein coding genes. Still the only phenotype expressed is that of a thalassemia intermedia
when in association with beta-thalassemia trait.
Conclusion
Our results clearly show that the presence of eight alpha globin genes does not have a discernible phenotype on its own,
however, it actively contributes to globin chain unbalance when co-inherited with a beta thalassemia variant.

HARTEVELD
The role of SUPT5H variants in non-linked beta-thalassemia cases and families

Ahlem Achour1, Tamara Koopmann1, Rob Castel2, Gijs Santen1, Nicolette den Hollander1, Jeroen Knijnenburg1, Claudia
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Schaap1, Jennita Slomp3, Joanne Traeger-Synodinos4, Christina Vrettou4, Serge Pissard5, Frank Baas1, Cornelis L.
Harteveld*1.

Introduction: Beta-thalassemia is mostly due to point mutations in the HBB gene and to a lesser extent deletions in the
beta-globin gene cluster involving the HBB gene. Occasionally unexplained beta-thalassemia trait is discovered in
individuals or families, where no mutation or deletion is found in the HBB genes. We describe a strong association of betathalassemia trait without mutations in the HBB genes in two Dutch families and several individuals.
Materials and methods: Hematological studies were performed by standard methods. Exome capture was performed
using the Agilent’s SureSelect All-Exon kit according to the manufacturer's instructions. Sequencing was done using the
Illumina HiSeq4000 (Illumina Inc., San Diego, CA).
Results: Two Dutch families showed beta-thalassemia trait without mutations in the HBB genes and non-linked inheritance
with the HBB locus. MLPA analysis and Sanger sequencing revealed no mutations in the globin genes HBB, HBA1, HBA2,
KLF1 and no deletions in the beta-globin- or alpha-globin gene clusters removing functional genes or regulatory elements.
One family showed co-inheritance of a rare alpha-thalassemia mutation specific for the Dutch population. Haplotype
analysis of the beta-globin gene cluster showed no linkage between the beta-thalassemia trait and inheritance of the HBB
gene. WES analysis revealed unique variants in a subset of genes, possibly associated with the beta-thalassemia trait.
Subsequent analysis of individuals without causative beta-thalassemia variants in the HBB genes revealed additional
variants in SUPT5H.
Conclusion: The family analysis of two unrelated Dutch families revealed that the rare phenomenon of beta-thalassemia
in a population where no selection by malaria tropica can be held responsible for the presence of beta-thalassemia
mutations, other mechanisms may be responsible for reduced synthesis of beta-globin. The WES analysis showed several
candidate genes which remain to be studied to validate the involvement in hematopoiesis and, more specifically, in
regulation of beta-gene expression. The discovery of the involvement of other disease genes causing the classic betathalassemia phenotype has implications for genetic counselling and screening programs involving carrier detection based
on hematological screening parameters such as elevated HbA2 and microcytic hypochromic anemia. Molecular analysis to
distinguish mutations in HBB is necessary for definitive carrier diagnosis and prenatal risk assessment in counseling.
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Investigating mechanisms of zeta-globin gene silencing
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Despite being at the heart of one of the most transcriptionally active mammalian gene loci, the embryonically expressed
alpha-like globin gene, zeta-globin, is completely silenced in adult definitive erythroblasts. In these cells, the zeta-globin
gene and surrounding chromatin is devoid of all marks of gene expression and repression studied to date. Through a
CRISPR/Cas9 screen of the zeta-globin promoter, we have shown that disruption of evolutionarily conserved sequences
leads to a degree of zeta-globin de-repression. These low levels of transcriptional activation may be due to redundancy of
transcription factor binding. The first aim of this project is to perform electrophoretic mobility shift assays to identify the
regulatory factors binding the zeta-globin promoter in primitive and definitive erythropoiesis.
One observed chromatin-level feature of the inactive zeta-globin gene is marked hypoacetylation. Histone deacetylases
(HDACs) have previously been shown to contribute to silencing of the fetal, beta-like gamma-globin gene. Therefore, the
second aim of this work is to investigate the role of HDACs in maintaining zeta-globin gene hypoacetylation and
transcriptional repression using an HDAC siRNA knockdown approach. By identifying the mechanisms of HBZ repression,
we anticipate that this work will reveal novel targets for therapeutic reactivation of endogenous HBZ transcription in cases
of severe alpha-thalassemia, an anaemia caused by reduction of functional adult alpha-globin protein.
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The role of MYB and H3K27ac in enhancer function
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Enhancers are important for driving gene expression and importantly oncogenic expression in cancers. Enhancers lie 10100kb from the gene and physically interact with the promoter to upregulate gene transcription1. Although it is not entirely
clear how enhancers activate target gene expression, the chromatin profile at enhancers appears to be a key aspect of
their activity. In particular, nucleosomes at enhancers tend to be highly acetylated, but it is not clear whether acetylation
alone is capable of generating an enhancer. Here we show that DNA binding by MYB, a transcription factor that interacts
with the lysine acetyltransferases P300 and CBP, is sufficient to generate an enhancer. We have employed the well
characterised TetR system2 to directly target the MYB transactivation domain to an array of TetO sequences incorporated
into the genome. This allows us to examine the function of MYB and indirectly of H3K27ac by eliminating the complexity
of transcription from nearby genes. We use ChIP-seq, polyA-minus RNA-seq and Capture-C to demonstrate that the
transactivation domain of MYB alone is capable of altering the chromatin landscape, leading to transcriptional
upregulation. These effects were observed both locally and at distal loci, a key feature of enhancers. Surprisingly, by
inserting the TetO array into two distinct gene-desert regions, we found that this effect is locus specific. We hypothesise
that the enhancer forming capabilities of the MYB transactivation domain is dependent on its interaction with P300 and
subsequent deposition of H3K27ac.
1. Banerji, J., Rusconi, S. & Schaffner, W. Expression of a β-globin gene is enhanced by remote SV40 DNA sequences. Cell
27, 299–308 (1981)
2. Blackledge, N. P. et al. Variant PRC1 complex-dependent H2A ubiquitylation drives PRC2 recruitment and polycomb
domain formation. Cell 157, 1445–1459 (2014).

Figure 1: TetR-TA (TetR protein fused to the transactivation of MYB) interacts with P300, a histone acetyltransferase that deposits H3K27ac.
This leads to deposition of H3K27ac at nearby and distal loci (ChIP-seq), upregulation of transcription from these loci (polyA-minus RNAseq) and 3D interactions of the TetO array with the distal loci (Capture-C).
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Single cell profiling of histones by mass cytometry reveals an unexpected role for histone
crotonylation in erythropoiesis
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Histone post-translational modifications (PTMs) play an essential role in regulating cell differentiation and proliferation.
Whilst the bioavailability of cofactors such as acetyl-coA influence intracellular amounts of PTMs, little is known about the
global level of histone marks in specific cell populations. Interestingly, differences in the cellular amount of histone
modifications have recently been identified between immune cell populations using mass cytometry of epigenetic
modifications (epiTOF) [1].
Here, we combined our previous temporal analysis of erythropoiesis by CyTOF [2] with the measurement of specific
histone marks in single cells by epiTOF. We found that histone modifications typically enriched on transcriptionally active
genes (e.g. H3K4me3, H3K36me3) globally decrease at the end of differentiation. In contrast, we observed an unexpected
increase in the intracellular level of both H3K9 acetylation (H3K9ac) and H3K9 crotonylation (H3K9cr) during the transition
of pro-erythroblasts (pro-EB) to late stages of differentiation. Histone crotonylation is a rare acylation modification that
occurs on the epsilon-amino group of lysine side chains and competes with acetylation [3]. Interestingly, even though both
marks increase during terminal differentiation, there is a change in their ratio with a larger increase in H3K9cr compared
to H3K9ac starting in pro-EB, which correlates with decreased proliferation. To identify genomic sites targeted by H3K9cr
and H3K9ac, we performed CUT&Tag analyses. These experiments revealed that H3K9cr always colocalizes with H3K9ac
and, when overlapping, both marks are enriched almost exclusively at the promoters (not the enhancers) of genes that
control ribosome biogenesis and protein translation. This suggests that transcription of these genes may be regulated, at
least in part, by changes in the relative intracellular levels of H3K9cr versus H3K9ac rather than by classical enhancerpromoter proximity. Indeed, genes with a higher H3K9cr/H3K9ac ratio tend to be transcribed at lower levels, which is
consistent with crotonylation competing with acetylation to limit gene transcription. Furthermore, increasing the
intracellular concentration of crotonyl-CoA through crotonic acid treatment of erythroid progenitors reduces ribosomal
gene expression, and leads to a dramatic decrease in erythroid cell proliferation and differentiation.
In summary, our data identified histone crotonylation as an important new player in erythropoiesis, and suggest that
crotonylation competes with histone acetylation on gene promoters to regulate ribosome biogenesis during erythroid
differentiation.
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Erythropoietin (EPO) is the master regulator of erythropoiesis. EPO binds its receptor on the surface of erythroid
precursors, stimulating RBC production. To identify novel regulators of EPO production, we have initially generated a
heterologous HEK293T cell line that constitutively expresses EPO fused to GFP from a CMV promoter. Utilizing this cell
line, we have performed a genome scale CRISPR knock-out screen that identified (with additional validation experiments
in HEP3B cells endogenously expressing EPO) SURF4 as the endoplasmic reticulum cargo receptor that is required for the
efficient secretion of EPO. To identify additional regulators of EPO expression, we next generated a clonal HEP3B cell line
that expresses GFP from the endogenous genomic locus of EPO. We mutagenized this cell line with a genome-scale CRISPR
knock-out library and following treatment with either DMOG (to induce EPO expression by HIF) or DMSO as control, cells
with the highest and lowest EPO expression were sorted. This strategy identified novel genes that regulate EPO
production, including genes that appear to induce EPO expression to a higher extent than VHL deletion (which results in
induced EPO expression due to increased HIF levels). Further validation and characterization of these findings is currently
ongoing. In parallel, we have performed a genome-scale CRISPR-knockout screen in the erythroid cell line HUDEP2. This
screen identified novel candidate genes that appear to either promote or reduce the efficiency of terminal erythroid
maturation. Validation of these findings is ongoing, initially in HUDEP2 cells and subsequently in CD34 cells differentiated
into erythroid cells in vitro. These results demonstrate the utility of CRISPR-based screening to identify novel erythroid cell
intrinsic and extrinsic regulators of erythropoiesis.
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Towards mutation-specific correction of HBBIVS1-110-thalassemia using HBBβAS3 GLOBE-based
miR30-shRNA expression vectors for shRNA mono- and shRNA/HBBβAS3 combination therapy
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Gene therapy via ex vivo lentiviral vector (LV) transfer of a therapeutic β-globin transgene into autologous hematopoietic
stem cells is a promising therapeutic approach for β-thalassemia patients without compatible donor, although results from
clinical studies indicate genotype dependence of successful outcome. This might be addressed by mutation-specific
therapies, as shown by our previous findings that shRNA-mediated silencing of the aberrantly spliced HBBIVSI-110 mRNA is
associated with a significant increase in normal β-globin levels and enhanced therapeutic effect of β-globin gene addition.1
Herein, we present the results from the development of LVs expressing HBBIVSI-110-specific miRNA30-embedded shRNAs
from the β-globin promoter, alone or in combination with the β-globin transgene, and compare their ability to correct
globin production.
A previously identified potent HBBIVSI-110-specific shRNA (shMID) plus 2 additional shRNAs (shMIDA, shMIDB), scrambled
negative control (shSCR) and an enhanced green fluorescent protein (EGFP)-specific shRNA were inserted into a miR30
framework and cloned into (a) the GLOBE LV downstream of the HBB control elements in place of the HBBβAS3 gene
(→CMV1221_miR30shMID|MIDA|MIDB|SCR) to achieve erythroid-specific RNApolII-driven miR30shRNA production and
(b) into intron 2 of the HBBβAS3 gene of the GLOBE LV (→CMV1221_HBB_IVS2_miR30shMID|MIDA|MIDB|SCR) to produce
HBB/miR30shRNA co-expression vectors. Preliminary results after LV-transduction and differentiation of humanized
HBBIVSI-110-transgenic murine erythroleukemia (MEL-HBBIVS) cells indicate minimally increased β-globin levels for HBBIVSI110
-specific miRNA30-embedded shRNAs alone compared to the parental GLOBE LV. However, a co-expression vector
containing the HBBβAS3 gene configured with intronic miR30shMID demonstrated greater potency than GLOBE LV alone in
improving α-/β-globin ratios in MEL-HBBIVS cells, thus highlighting the therapeutic potential of a synergistic strategy
combining both gene addition and gene silencing for HBBIVSI-110 β-thalassemia.
1. Patsali, P. et al. Short-hairpin RNA against aberrant HBBIVSI-110(G>A) mRNA restores β-globin levels in a novel cell model and acts as
mono- and combination therapy for β-thalassemia in primary hematopoietic stem cells. Haematologica 103, e419–e423 (2018).
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The International Hemoglobinopathy Research Network (INHERENT): an international
initiative to study the role of genetic modifiers in hemoglobinopathies
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Background: Haemoglobinopathies, including sickle cell disease (SCD) and thalassaemia syndromes, represent the
commonest monogenic diseases in the world. Although their pathogenicity is well established, the diverse clinical
manifestations and the varying degree of severity are less understood and are thought to be governed, in part, by genetic
modifiers. Despite the identification and characterisation of a few genetic modifiers by previous studies, these are as yet
insufficient to guide treatment recommendations or stratify patients reliably. Larger, multi-ethnic studies are needed to
identify and validate further disease modifiers that can be used for patient stratification and personalised treatment.
There is a growing need for deeper insight into the availability of novel targeted therapies and potentially curative options
like gene therapy in both SCD and thalassemia.
The International Haemoglobinopathy Research Network (INHERENT) is a recently established network with the aim of
investigating the role of genetic modifiers in haemoglobinopathies, through a large-scale, multi-ethnic genome-wide
association study (GWAS).
Methods: INHERENT brings together nine existing international or regional consortia in the field of haemoglobinopathies,
namely ITHANET, RADeep, ARISE, SPARCO, SADaCC, REDAC, the HVP Global Globin Network, the International Health
Repository, and the ClinGen Haemoglobinopathy VCEP. The activities of INHERENT are currently divided into five working
groups, as follows: clinical, genotyping, data management and analysis, ethics, and knowledge translation. Participation
in INHERENT is open for any group that can submit a minimum number of samples with their core phenotypic description.
INHERENT membership is international and interdisciplinary and, currently, includes over 200 experts from over 105
organisations, spanning 43 countries worldwide. INHERENT aims to recruit over 30,000 hemoglobinopathy patients, which
is larger than any previous GWAS in the field.
Results: A survey amongst 67 of the participating centres revealed that INHERENT has the potential to recruit over 73 500
patients, of which 53755 are SCD, 15691 are β thalassemia (62% transfusion-dependent), 4179 (α thalassemia). A sample
size of 10000 individuals can detect associations down to MAF=0.05 with an OR=1.5 in binary phenotypes assuming a
case/control ratio of 0.3 and p-value of 5x10-8. For survival endpoints, 5000 individuals will be sufficient to detect an HR
of 1.5 and MAF of 0.05, if we assume an event rate of 30%.
Discussion – Conclusion: We demonstrate that the current membership of INHERENT has the potential to reach this
sample size target. The large increase in the sample size and the diversity in the studied populations will enable novel
discoveries and expand knowledge on haemoglobinopathy genetics, thus paving the way for advancing the science of
personalised diagnosis and treatment.
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Background: The ITHANET Portal (www.ithanet.eu) is an expanding, publicly available biomedical resource dedicated to
haemoglobinopathies. It provides a manually curated, literature-derived collection of published genetic and
epidemiological data, also integrating the latest updates on news, events, publications, clinical trials, funding
opportunities, and many more.
Methods: A team of expert biocurators is involved in the collection, validation, and annotation of information with weekly
updates on scientific literature collected from PubMed, while the curation strategy also involves the incorporation of new
and updated information from existing public databases. ITHANET also accepts contributions to its content with
acknowledgement of unpublished data in a specifically designed section.
Results: The ITHANET Portal offers a wide range of curated databases, as follows:
1. IthaGenes is a database that organises genes and variations affecting haemoglobinopathies and integrates the NCBI
sequence viewer for detailed graphical representation of each variation.
2. IthaMaps is a database that stores epidemiological information as documented in published literature and illustrates
this information on a dynamic global to regional map.
3. IthaChrom provides digitised reports of standard diagnostic high-performance liquid chromatography analyses as a
reference tool for haemoglobinopathy diagnosis, allowing database searches of key data.
4. IthaPhen is a database that demonstrates the correlations between genotype and phenotype and is a unique and
powerful tool for clinicians and molecular geneticists.
Conclusions: The ITHANET Portal has a high-profile international governance structure and is already the most
comprehensive knowledgebase on haemoglobinopathies. As an official partner of the Human Variome Project’s Global
Globin Network, ITHANET has been selected for data storing, curation and sharing within and between countries, as well
as for the development of a thalassaemia-specific genotype-phenotype database. In addition, ITHANET is coordinating an
Hemoglobinopathy Variant Curation Expert Panel for haemoglobinopathy-specific variant classification under the Clinical
Genome Resource.
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GenoMed4All: Artificial intelligence-based deep learning algorithms for patients with sickle
cell disease
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Background: Sickle cell disease (SCD) is a hereditary red blood cell disorder characterized by hemolytic anemia, periodic
painful ischemic vascular occlusion, and long-term multiorgan failure. Pathophysiology of SCD is not completely
understood and disease phenotypes vary largely. Momentarily, the only curative treatment is hematopoietic stem cell
transplantation. This is however limited in its availability and not without risks. As improvement of disease management
is urgent, ERN-EuroBloodNet now leads a SCD use case within the GenoMed4All initiative.
Aim: Improve prediction of SCD disease severity by developing AI-based deep learning algorithms.
Patients & methods: 1000 SCD patients >1 year of age from ten European hospitals, with HbSS, HbSβo, HbSC and HbSβ+
genotypes will be enrolled. Standardized collection of data will be performed including: GWAS, metabolomics, radiomics,
Lorrca oxygenscan analysis. Based on predefined and newly identified SNPs, patient clustering will be performed.
Integration of collected covariates will facilitate deep learning AI-based algorithms.
Update on results: Study protocol has been validated and approved. Enrollment of patients has just started in two
hospitals; all 1000 patients will be enrolled by 2023. Subsequently, deep learning algorithms will be developed and
validated to achieve overall aims of GenoMed4all (Table 1). Following a stepwise-approach, we will first predict single
clinical outcomes and radiomics patterns, then develop predictions of complete clinical phenotypes.
Conclusion: Widespread use of novel technologies including AI, has already modified diagnostic research. Combining data
of 1000 SCD patients in GenoMed4All is a necessary step to improve robustness of study results. Concomitantly,
standardization and linkage of SCD data repositories is promoted through this ERN-EuroBloodNet collaboration. Of course,
full compliance with data protection legislation and ethical principles is safeguarded. Implementation of AI algorithms and
linking of SCD health repositories promises to enhance diagnostics, to predict disease outcomes and to individualize
treatment options, so urgently needed for SCD.
Acknowledgements: This research is supported by the European Network on Rare Hematological Diseases (ERNEuroBloodNet)—Project ID No 739547.
Funding: Horizon2020, GenoMED4all(https://genomed4all.eu/), Agios Pharmaceuticals Inc.

Table 1. Aims of the GenoMed4All Sickle Cell Disease (SCD) use case

AIM
1
2
3
4
5

DEFINITION
To investigate SNPs that are associated CRP levels in SCD
To investigate SNPs that are associated with specific blood rheology parameters using
the Lorrca Oxygenscan
Develop a probability score to predict microalbuminuria
Develop a probability score to predict various patterns, silence cerebral infarctions,
based on radiomics of the brain
Develop a probability score to predict clinical outcomes (ischemic stroke, hemorrhagic
stroke, vaso-occlusive crisis, acute chest syndrome, microalbuminuria, liver failure and
retinopathy)
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Within the erythroid lineage, the orphan nuclear receptor COUP-TFII is expressed in cells of yolk sac origin and is, up-todate, the only known γ-globin specific activator (Fugazza et al., 2021). COUP-TFII can re-activate the expression of γglobin in progenitors of adult red blood cells and, therefore, it is an attractive potential target for the treatment of βhemoglobinopathies. Our study focused on the search for regulatory regions of COUP- TFII and its downstream targets
in erythroid cells.
Identification of COUP-TFII regulatory regions
By mapping long-range interactions within the COUP-TFII genomic locus on the basis of the GeneHancer database
(Fishilevich et al. 2017) and by further in silico analysis, we selected four candidate regulatory sequences. We next cloned
them upstream to COUP-TFII minimal promoter and tested their regulatory potential in two cell types expressing COUPTFII: erythroid K562 cells and hepatic HepG2 control cells by luciferase reporter assay. The region with the highest activity
in erythroid cells contains a GATA1/TAL1 motif bound in vivo that suggests the importance of this sequence for the
erythroid gene expression program. Interestingly, the same region is also bound by COUP-TFII itself, implying a potential
auto-regulatory mechanism. An additional COUP-TFII binding site that we identified as important for COUP-TFII
activation mediated by retinoic acid, is present within the COUP-TFII minimal promoter.
COUP-TFII targets in erythroid cells
To elucidate the COUP-TFII downstream network, we integrated ChIP-seq and RNA-seq data of the analysis of K562 cells
with different COUP-TFII levels and the most differentially expressed genes were further analyzed. In the list of selected
candidate direct targets, some are known to play a role in erythropoiesis, including AHSP (Alpha Hemoglobin Stabilizing
Protein) and ApoE (Apolipoprotein E). CRISPR-Cas9 screening is now ongoing to assess their impact on erythroid
differentiation and maturation.
Fugazza, C., Barbarani, G., Elangovan, S., Marini, M. G., Giolitto, S., Font-Monclus, I., ... & Ronchi, A. E. (2021). The Coup-TFII orphan nuclear receptor
is an activator of the γ-globin gene. haematologica, 106(2), 474.ù
Fishilevich, S., Nudel, R., Rappaport, N., Hadar, R., Plaschkes, I., Iny Stein, T., ... & Cohen, D. (2017). GeneHancer: genome-wide integration of
enhancers and target genes in GeneCards. Database, 2017.
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Erythropoietin (EPO) regulates expression of genes that drive proliferation, survival and differentiation of erythroid
progenitor cells into mature erythrocytes. The EPO receptor signals via JAK2 and STAT, PI3K and MAPK pathways. Only a
few direct target genes of these pathways have been identified to date. To examine EPO-induced target genes in human
erythroid cells, we employed a conditionally immortalized EPO-dependent erythroid progenitor model (HUDEP-2 cells).
EPO stimulation resulted in rapid phosphorylation of STAT5, but not STAT1 or STAT3. We performed ChIP-seq for pSTAT5
after starvation followed by 1 hour of EPO stimulation, and identified 3128 EPO-induced pSTAT5 binding sites. The majority
of peaks contain a palindromic ‘GAS’ motif (TTCYXRGAA), and are located at intronic (50%), distal (29%) and intergenic
(15%) enhancers; only 3% are located at promoters. De novo motif discovery identified significant enrichment of DNAbinding motifs for GATA and KLF transcription factors (TFs), suggesting co-operativity between EPO signaling and the
essential basal erythroid TFs, GATA1 and KLF1.
To find STAT5-independent changes in chromatin, we performed differential analysis of ATAC-seq peaks before and after
EPO stimulation. We found 14,535 EPO-responsive regions, mostly at promoters. Only ~8% overlap with pSTAT5 ChIP-seq
peaks, suggesting EPO-mediated phosphorylation and DNA-binding of undiscovered TFs. By searching for enriched motifs
within these regions, we identified binding sites for TFs of the NFY, EGR, and NRF1 families and others, suggesting a hidden
complexity of transcription factors that mediate responses to EPO.
We developed a novel metabolic labelling technique and bio-informatic pipeline, called BodySLAM-seq, to determine the
immediate transcriptional targets of EPO. We used this to find differentially transcribed genes (DTGs) in immediate
response to EPO. Some are direct pSTAT5 target genes such as BCL2L1, PIM1, and CISH; others are novel targets involved
in transcription regulation, erythropoiesis and signaling.
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MicroRNAs (miRNAs) are small non-coding RNAs crucial for post-transcriptional and translational regulation of cellular and
developmental pathways. Based on primary human peripheral-blood-derived CD34+ (hCD34+) cells and two influential
erythroid cell lines with adult and fetal hemoglobin expression patterns, HUDEP-2 and HUDEP-1, respectively, the present
study links differential miRNA expression to erythroid differentiation, cell type, and hemoglobin expression profile, as
basis for the exploration of miRNA-mediated engineered modulation of gene expression.
A comparison between HUDEP-2 and HUDEP-1 cells revealed changes in miRNAs, transcription factors (TFs), target genes,
and pathways associated with globin switching. Furthermore, for comparisons of primary and immortalized cells, results
indicate informative discrepancies on the backdrop of shared differentiation signatures characterized in general by
reduced overall miRNA expression and reciprocal expression increases in late-stage erythropoiesis for individual lineagespecific miRNAs, such as the abundant erythromiR miR-451a.
Importantly, erythromiRs individually or in combination may be exploited for potentially erythroid-specific detargeting of
mRNAs. We therefore explored tag-activated miRNA-mediated endogene deactivation (TAMED) as a tool for research and
lineage-specific therapy. For proof of principle, we aimed to deactivate γ-globin repressor BCL11A in erythroid cells by
tagging the 3ʹ untranslated region (UTR) of BCL11A with miRNA recognition sites (MRSs) for miR-451a. Using NHEJ- and
HDR-mediated knockin strategies and various types of donor molecules, we found that NHEJ-based tagging was imprecise
and inefficient (≤6%) and uniformly produced knock-in- and indel-containing MRS tags, whereas HDR-based tagging was
more efficient (≤18%), but toxic for longer donors encoding concatenated and thus potentially more efficient MRS tags.
In clonal analyses, HUDEP-2 cells tagged with single or double MRSs allowed detection of albeit weak γ-globin induction,
while robust HEK293T cells allowed isolation of clones with homozygous quadruple MRSs, for detection of 25%
spontaneous reduction in BCL11A and up to 36% reduction after transfection with an miR-451a mimic.
Our study indicates suitability of specific miRNAs and TAMED for physiologically relevant, engineered modulation of gene
expression, albeit with unsuitability for therapeutic application based on current editing and donor technology.
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Erythropoietin (EPO), produced in the kidney in a hypoxia responsive manner, is required for red blood cell production.
EPO also increases endothelial cell production of nitric oxide (NO) and endothelial nitric oxide synthase (eNOS) that
regulates vascular tone to improve oxygen delivery which contributes to EPO cardioprotective activity in mouse models.
NO treatment in mice shifts hematopoiesis toward the erythroid lineage, increases red blood cell production and total
hemoglobin. In erythroid cells, NO can also be generated by hydroxyurea metabolism that may contribute to hydroxyurea
induction of fetal hemoglobin. We find that during erythroid differentiation, EPO induces neuronal nitric oxide synthase
(nNOS) and that nNOS is required for normal erythropoietic response. Mice with targeted deletion of nNOS (nNOS-/-)
have moderately reduced hematocrit. With EPO treatment, nNOS-/- mice show a blunted response to EPO while
hematocrit in EPO treated eNOS knockout (eNOS-/-) mice is comparable to wild type (WT). Bone marrow erythroid colony
assays result in comparable numbers from WT, eNOS-/- and nNOS-/- mice at low EPO concentration and the expected
increase in colony number at high EPO concentration only in bone marrow from WT and eNOS-/- mice. Colony size with
high EPO treatment also exhibit a marked increase in erythroid cultures from WT and eNOS-/- mice but not from nNOS-/mice. These bone marrow cultures suggest an intrinsic defect in hematopoietic cell response to high EPO stimulation.
Bone marrow transplant from nNOS-/- mice into WT mice show engraftment at comparable levels to WT bone marrow
transplant. EPO treatment of recipient mice recapitulated the response of donor mice. The increase in hematocrit in mice
with nNOS-/- donor marrow with EPO treatment was reduced compared with mice that received WT donor marrow. In
cultures of primary human erythroid progenitor cells from peripheral blood, EPO induces an early and transient induction
of nNOS. Addition of nNOS inhibitor modulates erythroid transcription factor expression with minimal effect on betaglobin and gamma-globin expression. These data provide evidence that nitric oxide contributes importantly to the EPO
dose dependent erythropoietic response.
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Beta-thalassemia (bthal) is a genetic disorder due to mutations in the b-globin gene, leading to a reduced or absent
production of HbA, which interferes with erythroid cell maturation and limits normal red cell production. Patients are
affected by severe anemia, hepatosplenomegaly, and skeletal abnormalities due to rapid expansion of the erythroid
compartment in bone marrow (BM) caused by ineffective erythropoiesis. In a classical view of hematopoiesis, the
blood cell lineages arise via a hierarchical scheme starting with multipotent stem cells that become increasingly
restricted in their differentiation potential through oligopotent and then unipotent progenitors. In human, novel
purification strategies based on differential expression of CD49f and CD90 enrich for long-term (49f+) and short-term
(49f−) repopulating HSCs, with similar myeloid (My) and lymphoid (Ly) potential. In this view, it has been proposed
that erythroid (Ery) and megakaryocytic (Mk) fates branch off directly from 49f− cell. Recently, in a new study the use
of CLEC9A marker highlighted the separation between multipotent (Ery/My/Ly) long-term repopulating cells (Subset1,
defined as CLEC9AhighCD34low) and cells with only My/Ly and no Ery potential (Subset2, defined as CLEC9AlowCD34high)
within the HSC/MPP compartment. We have shown that the BM microenvironment is perturbed in Bthal and this stress
environment could have an impact on the lineage commitment of HSCs leading to a unique model of hematopoiesis
in this disease. Our aim is to understand how the priming and kinetics of HSC undergoing lineage specification and
differentiation are changed under a stress environment.
We observed significant differences in the primitive compartment with an increased proportion of multipotent
progenitors (MPPs) in Bthal patients compared to healthy donors (HDs) and with an enhanced Erythroid (Ery) potential in
the Subset1 component. Focusing on progenitors (CD34+ CD38+) and using a new sorting scheme that resolved My, Ery,
and Mk lineage fates, we found a reduction of Ery (CD71+ BAH1-/+) subsets in Bthal samples. We can hypothesize that the
erythroid-enriched subsets are more prone to quickly differentiate in response to increased erythropoietin (EPO) levels or
to other BM niche signals, thus draining Ery cells from the progenitor fraction. By gene expression profiling of Bthal
HSC/MPP, we observed down-regulation of several pathways related to stemness and quiescence, as TGFb pathway, with
the levels of TGFb molecules altered in Bthal BM micro-environment. Treatment of HD Subset 1 cells demonstrates how
TGFb/BMP pathway is instrumental for the erythroid cell lineage specification of HSCs. The analysis of molecular pathways
driven by TGFb signaling led to the identification of druggable targets with the potential to improve thalassemic
hematopoiesis and to normalize erythropoiesis. In vivo targeting HSCs with specific drugs will provide cues to rescue the
unbalanced hematopoietic primitive compartment.
Overall, these findings show that Bthal HSCs are exiting from the quiescent state towards a preferential erythroid
differentiation. The drivers are likely specific niche signals, linked to the TGFb, and chronic BM stimulation or, alternatively,
a specific regulation of the ‘erythroid branching’, naturally present in the HSC pool, which is exacerbated by the
pathophysiology of the disease.
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Our group is committed to identifying red cell phenotypes that associate with sickle cell disease (SCD) phenotypes. We
believe that this approach will eventually help us to identify those patients at highest risk from disease. As part of that
work, we have looked at hypoxia in vitro, since we have identified in vivo nocturnal hypoxia in over one-quarter of highrisk individuals with HbSS. Here, we describe a mechanism for increased RBC adhesion under hypoxia.
Abnormal red blood cell (RBC) adhesion due to polymerization of sickle hemoglobin (HbS) is central to the pathophysiology
of SCD. Early erythrocytes (reticulocytes), expanded in number due to sustained stress erythropoiesis stimulated by
anemia and hypoxia, are more adhesive to vascular endothelial proteins and surfaces than are mature erythrocytes.
However, mature erythrocytes typically constitute >80% of all RBCs in SCD, and the relative contribution made by
erythrocytes vs. reticulocytes to acute and chronic vasculopathy are not well understood. We found that erythrocyte
adhesion to laminin in controlled microfluidic experiments is significantly greater under hypoxia than under normoxia
(1856±481 vs. 78±23, mean±SEM), while sickle reticulocyte adhesion, high to begin with, does not change (1281 ±299 vs.
1258±328, mean±SEM). We hypothesized that sphingomyelinase (SMase) activity, which initiates synthesis of sulfatides
from sphingomyelin and is known to be upregulated by accumulated bending energy of the RBC membrane, leads to
enhanced membrane sulfatide availability and thus mature erythrocyte adhesion under hypoxia. We show that among
the adherent RBCs, mature erythrocytes have greater elongation and radius of curvature compared to reticulocytes under
hypoxia, implying greater accumulated bending energy in the membrane of those cells. This is likely due to loss of
membrane surface area with RBC maturation, which may be excessive in SCD due to membrane vesiculation and
microparticle release. Anti-sulfatide antibody inhibits the enhanced adhesion of mature erythrocytes seen under hypoxia.
Patient to patient variability in hypoxia enhanced mature erythrocyte adhesion suggests a role of modulating clinical
comorbidities and or genetic polymorphisms relevant to red cell health and hypoxic regulation. These results also implicate
lipid components of the plasma membrane in the pathophysiology of RBC dysfunction in SCD. In addition, the bending
stress exerted on the mature erythrocyte’s plasma membrane by the HbS polymerization under hypoxia may enhance
sulfatide mediated abnormal erythrocyte adhesion that can be inhibited by anti-sulfatidy lsulfatide antibodies, and
including IVIG. Therefore, sulfatide and the components of its pathway, such as SMase, could be explored as potential
therapeutic targets to inhibit sickle erythrocyte adhesion in SCD.

Figure 1. (A) Adherent sickle RBCs are classified as either reticulocyte or mature erythrocyte based on the fluorescent
intensity. Red blood cells without nucleic acids (i.e. mature erythrocytes) are not visible in fluorescent channel. (B) The
contribution to overall adhesion by mature erythrocytes increased significantly under hypoxia. Reticulocyte adhesion to
laminin under hypoxia was not significantly different from reticulocyte adhesion under normoxia. (C) Minimal normoxic
mature erythrocyte adhesion was notably increased under hypoxia, and became the predominant contributor to total RBC
adhesion under hypoxia in 12/15 samples, albeit with varying enhancement. Shown above each column is the erythrocyte
adhesion percentage. (D) 30-minute hypoxic incubation of sickle RBCs with antibodies against sulfatide inhibits hypoxia
enhanced adhesion of sickle mature erythrocytes. (E) Proposed mechanism for inhibition of sulfatide mediated hypoxia
enhanced mature sickle erythrocyte adhesion. SMase activity is upregulated by elevated membrane bending energy,
which results in increased sulfatide availability on the membrane.
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The most common cause of alpha0-thalassemia is a ~20 kb deletion, termed the Southeast Asian (SEA) deletion, which
removes both adult alpha-globin genes but leaves the embryonically-expressed zeta-globin gene intact. Zeta-globin is
almost fully repressed in normal adult erythropoiesis, however, a small degree of zeta-globin de-repression has been
reported in individuals harbouring the SEA deletion. To gain insight into the mechanism of zeta-globin re-expression on
the SEA allele, we have generated a mouse model that recapitulates the SEA deletion. Heterozygous mice are viable and
fertile. Surprisingly, we find in foetal definitive erythroblasts from homozygous mice that zeta-globin remains silent.
However, there is prolonged expression of zeta-globin in primitive embryonic erythroblasts in mutant mice. To better
understand the nature of this maturational primitive intra-lineage switch, we characterise chromatin changes and gene
expression at the alpha-globin locus in staged primitive erythroblasts. In contrast to previous observations in definitive
cells, in which we have shown that silencing of the embryonic globin genes is associated with chromatin inaccessibility
and histone hypoacetylation, we find these changes do not correlate with zeta-globin repression in primitive cells. Taken
together, this suggests that, in the mouse, repression of zeta-globin in the primitive lineage may include an element of
promoter competition that is distinct from the developmental lineage switch. Further interrogation of this model and
comparison with human erythroblasts harbouring the SEA deletion may shed light on the nature of zeta-globin repression
and suggest opportunities for therapeutically useful reactivation of zeta-globin.
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K. A. MacInnes, M. Wilson, I. Ferrer Vicens, R. Kurita, Y. Nakamura, J. Frayne
School of Biochemistry, University of Bristol, Medical School Building, University Walk, Bristol, BS8 1TD, UK

During human development, the globin subunits of hemoglobin undergo two switches: from embryonic to fetal subunits,
and from fetal to adult subunits. To identify proteins potentially involved in globin switching, the proteomes of erythroid
cells differentiated from fetal liver (FL), umbilical cord (CB) and adult peripheral blood (PB) CD34+ cells were compared.
The proteome of FL cells had 682 proteins at a significantly higher level and 734 proteins significantly lower than PB cells.
In addition to expected differences in globin subunits, comparison across the entire dataset coupled with western blot
analysis revealed differentially expressed proteins of interest including Lin28B and Arid3a, which decreased during
development, whereas ZBTB7A, BCL11A, CDH1, TFR2 and CA1 increased during development.
This dataset also revealed insulin-like growth factor 2 mRNA-binding protein 1 (IMP1) as one of the most differentially
expressed proteins, being 7.8-fold higher in FL compared to PB. Interestingly, a previous report showed ectopic expression
of IMP1 in adult erythroid cells increased fetal globin by binding BCL11A mRNA and preventing its translation1. However,
a role for IMP1 in regulating globins or other proteins in fetal erythroid cells, where it is natively expressed, has not been
explored.
shRNA-mediated IMP1 knockdown in the fetal-like HUDEP-1 erythroid cell line had some negative effect on expansion of
proerythroblasts, but not later stage cells, while differentiation was unaffected. Total hemoglobinisation was increased
following knockdown, accompanied by a significant increase in adult β-globin and reduction in embryonic ε-globin
expression. To investigate a role for IMP1 in maintaining a fetal phenotype and to identify potential targets for
translational regulation by IMP1, proteomic comparison of IMP1 knockdown versus control cells was carried out.
Known IMP1 targets MAPK1, MARCKSL1, HDLBP, GAPDH, MTDH and YWHAZ were significantly altered in level, thus
validating the approach. In line with the increased Hb and globin profile, IMP1 knockdown cells had significantly increased
levels of iron transport proteins TFR2 and TFRC, heme synthesis-related proteins ABCB10 and UROD, and fetal globin
repressor ZBTB7A, but not BCL11A. Adult markers CDH1 and CA1 were increased and fetal marker Arid3a was decreased
following IMP1 knockdown. The data suggest IMP1 alters the stability or translation efficiency of the mRNAs for these
proteins. Indeed, RNA immunoprecipitation in HUDEP-1 cells showed that IMP1 binds to identified target transcripts.
Although binding of IMP1 to the BCL11A transcript was observed, there was no significant effect of IMP1 knockdown on
BCL11A protein levels.
Overall, the data support a role for IMP1 in translational regulation during fetal erythropoiesis that may contribute to the
fetal erythroid cell phenotype, maintaining low levels of adult markers, high levels of fetal markers and a fetal/embryonic
globin expression profile.
1. de Vasconcellos, J. F. et al. IGF2BP1 overexpression causes fetal-like hemoglobin expression patterns in cultured
human adult erythroblasts. Proc. Natl. Acad. Sci. U.S.A. 201609552 (2017). doi:10.1073/ pnas.1609552114
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Generation of immortalized erythroid progenitor cell lines derived from a small volume of
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Sickle cell disease (SCD) is a genetic disorder caused by a point mutation in the beta-globin gene. As a result, glutamic acid
is substituted by valine leading to sickle-shaped red blood cells upon deoxygenation resulting in several clinical symptoms.
Induction of fetal hemoglobin is an attractive strategy to improve the clinical course of SCD.1 The molecular mechanisms
of SCD is well understood, however, further studies are required to develop improved pharmacological and genetic
therapies.
Human erythroid progenitor cell lines are important cellular models when studying human erythropoiesis in health and
disease. Currently, HUDEP-2 and BEL-A are the most widely used immortalized erythroid progenitor cell lines to study the
molecular and cellular mechanisms of chronic red blood cell disorders, such as sickle cell disease and β-thalassemia.2, 3
These immortalized cell lines can be used to identify novel molecular and therapeutic targets. HUDEP2 and BEL-A have
been generated from cord blood and adult bone marrow CD34+ progenitors from healthy individuals. The cells were
immortalized with doxycycline-inducible expression of human papillomavirus E6/E7 genes and are able to efficiently
produce mature red blood cells (RBCs).
Although both cell lines have been used extensively, the generation of such immortalized cell lines from SCD patient cells
would be valuable as a research tool. The previous immortalized cell lines have been generated from a limited number of
donors. Generation of multiple erythroid progenitor cell lines from SCD patients will cover a wider diversity of genetic
backgrounds, aiding pre-clinical development of pharmacological and genetic therapies for the SCD patient population.
In this study, we generated >12 immortalized erythroid progenitor cell lines using a small volume of peripheral blood of
SCD patients. The patient-specific cell lines show properties of erythroid progenitors comparable to HUDEP2 and BEL-A.
ArrayCGH showed a limited number of chromosomal aberrations, which compared favorably to HUDEP-2 and BEL-A. Flow
cytometry analysis showed expression of erythroid-specific markers, with an increased level of these markers following
differentiation. In addition, the immortalized cell lines are amenable to pharmacologic and genetic intervention for
reactivation of HbF expression, as exemplified by Pomalidomide treatment and targeting the BCL11A enhancer. This
collection of patient-specific cell lines captures the genetic background of the SCD patient population and is a valuable
resource for pre-clinical research aimed at developing novel therapeutic approaches.
1.
2.
3.
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Kurita, R. et al. Establishment of Immortalized Human Erythroid Progenitor Cell Lines Able to Produce Enucleated Red Blood Cells. PLOS ONE
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Nature Communications 8, 14750 (2017).
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Mutant KLF1-E325K Found in Patients with Congenital Dyserythropoietic Anemia Causes
Genetic Disarray in the Macrophage Compartment of the Erythroblastic Island Niche, but has
no Effect on Function
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The E325K mutation in the transcription factor KLF1 is known to cause morphological defects and gene dysregulation in
red blood cells (RBCs), resulting in the disease congenital dyserythropoietic anemia (CDA) type IV. However, the effect of
the mutation on other cell types has not yet been investigated. RBCs develop in erythroblastic islands (EBIs), structures
found within the bone marrow consisting of a central macrophage cell surrounded by developing erythroblasts. The
macrophage compartment of the EBI niche has been implicated in several RBC disorders, but it was not known whether it
is affected by the KLF1-E325K mutation. This question was addressed in two ways. Firstly, to investigate the effect of the
mutation on the expression of KLF1 target genes, bulk RNA-sequencing was performed on wild-type iPSC-derived
macrophages and mutant iPSC-macrophages from both a CDA patient-derived iPSC line and a KLF1-E325K inducible iPSC
line. Secondly, to investigate any functional effects on RBC enucleation and maturation these iPSC-derived macrophages
were used in an in vitro model of the human EBI niche. WT-KLF1 and E325K-KLF1 are known to have differences in their
ability to activate target genes in RBCs, and this was also observed here in macrophages (1). For example, FDCSP, encoding
a secreted peptide, is upregulated by WT-KLF1 but not by KLF1-E325K. However, using our model of the EBI, E325K mutant
macrophages had no detectable functional defects and supported the maturation and enucleation of RBCs at comparable
levels to wild-type macrophages.
1.
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Potent induction of fetal hemoglobin using adenine base editors
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Genetic manipulation to induce fetal hemoglobin (HbF, a2g2) expression in adult red blood cells (RBCs) may cure sickle
cell disease (SCD) and b-thalassemia. However, the optimal strategies are unknown. We used adenosine base editors
(ABEs) to generate three naturally occurring variants that cause hereditary persistence of fetal hemoglobin (HPFH) by
creating g-globin promoter binding motifs for transcriptional activators. Base editing of CD34+ hematopoietic stem and
progenitor cells (HSPCs) followed by in vitro erythroid differentiation showed the most potent HbF induction with g-globin
-175T>C, which creates a binding site for transcriptional activator TAL1. Editing of SCD patient HSPCs with ABE7.10
followed by mouse xenotransplantation revealed up to 35% g-globin -175T>C in 18 week-repopulating HSPCs with 60% of
cells receiving at least one edit. Fetal hemoglobin expression in RBC progeny of repopulating HSPCs rose from 3% at
baseline to 30% after editing, with significantly reduced hypoxia-induced cell sickling. On a per edit basis, HbF induction
was 4-fold greater with the -175T>C variant compared to two Cas9 nuclease-based approaches acting by different
mechanisms. Moreover, analysis of erythroid colonies revealed significantly less clonal variation in HbF expression with gglobin -175T>C edits compared to Cas9 nuclease generated indels. Base editing did not impair HSPC engraftment or
differentiation, and in contrast to Cas9 nuclease, did not induce TP53-mediated DNA damage response or generate large
deletions. Using ABE8e and optimized conditions, we have achieved 60% HSPC editing and 60% HbF in RBCs generated in
vitro, with 96% of cells containing at least one on-target edit. Overall, our data identify the most potent mechanism for
genetic induction of g-globin transcription and identify base editing as a potential therapeutic approach for treating bhemoglobinopathies.
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Protective Effects of HbF on Mortality in Sickle Cell Disease
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a Fulcrum Therapeutics, Cambridge, MA, United States; b OPEN Health Evidence & Access, Bethesda, MD, United States

Background: Sickle cell disease (SCD) significantly impacts survival, potentially reducing lifespan by decades compared to
the general population. Death in SCD may be caused by acute events (e.g., infection, stroke) or accumulated damage from
chronic organ failure (e.g., renal failure, heart failure). HbF (fetal hemoglobin) protects against pathophysiological events
that contribute to the life-threatening acute events and chronic organ damage associated with SCD. Individual studies
have confirmed that HbF is protective against various adverse clinical outcomes, including mortality. However, the totality
of evidence describing the relationship between HbF and mortality has not been systematically explored to date.
Aims: To assess and describe the protective effects of elevated HbF levels on mortality among patients with SCD.
Methods: A systematic literature review (SLR) was performed in Embase, MEDLINE, and the Cochrane Library to identify
all evidence describing HbF levels and/or longitudinal changes versus mortality among patients with SCD. Observational
and interventional studies published between
1980-2021 were considered for inclusion. Citations were screened and extracted by dual independent review. The inverse
variance method was used to pool individual study hazard ratios (HR) to estimate HbF protection (including 95%
confidence interval [CI]) against mortality. Variability in study design, outcomes analyses, reporting methods, and other
factors contributed to the heterogeneity of results.
Results: The SLR identified 2997 citations, from which 37 studies describing 87 distinct data points related to mortality
were selected for investigation. These 37 studies described the relationship between HbF and mortality in 4 different
ways:
1. Eleven studies reported 16 distinct analyses quantifying the relationship between patient- level HbF values versus
mortality rates (as hazard, odds, risk, or correlation). HbF demonstrated a protective effect in 14 of the 16 analyses.
Notably, 1 meta-analysis of 8 hazard ratios was identified. This meta-analysis demonstrated that HbF was significantly
protective against mortality, reporting that a 1% unit increase in HbF decreased mortality risk by 3% (HR=0.97; 95%
CI=0.94-1.00). We updated and refined this meta-analysis to include more recently published studies and to exclude any
cohorts in which all patients received hydroxyurea (HU) to reduce this confounding variable. HR values from 7 individual
studies were pooled in the updated and refined analysis. The results were significant and demonstrated that a 1% unit
increase in HbF lowered mortality risk by 3% (HR=0.97; 95% CI=0.95-0.99), consistent with the original meta-analysis and
further supporting the importance of HbF elevation in reducing SCD-related mortality.
2. Three studies assessed HbF levels in patients who survived versus died during the study period. All 3 studies reported
significantly higher HbF levels in patients who survived. The mean differences in HbF in the 3 studies between patients
who survived versus those who died during the study period were 2.9%, 3.0% and 6.2%.

3. Two studies assessed mortality rates based on different HbF levels; both showed that mortality was lower in patients
with higher HbF levels. In the first study, there were 50 deaths per 1000 patient-years (PY) in patients with HbF ≤ 2% versus
11.1 deaths per 1000 PY in patients with HbF > 2% (P < 0.05). In the second study, there were 7.8 deaths per 1000 PY in
patients with HbF ≤ 8% versus 7.6 deaths per 1000 PY in patients with HbF > 13% (not significant)
4. Finally, average mortality rates based on study-level HbF averages were investigated for 47 cohorts. A trend was
observed for higher HbF levels associated with lower mortality rates, but this was not statistically significant when assessed
using weighted linear regression.
Conclusion/summary: The totality of evidence suggests that HbF reduces mortality risk in SCD. Furthermore, robust
analyses indicate that relatively small increases in HbF provide meaningful reductions in mortality risk.
Conflict of interest: Funding for this study was provided by Fulcrum Therapeutics. O Mitelman, J Barry, J Bernhard, P Bruno,
and C Morabito are employees and stockholders of Fulcrum Therapeutics. S Snedecor and S Ronnebaum are employees
of OPEN Health. The authors have no other relevant affiliations or financial involvement with any organization or entity
with a financial interest in or financial conflict with the subject matter or materials discussed in the abstract apart from
those disclosed. No writing assistance was utilized in the production of this abstract.

NAIISSEH
HBBIVSI-110(G>A)-specific gene editing as advanced therapy for β-thalassemia

Basma Naiisseh, Nikoletta Y. Papaioannou, Panayiota Papasavva, Chara Lardou, Maria Sitarou, Soteroulla Christou, Carsten
W. Lederer, Marina Kleanthous, Petros Patsali
Cyprus Institute of Neurology and Genetics

β-thalassemia is a common disease affecting millions of patients worldwide, with an exceptionally high carrier rate in
Cyprus in particular. The disease is brought about by defective β-globin (HBB) formation, and patients suffer from a wide
array of symptoms with dependence on regular blood transfusions and iron chelating agents for survival in the most severe
cases. Current cures are limited to allogeneic hematopoietic stem cell (HSC) transplantation from compatible donors and
to transplantation of autologous HSCs after gene addition, which are both marred by inaccessibility for most patients and,
respectively, by high risks and prohibitive cost. Sequence-specific genome editors, utilized for the correction of genetic
defects, have revolutionized the therapy of monogenic diseases. Of particular interest for clinical translation are base
editors (BEs), which catalyse base transitions at a targeted base without reliance on potentially mutagenic double-strand
breaks (DSBs), typical of the first generation of clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9
and transcription activator-like effector nuclease (TALENs) editors. Cytosine BEs enable C>T transitions, whereas adenine
BEs enable A>G transitions. I am evaluating four novel base editors with relaxed protospacer adjacent motif (PAM)
requirements for their ability to functionally correct the common Cypriot HBBIVSI-110(G>A) splice mutation. The strategies
considered aim to prevent aberrant splicing by (i) precise correction of the mutated A of the aberrant AG splice motif, (ii)
mutation of the G of the same motif, and (iii) alteration of upstream sequence elements critical for aberrant splicing. Base
editor designs are being evaluated using in vitro mRNA transcription for co-nucleofection with guide RNAs, which offers
independence from commercially available Cas protein preparations and is far superior to plasmid-based transfection.
Future steps include functional evaluation in primary thalassemic cells and subsequent validation of shortlisted editors in
long-term repopulating human HSCs by transplantation into immunodeficient mice to create chimeric mouse models.
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Single-cell RNAseq analysis reveals role for Gata3 in the aortic endothelium prior to EHT
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The endothelial-to-haematopoietic transition (EHT) gives rise to the first murine definitive haematopoietic stem cells
(HSCs) in the aorta-gonads-mesonephros (AGM) region around E10.5. While our understanding of the transcriptional
networks regulating HSC emergence is ever-increasing, the mechanisms governing the EHT process are still being
investigated. The transcription factor Gata3, whose function has previously been characterized in the sympathetic nervous
system AGM niche, is expressed directly in the haemogenic endothelium prior to EHT. Previous studies have shown that
Gata3-expressing endothelial cells have a greater capacity to produce haematopoietic colonies, over Gata3-negative
endothelial cells, while endothelial-specific Gata3 knockout leads to a greatly decreased ability to repopulate AGMtransplant recipient mice.
Single-cell RNA sequencing analysis of Gata3 knockout endothelial cells sorted from murine AGMs reveals an upregulation
of factors involved in endothelial cell fate differentiation, such as Pecam1, and a dysregulation of adhesion molecule
genes, including increased expression of Epcam and Vcam1, all of which are likely to disrupt the normal EHT process.
Furthermore, downregulation of critical stem cell proliferation regulator Kitl may explain the negative effect of Gata3
knockout on transplanted AGMs. Another key finding has been the identification of cell surface antigens CD200 and
CD200r1 as new markers for the enrichment of haemogenic cells via trajectory analysis of Gata3+ endothelial cells
differentiating into pre-HSCs. CD200, which is expressed on arterial endothelium, contains the CD41lo cells capable of
engrafting after transplantation, while CD200r1 is expressed within the pre-HSC compartment, but only CD200r1-negative
cells are able to repopulate. These markers will undoubtedly prove useful in future studies attempting to isolate HSC
precursors from murine AGMs.

NOGUCHI
Erythropoietin: bone marrow stromal cell remodeling and hip fracture risk
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Erythropoietin (EPO) functions primarily as an erythroid agent and binds to its receptor (EpoR) on erythroid progenitor to
regulate erythropoiesis. Beyond hematopoietic tissue, EpoR is express in brain, cardiovascular system, skeletal muscle and
adipose tissue. Animal studies showed non-erythropoietic EPO activity such as neuroprotection, neovascularization,
cardiovascular protection, skeletal muscle wound healing, and protection against diet induced obesity. In the bone
marrow EpoR is expressed on hematopoietic cells, bone marrow stromal cells, adipocytes, osteoblasts and osteoclasts.
Mice with EpoR restricted to erythroid tissue become obese and insulin resistant, and have increased bone marrow
adipogenesis at the expense of osteogenesis resulting in more bone marrow adipocytes and less bone. Wild type mice
treated with EPO (1200 U/kg for 10 days) show increased hematocrit, decreased bone marrow adipocyte and, reduced
bone without increased osteoclasts. Bone loss with EPO treatment requires non-erythroid EpoR and is not observed in
mice with EpoR deleted in osteoblasts. Transplant of bone marrow stromal cells into immunodeficient mice resulted in
bone ossicle formation that mimics bone of donor mice with marked reduction in bone formation in bone marrow stromal
cells from mice expressing high transgenic EPO, providing evidence that EPO directly affects bone marrow stromal cell
differentiation and suppresses the potential to form bone and fat. To determine if EPO treatment affects human bone
health, we analyzed the United States Renal Data System (USRDS; 1997-2013) datasets. Since the 1990’s, fracture risk
decreased in the U.S. general population but increased in hemodialysis patients along with the introduction of EPO and
dose escalation for treatment of anemia in chronic kidney disease to improve hematocrit response. Concerns about
increased cardiovascular morbidity and mortality in clinical trials aimed at normalizing hemoglobin with EPO and the 2007
FDA “Black Box” warning for hemoglobin targets not to exceed 12 g/dl led to a downward trend in EPO dose and a
decreasing trend in fracture rate. Multivariable analysis of 727,832 hemodialysis patients revealed EPO dose as a potential
independent risk factor for hip fractures. Full knowledge of the erythropoietic and non-erythroid activities of EPO will be
informative for development of EPO derivatives or agents for specific non-erythroid EPO response and to increase
awareness of possible off-target effects for new erythropoietic agents.
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Genome editing for beta-haemoglobinopathies without double-strand DNA cleavage
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Background/Objectives: Haemoglobinopathies, such as sickle-cell disease and β-thalassaemia, are the commonest
monogenic diseases. Of these, β-thalassaemia has high prevalence in Cyprus and is marked by low adult haemoglobin
(α2β2), owing to defective β-globin (HBB) expression. Increased (β-globin-like) γ-globin (HBG1/2) can ameliorate the
severity of the disorder and may be achieved by erythroid reduction of γ-globin repressors, such as the transcription factor
BCL11A. This can be achieved by catalysing base editors (BEs), which are safer and likely more efficient than traditional
DSB-dependent CRISPR/Cas technology. The project aims to adopt the newest generation of genome editors (base editors)
for application to targets of relevance for β-haemoglobinopathies. Moreover, multiple editing targets and are evaluated
for induction of higher γ-globin levels and for correspondingly increased clinical potential of base editing.
Methods: The current project performed in silico design of target- and platform-specific guide RNAs to apply BE
technology by nucleofection in erythroid cells, to modify targets of relevance for β-haemoglobinopathies. Editing
efficiency and functional studies at the DNA, RNA and protein level were carried out. The study compared methods of BE
delivery and different targets, as well as different same-target BEs against one another and against DSB-based imprecise
disruption.
Results: Initial plasmid-based delivery of BEs resulted in high toxicity and poor performance, prompting us to establish in
vitro mRNA synthesis for mRNA/gRNA-based delivery of BEs instead. Resulting precision editing with up to 86% bulk
efficiency indicated differential same-target efficiency of different BEs for the clinically relevant BCL11A target. Finally,
DSB-independence prompted us to evaluate duplex base editing of both, trans-acting factors and corresponding cisregulatory elements, which resulted in elevated γ-globin induction compared to single edits.
Conclusions: The present study demonstrates, superior editing outcomes based on BEs compared to DSB-based editing
for a clinically relevant target, and superior, therapeutically relevant γ-globin induction by duplex compared to simplex BE
application.
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Optimisation of personalised TALEN- and CRISPR/Cas9-based gene correction therapy for βthalassaemia on patient-derived primary cells towards clinical translation
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Introduction: Homology-directed repair dependent gene therapies can suffer from low efficiencies unsuitable for clinical
application. This study demonstrates that correction of the common HBBIVSI-110(G>A) β-thalassemia splice mutation may be
achieved by efficient non-homologous end joining-mediated disruption of the aberrant regulatory elements (DARE)
created by the mutation.
Material and Methods: DARE correction was evaluated in patient-derived CD34+ cells by nucleofection of in vitro
synthesized TALEN mRNAs and of CRISPR/ low- and high-fidelity Cas9 RNA-guided nuclease (RGN) ribonucleoprotein
complexes. Correction efficiency was assessed as restoration of correct splicing at RNA (RT-qPCR), protein (HPLC) and cellmorphology (differential counts) levels, and off-target activity by Sanger sequencing and targeted deep sequencing.
Results: Proof-of-principle was achieved in patient-derived CD34+ cells for both nucleases, reaching high bulk disruption
efficiencies, of up to 90%. Restoration of correct splicing established up to 63% and 77% of normal β-globin synthesis for
TALENs and RGN, respectively. Across primary samples, DARE achieved significant correction of the two hallmarks of βthalassaemia pathology, β-globin synthesis and late-stage erythroid differentiation but at high RGN- off-targeting (~48%)
on the RNF219_AS1 gene. The high RGN- off-target activity was abolished at relatively high on-target disruption (~50%)
by evaluating strategic mismatches and/or employing high-fidelity Cas9 proteins (AltR_HiFi_V3 (IDT) and Sniper (PNAbio))
on HBBIVSI-110 patient-derived erythroid progenitor cell line. Comparison of β-globin chains levels between low and high
fidelity RGN-genome edited patient-derived bulk populations, exhibit the same degree of restoration of normal β-globin
synthesis whether 90% or 50% of mutant alleles were disrupted.
Conclusion: Our study shows that mutation-specific gene therapy by DARE is highly efficient and holds great potential for
many human diseases caused by aberrant regulatory motifs. High level of correction achieved without enrichment,
marginal level of off-targeting and use of virus- and DNA-free delivery in patient-derived CD34+ cells in this study indicate
biosafety and efficiency suitable for direct clinical translation.
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Pro-inflammatory cytokines establish a pro-proliferative metabolism that drives the
expansion of erythroid progenitors during the recovery from inflammatory anemia
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Inflammation alters hematopoiesis, favoring the production of myeloid effector cells, while inhibiting steady state
erythropoiesis. To compensate for the loss of erythroid output, stress erythropoiesis is induced. Stress erythropoiesis is
highly conserved between mouse, human and rat. Unlike steady state erythropoiesis, which produces new erythrocytes
at a constant rate, stress erythropoiesis generates large numbers of immature progenitors that synchronously
differentiate to maintain homeostasis until the source of the inflammation is resolved. The initial expansion of immature
progenitor populations is a critical step in generating sufficient erythrocytes to counteract the loss of steady state erythroid
production. Here we show that the same pro-inflammatory cytokines that inhibit steady state erythropoiesis are required
for stress erythropoiesis. Increased production of nitric oxide (NO) in the niche establishes a metabolic state dominated
by glycolysis and anabolic pathways. In contrast, metabolites that act as cofactors for DNA and chromatin modifying
enzymes, like alpha ketoglutarate, are decreased, which prevents the activation of the erythroid gene program. Mutation
of inducible nitric oxide synthase (Nos2) blocks proliferation of stress erythroid progenitors in vitro and in vivo impaired
proliferation slows the recovery of mutant mice from inflammatory anemia induced by heat killed Brucella abortus (HKBA).
Similar effects are observed in human stress erythropoiesis cultures treated with the Nos2 inhibitor 1400w. To counter
act the effects of NO during the transition to differentiation, the production of the anti-inflammatory metabolite itaconate
is increased in the niche. Itaconate decreases NO by activating Nrf2 (Nfe2l2), which represses the expression of Nos2.
Itaconate treatment in mouse or human cultures blocks proliferation and induces differentiation. Itaconate is produced
by the action of the enzyme Irg1. Mutation of Irg1 leads to increased proliferation and less differentiation both in vitro
and in vivo as Irg1-/- mice are also slow to recover from HKBA induced anemia. However, unlike Nos2-/- mice, the defect
in Irg1-/- mice is characterized by increased proliferation and delayed differentiation. These data demonstrate that
changes in metabolic state regulate the proliferation and differentiation of erythroid progenitors during the recovery from
inflammatory anemia.

PERKINS
KLF1 acts as a pioneer transcription factor via SMARCA4 to open chromatin and facilitate
recruitment of settler transcription complex containing GATA1 and SCL
Graham Magor1,2, Kevin Gillinder1,2, Charles Bell2, Stephen Huang2, Melissa Ilsley2, and Andrew Perkins1,2
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Sequence specific transcription factors (TFs) bind to short DNA motifs in vitro; but, only a tiny fraction of possible binding
sites within the genome are bound. Factors that influence in vivo binding are relative affinity for the specific motif at the
site, co-operative interactions with additional TFs that bind to adjacent motifs, and physical impediments provided by
chromatin. Pioneer TFs are a special class of TF that can interact with ‘silent’ chromatin, increasing local accessibility. This
can facilitate the binding of other TFs that do not possess pioneering activity (settler TFs). We employed the erythroid cell
line, K1ER1, to study the immediate effects of KLF1 on chromatin re-organization. Using ATAC-seq and ChIP-seq we show
KLF1 binding induces an increase in local chromatin accessibility that facilitates assembly of a complex of settler TFs
(including GATA1 and SCL/TAL1, but not NF-E2). Interestingly, KLF1 rapidly induces relocation of GATA1 in many local
neighborhoods (including GATA1 desertion at certain sites). The pioneering function occurs at ~300 key erythroid
enhancers and super-enhancers such the one at -26kb in the a-globin LCR and one within the body of the E2f2 gene, but
not at promoters. We confirmed these findings in primary erythroid cells from Klf1-/- fetal liver. We show neomorphic
mutations in the DNA-binding domain of KLF1 (Nan and CDA-IV mutations) lead to ectopic pioneering. We generated a
series of N-terminal deletions in KLF1-ER clones and employed ATAC-seq to map the domain/s within KLF1 responsible for
the pioneering activity to show it is distinct from DNA-binding activity. We show this domain is responsible for
SMARCA4/Brg1 recruitment, the likely effector of chromatin remodeling. Inhibition of SMARCA4 using specific inhibitors2
leads to down regulation of some KLF1 target genes such as dematin, but not others. This work has implications for how
KLF1 works to direct megakaryocyte-erythroid differentiation trajectories, and how KLFs reprogram cells.
References:
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PESLAK
Protein phosphatase 6C (PP6C) loss raises fetal hemoglobin levels and reduces cell sickling
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Although increasing levels of fetal hemoglobin (HbF) in sickle cell disease significantly reduces SCD-related mortality,
effective HbF pharmacologic induction has remained elusive. To identify potentially druggable molecules involved in HbF
control, we carried out a domain-focused CRISPR-Cas9-based genetic screen in HUDEP2 erythroid cells targeting all protein
phosphatases (1308 independent sgRNA representing 218 phosphatases). This screen identified a single protein
phosphatase – PP6C – as an HbF repressor. PP6C is the catalytic subunit of protein phosphatase 6, a serine/threonine
protein phosphatase whose role in HbF regulation has not previously been described. Depletion of PP6C by 5 independent
sgRNAs resulted in significant HbF enrichment and did not adversely affect cell fitness. To validate these findings in primary
human erythroid cells, we performed CRISPR-Cas9-based genome editing of PP6C in three-phase CD34+ in vitro culture.
We find that depletion of PP6C increases gamma-globin transcript levels in a dose-dependent manner to 4-5 times basal
levels. In addition, PP6C loss doubles F-cell numbers and increases HbF levels 3-4 fold as measured by HPLC. PP6C
depletion triggers relatively few changes in the erythroid transcriptome and does not ostensibly impair erythroid
maturation. Loss of PP6C leads to depletion of BCL11A protein by nearly 50% but unchanged levels of other key HbF
regulators such as HRI and LRF, suggesting PP6C-mediated HbF regulation may proceed at least in part via loss of BCL11A.
Importantly, depletion of PP6C in SCD patient-derived cells leads to similar levels of HbF induction and reduced cell sickling
by greater than 60%. Preliminary xenotransplantation data (NBSGW) from two independent murine transplants show ~4fold induction of gamma-globin at 16 weeks post-transplant, suggesting that PP6C depletion is well-tolerated and leads to
effective, sustained HbF induction in vivo. These data indicate that PP6C functions in a dose-dependent manner to regulate
HbF and may serve as a therapeutic target in SCD.

PILLAY
EKLF, erythroid krüppel like-factor, is essential for the maintenance of topologically associated
domains (TADs) and compartments at the beta globin locus in terminally differentiated
erythrocytes
S Pillay, L Xue, and JJ Bieker
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The formation of red blood cells is a tightly regulated process that involves chromatin compaction along with nuclear
condensation and finally expulsion of the nucleus, which is important for enhancing the oxygen-carrying ability of
reticulocytes. Delineating the mechanisms underlining nuclear condensation and expulsion is essential in understanding
diseases, such as congenital dyserythropoietic anemias (CDA), that arise due to defective differentiation. EKLF, an
erythroid specific transcription factor, via its interaction with other transcription and cell cycle factors is essential for
mammalian erythropoiesis. Our lab in the past has established the role of EKLF in cell cycle exit and enucleation during
terminal differentiation. Eklf-/- embryos do not survive past day15 due to severe anemia as the fetal liver accumulates
nucleated immature erythrocytes.
The 3D organization of genome has been extensively studied at the globin locus during erythropoiesis. A previous 3C study
on mouse erythrocytes identified the role of EKLF in the formation of an active chromatin hub (ACH), composed of the
locus control region (LCR) and multiple DNase I hypersensitive sites, along with the g- and b-globin genes, at the b-like
globin locus. A fully functional ACH and thus, activation of the b-globin gene requires EKLF (KLF1). Ryzhkova et al. recently
reported that, in mature erythrocytes, chromatin loses the majority of its active and inactive compartments and is
characterized by an absence of TADs on a Hi-C map. However, there is an increase in the frequency of long-range contacts
detected as a second diagonal pattern on the Hi-C map. Using the Hi-C approach we found that in the absence of EKLF,
poly-/orthochromatic erythroblasts still maintain and continue to show a strong presence and interactions between the
active and inactive compartments genome-wide, a property that remains even after differentiation. Additionally, there is
an increase in the number of loops with a subsequent decrease in the number of TADs detected. These data suggest that
in both expanding and maturing erythroblasts, EKLF is involved in the process of three-dimensional chromatin
organization. We are identifying EKLF’s direct and indirect roles in establishing these higher order domains.

PO-NGERNNAK
Is GDF15 a contributing factor to the ineffective erythropoiesis of β-thalassemia?
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β-thalassemia’s are a group of heterogeneous hereditary disorders characterised by reduced or absent β-globin chain
synthesis. A primary cause of β-thalassemia disease pathophysiology is ineffective erythropoiesis (IE), increased expansion
of erythroid progenitors and accelerated differentiation but maturation block with increased apoptosis around the
polychromatic stage of differentiation(1).
GDF15 levels are high in the serum of patients with β-thalassemia and have been directly correlated with disease severity
and indirectly with the degree of ineffective erythropoiesis(2). In addition, the high levels of GDF15 have been postulated
to arise from β-thalassemia erythroid cells. However, there is little direct evidence for this or for the role of GDF15 in
causing defective erythroid cell differentiation.
In this study, we will present data directly addressing these hypotheses. For the study, we utilise a β-thalassemia erythroid
cell line, created by knockout of the β-globin genes in the erythroid cell line BEL-A(3), which recapitulates the phenotype
of patient erythroid cells. GDF15 expression was very low in both control BEL-A and the β-thalassemia erythroid cells at
the early stages of differentiation but increased markedly around the late basophilic to the polychromatic stage. As the
populations are heterogeneous, cells at these specific stages of differentiation were isolated to enable direct comparison
of GDF15 levels in the control and β-thalassemia cells. We next used the lines to determine whether GDF15 induces IE in
cultures of control erythroid cells and/or exacerbates the IE of β-thalassemia cells. Initial data indicate little effect on the
differentiation profile of either cell type. This led us to explore the receptor for GDF15, GFRAL. Expression data on GFRAL
in human tissue, particularly in the haematopoietic system, is limited, and data from mice indicate expression restricted
to the brain. We, therefore, explored expression in a range of human tissues and across a range of blood cell types,
including erythroid cells at different stages of differentiation. Finally, to definitively determine a role for GDF15 in erythroid
cells, we knocked out the gene in both normal (BEL-A) and the b-thalassemia lines to evaluate the effect on differentiation.
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Defining the transcriptome of the first functional hematopoietic stem cells in the mouse
embryo
A Popravko*, C Vink*, E Dzierzak
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Despite clinical demand for hematopoietic stem cell (HSC) transplantations for patients with blood cancers and
hematologic disorders, there has been little progress in the generation of HSCs in vitro. Incomplete understanding of HSC
identity regulation in vivo prevents successful cellular reprogramming by overexpression of transcription factors. The first
HSCs emerge from embryonic aortic endothelial cells. Only 1-2 of these cells are present at a given time in the aortagonad-mesonephros (AGM) region of the mouse embryo. The rest of the hematopoietic cells are progenitors or mature
cells. Our recent data from index-sorting of highly enriched mouse intra-aortic hematopoietic clusters (IAHCs), combined
with iterative single cell transcriptomics and functional analyses revealed the transcriptome of functional HSCs (Vink et
al., Cell Reports, 2020). Single cell RNA-sequencing showed cellular heterogeneity, represented by cells grouping in five
distinct clusters, with functional HSCs localizing inside a single cluster. Some other functionally distinct, closely related
cells can be identified within this group. By analysing heterogeneous expression of transcription factors or other genes
between our identified functional HSCs and the rest of the cluster, and by inferring developmental trajectories, we asked
whether a distinct combinatory HSC program will emerge and how the cells within the clusters relate to it other. RNA
velocity and machine learning algorithms identified a transcriptomic signature for the most enriched HSC subpopulation
within the IAHCs and showed that the combinatory expression of key genes at very specific levels can serve as a predictor
of embryonic HSC function. The further analysis of published transcriptomic datasets of the HSCs from adult mice bone
marrow show the persistence of this predictive signature in adulthood, thus suggesting a common/core program for the
most potent in vivo repopulating HSCs in the embryo and adult.

PRESTON
Not just an innocent bystander: a-globin-proximal gene, NPRL3, is required for metabolic
control of erythropoiesis
Alexandra Preston, Joe Frost, Sarah Wideman, Andrew Armitage, Megan Teh, Ruggiero Norfo, Mohsin Badat, Noémi Roy,
James Davies, Rob Beagrie, Douglas Higgs and Hal Drakesmith.
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Across Animalia and Fungi, NPRL3 regulates cellular metabolism by inhibiting mTORC1 signalling. Nprl3 lies upstream (5’)
of a-globin, and harbours three a-globin enhancers in humans and four in mice. Remarkably, this genomic linkage has
been conserved for ~500 million years. We show that NPRL3 itself serves a role in erythropoiesis, and investigate whether
a transcriptional hub comprising Nprl3, a-globin and the a-globin enhancers is required for this activity.
Analysis of E13.5 fetal liver cells (FLCs) from a constitutive Nprl3-KO mouse model (embryonic lethal, E15.5~birth),
revealed that erythropoiesis is severely impaired by loss of Nprl3. Fetal livers also displayed altered haematopoietic
progenitor profiles, containing fewer cells with a possible erythroid fate (CMPs and MEPs). Nprl3-KO FLCs were also
defective in reconstituting the erythroid lineage in a competitive chimaera, demonstrating that the importance of NPRL3
is hematopoietic-cell-intrinsic, and persists in an adult setting. In human CD34+ progenitors, CRISPR-Cas9-induced NPRL3KO suppressed the number of enucleated cells produced per progenitor in vitro, showing that NPRL3 also regulates human
erythropoiesis. NPRL3-KO erythroblasts also respond defectively to iron deficiency, amino acid deprivation and
erythropoietin stimulation, and experience suppressed autophagic flux.
Nprl3 expression increases ~30-fold during erythroid lineage commitment, dependent on the a-globin enhancers. Mice
harbouring Nprl3 promoter deletion on one allele, and deletion of all a-globin enhancers on the other allele, lack all Nprl3a-globin enhancer interactions. At E13.5, this genotype associates with impaired erythropoiesis in a manner reminiscent
of Nprl3-/-. This suggests that the contact hub Nprl3 shares with a-globin and its enhancers bestows the transcriptional
upregulation required for Nprl3 to exert its erythropoietic role.
These results suggest that dynamic expression of Nprl3 is required for normal erythropoiesis by regulating cellular
metabolic flux, dependent on its transcriptional co-regulation with a-globin. This gives possible explanation for the deep
evolutionary conservation at this locus.

QUI
HDAC1 plays multiple roles in GATA-1 mediated transcription activity, global chromatin occupancy
and hematopoiesis
Yi Qiu
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The activity of hematopoietic factor GATA-1 is modulated through p300/CBP-mediated acetylation and FOG-1 mediated
indirect interaction with NuRD complex. NuRD complex contain both HDAC1/2 mediated histone deacetylase activity and
Mi2 mediated remodeling activity. We previously established that NuRD can function as a coactivator and repressor and
histone deacetylase activity within the complex regulates NuRD activity. When histone deacetylase activity is suppressed,
NuRD remodeling activity activates GATA-1 mediated gene transcription. Having established essential roles of NuRD for
GATA-1 mediated transcription, we further investigate whether NuRD can also deacetylate GATA-1. We found that the
FOG-1/NuRD complex does not deacetylate GATA-1. However, HDAC1/2 can deacetylate GATA-1 through directly binding
to GATA-1. The binding site is mapped at the linker region between two zinc fingers of GATA-1. This region is distinct from
FOG-1 binding site. Two arginine residues within the GATA-1 linker region mediates the interaction. The arginine to alanine
mutation (2RA) blocks GATA-1 deacetylation and fails to induce erythroid differentiation. Gene expression profiling and
ChIP-seq analysis further demonstrate the importance of GATA-1 deacetylation for gene activation and chromatin
recruitment. GATA-12RA knock-in (KI) mice suffer mild anemia and thrombocytopenia with accumulation of immature
erythrocytes and megakaryocytes in bone marrow and spleen. Single cell RNA-seq analysis of Lin− cKit+ (LK) cells further
reveal a profound change in cell subpopulations and signature gene expression patterns in HSC, myeloid progenitors, and
erythroid/megakaryocyte clusters in KI mice. To confirm that GATA-1 acetylation blocks GATA-1 function, key GATA-1
acetylation sites were mutated to acetyl-mimicking glutamine (KQ) or non-acetyl-mimicking arginine (KR). KQ mutant
blocks erythroid differentiation in G1E cells while KR mutant does not affect differentiation. Thus, GATA-1 dynamic
acetylation/deacetylation and its interaction with HDAC1 modulates GATA-1 chromatin binding and transcriptional activity
that control erythroid commitment and differentiation.

QUINLAN

Exploring gene regulation in the b-globin locus to upregulate foetal g-globin
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Reactivation of the developmentally silenced foetal g-globin genes in adult erythrocytes is a potential therapeutic
approach for treating b-haemoglobinopathies such as sickle cell disease and b-thalassaemia. Hereditary Persistence of
Foetal Haemoglobin (HPFH) is a rare benign condition in which individuals express g-globin throughout adulthood. Some
forms of HPFH are caused by point mutations in the g-globin gene promoters and we have previously demonstrated that
these mutations disrupt the binding sites for the two major globin repressors, BCL11A and ZBTB7A, or create de novo
binding sites for activators such as GATA-1, TAL-1 or KLF1.
In our current work we have turned our focus from HPFH caused by point mutations to uncovering the mechanisms
underlying HPFH caused by large deletions in the b-globin locus. We are also exploring the role of disease modifying
polymorphisms that alter the severity of b-haemoglobinopathies and are associated with elevated g-globin expression but
are not classified as HPFH mutations. We have an active research area in understanding how epigenetics may be
important in globin switching. Finally, we are studying several the known globin-regulatory transcription factors in more
detail to better understand their method of action. Through these studies we aim to identify novel targets for therapeutic
g-globin upregulation in individuals with b-haemoglobinopathies.

SAUNTHARARAJAH

A Repurposed Therapeutic Targeting Multiple γ− globin Repressors
B. Pace, K. Kuo, S. Singer, A. Kutlar, A. Faller, Y. Saunthararajah, S. Perrine
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Biochemical, epidemiologic, clinical, and genetic evidence over 5 decades in Hemoglobin Switching research has shown
that renewed or persistent expression of γ-globin occurs with diverse genetic modifications; even single nucleotide
polymorphisms in regulatory regions reduce severity in β-thalassemia and hemoglobinopathy patients world-wide.
Therapies inducing γ-globin through HDAC- and DNMT-1 inhibition, in dose regimens to avoid anti- proliferative erythroid
effects, have had notable activity in patients; an IV formulation increased HbF by 3-fold and eliminated transfusion
requirements. Erythropoietin levels, iron status, and select mutations are associated with responses. Seeking oral
therapeutic candidates with low development risks, we utilized a high-throughput screen with a globin promoterreporter and cytotoxicity readout for γ-globin inducing activity in libraries of known bioactive compounds and all EMA
and FDA-approved therapeutics (for any medical indication). One candidate PB-04 was found to suppress or displace 4
known repressors of the fetal globin gene promoter, BCL11A, HDAC3, KLF1, and LSD-1, providing a molecularlytargeted oral therapeutic with benign long-term clinical experience. In predictive models, PB-04 increased γ−globin
mRNA
12-to 20 fold in anemic baboons, and F-cells and F/cell by 2 to7-fold in β−YAC mice in a dose dependent manner. Now,
in early findings in an intra-patient dose escalation trial in 6 untransfused beta thalassemia (BTI) subjects, responses to
ten 12-week treatment courses at 3 dose levels, given once/day, 3 times/week, were observed in all subjects, from the
lowest dose. Highest magnitude of change was observed in HbF/cell (MFI), (mean 5.2-fold, range 2.1 to 11-fold), F-cell
proportions, (mean 3.1-fold, range 2.6 to 4.8-fold), and, unexpectedly, in subjects with low baseline HbF values. Mean
peak HbF change by HPLC was 6.9% (2.7 to 14%). One subject’s responses to 3 consecutive doses are shown below.
Regimens are now extended to 24 weeks, comparing 3 vs 5 dosing days/week in BTI and sickle cell disease.
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Allelic series highlights a BCL11A zinc-finger cluster dedicated to fetal hemoglobin repression
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In erythroid cells, BCL11A binds at the gamma-globin promoters to repress gene expression. Functional assays and protein
binding microarrays identified the BCL11A motif, TGACCA, and its cognate DNA-binding domain, a cluster of three C2H2
zinc-finger domains at BCL11A C-terminus. Here, we used CRISPR/Cas9 to target the C-terminus of Bcl11a in mouse
oocytes and obtained two lines carrying deletions of F456 (resembling the BCL11A-L isoform) or F6. Using these mutants,
we found that loss of the F456 cluster or F6 alone is sufficient to potently de-repress fetal hemoglobin in mice transgenic
for the human globin cluster. Interestingly, de-repression of mouse embryonic beta-like globins is less pronounced in F456
or F6 fetal liver compared to Bcl11a null, suggesting some unknown role(s) of non-DNA binding domains of BCL11A in
mediating gene repression. Unlike Bcl11a KO mice, that succumb shortly after birth, mice lacking F456 or F6 are viable and
appear grossly normal. The B-cell compartment, which is largely absent in Bcl11a KO mice, is diminished (with deletion of
F456 being more severe than F6 alone), yet is able to proliferate and demonstrate class switching. Brains of embryos
lacking F456 are indistinguishable from wild-type, and do not display the gross structural alterations found in Bcl11a KO
embryos. Our data highlight BCL11A zinc finger 6 as a potential target for base editing to effectively de-repress fetal
hemoglobin with milder effects on other lineages. The consequence of F456 deletion in HSCs is currently under study.
These results also suggest that functions of BCL11A extend beyond DNA-binding through F456, that is fundamental in fetal
hemoglobin repression, but dispensable in non-erythroid cells, such as neurons or B cells. Hence, analysis of additional
hypomorph mutants is required to elucidate intricate structure-function relationships of BCL11A.

SIGHINOLFI

Intracellular iron overload in β-Thalassemia affects HSC function by impairing
mitochondrial fitness
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β-Thalassemia (BThal) is a genetic anemia caused by reduced or absent synthesis of haemoglobin β-chains. Despite the
latest improvement in chelation therapies, iron overload (IO) remains one of the main complications which is difficult to
resolve once established. Recently, we demonstrated an impaired function of HSCs in thalassemic th3 mice. We
hypothesized that IO and the resulting oxidative stress might impair the bone marrow (BM) niche, thus interfering with
the maintenance of HSCs. We also reported that IO reduces the hematopoietic supportive capacity of BM mesenchymal
stromal cells in BThal patients. However, there is no evidence of the direct effect of IO on HSCs.
We found a positive enrichment of iron homeostasis genes in BThal HSCs, suggesting iron uptake and storage. These
findings are corroborated by high levels of free reactive iron (Fe2+) in the HSCs. We found accumulation of Fe2+ in
mitochondria, correlating with a 2-fold increase in ROS levels. As a result, mitochondria in th3 HSCs are impaired, with
low mass and activity. Moreover, the HSCs showed a reduced expression of mitochondrial biogenesis and mitophagy
genes, thus suggesting an accumulation of damaged mitochondria.
In line with mitochondrial dysfunction, in vitro inhibition of oxidative phosphorylation (OXPHOS) did not affect ATP levels
in th3 HSCs since they preferentially rely on glycolysis rather than OXPHOS for their energy demand. Consistently, th3
HSCs showed positive enrichment of glycolytic genes and a 1.4-fold higher glucose uptake.
Finally, in vivo reduction of mitochondrial ROS rescues mitochondrial activity and the HSC quiescence. Ongoing
studies on iron chelation will reveal how BThal HSCs sense iron and the molecular mechanism leading to intracellular
IO.
Our study unveils that IO directly affects HSCs in BThal by inducing oxidative stress and mitochondrial dysfunction.
Alterations in mitochondrial activity and metabolic profile, in response to IO, are expected to alter HSC function. This
research will add novel insight about the role of iron regulation in HSC biology.
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p53-independent pathways in Diamond Blackfan Anemia

Lei Yu1, Susan Hammoud1, Ghazi Saroya2, Greggory Myers1, Yu Wang1, Ginette Balbin-Cuesta1, Vesa Kaartinen2, Rami
Khoriaty1,3, James Douglas Engel1, Sharon A. Singh4
1

Department of Cell and Developmental Biology, University of Michigan Medical School, Ann Arbor, MI; 2Department of Biologic and
Materials Sciences, University of Michigan School of Dentistry, Ann Arbor, MI; 3Department of Internal Medicine, University of Michigan
Medical School, Ann Arbor, MI; 4Department of Pediatrics, University of Michigan Medical School, Ann Arbor, MI

Diamond Blackfan Anemia (DBA) is a rare inherited bone marrow failure syndrome that manifests as a variably penetrant
macrocytic anemia, which can spontaneously enter remission for unclear reasons. Our previous work established both
cellular [mouse embryonic stem (mES) cell] and murine genetic models of Rpl5 haploinsufficiency (Rpl5Skax23-Jus/1/+). Rpl5
(uL18) is one of the commonly mutated genes in DBA and is associated with a severe phenotype including morphological
defects and reduced likelihood of spontaneous remission. Rpl5Skax23-Jus/1/+ mutant mice exhibit increased mortality at all
ages, reduced fetal liver cellularity, and a block in erythroid differentiation at the CFU-E/proerythroblast stage at E12.5
that begins to resolve by E14.5. Newborn mutants are born with macrocytic anemia and the majority exhibit histological
evidence of a ventricular septal defect (VSD). In contrast, mutants that survive until weaning lacked anemia and VSD,
suggesting that the presence or absence of VSD at E12.5 may identify animals that are more or less likely to spontaneously
remit from anemia. Our previous studies demonstrated that Rpl5+/- mES cells have a p53-independent cell cycle defect
with a delay in the G2/M transition. Additional preliminary studies indicate that Rpl5 haploinsufficient mES cells also
demonstrate no p53 induction and a reduced apoptotic response to oxidative stress. Currently, we are exploring the p53independent pathways that trigger and/or lead to resolution of anemia in Rpl5Skax23-Jus/1/+ mutant mice, and our preliminary
observations do not demonstrate a cell cycle defect in mutant E12.5 CFU-E/proerythroblasts (CD71+ Ter119- cells). We
are performing RNA-seq to identify, in an unbiased fashion, dysregulated pathways in Rpl5 haploinsufficient E12.5 fetal
liver erythroid progenitors. Further analysis may identify novel genes and pathways that may drive or predict erythroid
failure and spontaneous DBA remission.
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Regulation of α-globin transcriptional bursting dynamics during red blood cell development
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Gene transcription is discontinuous in single cells, with short bursts of activity interspersed with periods of inactivity.
Enhancers, among other regulatory inputs, are thought to regulate these bursting events, but it is unclear exactly how
transcription dynamics change during development and how enhancers might coordinate this. α-globin expression is
tightly regulated during red blood cell development by five upstream enhancer elements. To determine precisely how αglobin is controlled during differentiation, we used PP7 RNA-labelling of α-globin to monitor nascent transcription in live
cells throughout murine erythropoiesis. Importantly, we developed a novel approach to enable the study of transcription
dynamics in mammalian differentiation by employing live-cell antibody staining to stratify cells throughout erythropoiesis,
directly under the microscope. Using this method, we found that average levels and dynamic variability of nascent
transcription are differentially modulated throughout erythropoiesis. Early and late in development, when nascent αglobin activity is lower, intra-cellular transcriptional variability is higher. In contrast, at the peak of expression within the
population, α-globin transcription is relatively stable and less noisy. While differences in the amplitude of transcriptional
bursts were associated with developmental changes in transcriptional noise, burst frequency was the dominant control
point for overall levels of α-globin transcriptional activity, implicating enhancers in regulation of bursting at α-globin during
differentiation. This study illustrates the importance of studying transcriptional processes in single cells during
differentiation and paves the way for the precise determination of the role of enhancers in activating gene transcription
during mammalian development.
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KLF1-related proteins in Erythroblast Island macrophages – a proteomic study
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Erythroid island (EI) niche are structures in the bone marrow and spleen where erythroblasts proliferate and undergo
differentiation prior to entering circulation as fully matured red blood cells. Macrophages are known to be the core cells
within EI niches, and previous studies show that, via adhesion molecules and secreted factors, they support adult
erythropoiesis assisting mainly in haemoglobin synthesis and engulfment of the erythroblasts’ extruded nuclei. We have
developed an in vitro approach to study the EI niche, where macrophages are generated from the iKLF1.2 IPSC line, where
KLF1 is activated upon tamoxifen treatment. KLF1-activated macrophages were able to mimic the EI-niche
microenvironment in vitro and in when CD34+ umbilical cord blood cells were co-cultured with these macrophages, a
higher number of mature red blood cells were produced compared to co-culture with wild type macrophages. RNA
sequencing of KLF1-activated macrophages identified a high number of EI niche related genes, together with secreted
factors responsible for red blood cell maturation. To further understand which proteins are associated with macrophageerythroblast communication and subsequently erythroid maturation in the EI niche we carried a proteomics analysis on
KLF1-activated macrophages, with three different doses of tamoxifen – 0, 100 and 200nM. The study of the proteome of
these cells showed that most of the highly upregulated proteins are associated with the cytoskeleton and cellular
membrane, and are responsible for their cellular organization and catalytic activity. Some of the upregulated proteins also
showed to be linked with hematopoiesis, among other signalling pathways like TNF-α pathway and toll receptor cascade.
Extracellular membrane vesicles (EMV) related protein RAB27b is also highly regulated on KLF1-activated macrophages.
The study of this protein and others in the context of the EI-niche microenvironment could uncover novel mechanisms
associated with the interactions between macrophages and erythroid cells during adult erythropoiesis.
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The treatment of beta-hemoglobinopathies, beta-thalassemia and Sickle cell disease (SCD), has made promising advances,
particularly due to novel technologies in the field of gene therapy. Nonetheless, we hypothesize that technique is not
applicable for most patients, due to the high costs and poor medical infrastructure in developmental countries like subSaharan Africa and India.
For this reason, there will still be a large demand for alternative medicine that can be administered to patients suffering
from beta-hemoglobinopathies without undergoing a comprehensive stem cell transplantation. Here we aim to identify
novel fetal globin regulators and aim to uncover their mechanisms to identify novel therapeutic approaches.
We have directly compared the RNA expression profiles of primary cultured erythroblasts derived from human fetal liver
cells to cells derived from human erythroblasts differentiated from peripheral blood mononuclear cells. Bio-informatic
analysis revealed <100 mRNAs that were differentially expressed between fetal and adult derived primary erythroblasts.
We find several already known regulators including BCL11A and BGLT3.
To validate the other top candidates from the gene expression profiling for the involvement in specific globin regulation,
we applied ribonuclear protein (RNP) based Cas9 gene editing on primary erythroblast cultures and hematopoietic stem
and progenitor cells (HSPCs). To facilitate these studies, we evaluated and defined various parameters to genetically
engineer human hematopoietic stem progenitor cells (HSPCs) and erythroblasts and achieve gene editing efficiencies up
to 80%. We find that guide RNA (gRNA) design is critical to achieve high gene editing efficiencies, while the contribution
of numerous in silico models is unclear. We validated a cost-efficient in vitro transcribed gRNA screening model in K562
cells to identify effective gRNAs for primary hematopoietic cells. We show that IVTsgRNA screening outperforms all
previously reported in silico gRNA prediction models. Hence we provide, an analysis of several targets on regulation of
HBG1/2 and HBB.
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High-throughput screening: the shortest path to novel hemoglobin switching drugs
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Expression of fetal hemoglobin (HbF), normally silenced after birth, is known to ameliorate the symptoms of βglobinopathies. Studies on the molecular regulation of the fetal-to-adult hemoglobin switch identified many therapeutic
targets for HbF inducing drugs. Surprisingly, despite this long list of druggable targets, only one drug, hydroxyurea, was
granted FDA approval as an HbF inducer for patients with sickle cell disease. Unfortunately, its effect on HbF levels is
modest with some patients not responding at all.[1] Since most patients live in low- and middle-income countries, there is
an urgent global need to develop an affordable treatment, preferably in the form of an orally available drug. We aim to
accelerate the identification of novel HbF inducers through high-throughput drug screens (HTS).
To this end, we developed an HbF reporter cell line with an endogenous tag for HBG1, a gene encoding the HbF subunit
g-globin. It provides a protein-level readout reflecting gene expression in the native chromatin context and is based on
the adult Human Umbilical cord-blood Derived Erythroid Progenitor cell line HUDEP2.[2] Extensive characterization of the
reporter cells confirmed behavior similar to HUDEP2 cells in both proliferation and differentiation conditions.
The reporter cell line is used in two HTS projects based on orthogonal library designs. The first, a maximum variability
library, contains over 150,000 small chemical compounds and has optimal coverage of chemical space. In other words, if
chemical structures exist that induce fetal hemoglobin, there should be structurally related compounds in this library. This
screen is performed at the EMBL Chemical Biology core facility. Here, the reporter cell line passed validation by industry
standards for HTS.
The second library prioritizes natural products and contains bio-active compounds produced by fungi. Widely used drugs
such as penicillin, cyclosporine, and lovastatin illustrate the potential of fungal secondary metabolites. For many fungal
strains, however, the secondary metabolites have not yet been described. In collaboration with the Westerdijk Fungal
Biodiversity Institute, which houses the most extensive collection of fungal cultures in the world, we have tested the HbF
inducing capacity of the crude growth media of over 10,000 fungal strains. HbF induction was observed in 12% of the
screened fungal media, with 46 fungal strains showing an over 3-fold induction. In a follow-up screen of 96 selected hits,
89 induced fetal hemoglobin expression. The best performing fungal growth medium showed an over 6-fold HbF induction
after 72h compared to untreated cells. This induction was almost 3 times stronger than that of 50µM pomalidomide
treatment, which served as a positive control condition. The 6-fold HbF increase after treatment with crude fungal growth
medium is promising since dose-optimized treatment with purified compounds will likely give much stronger inductions.
We are currently identifying and purifying the HbF inducing compounds produced by the fungi. With preparative HPLC of
extracts from the best performing HbF inducing growth media, we obtained 52 fractions per fungal strain. Screening of
these fractions allows us to narrow in on promising HbF inducers.
The construction, characterization and validation of the HbF-HUDEP2 reporter cell line will be presented, as well as its
practical use in the two screening projects. Furthermore, some caveats of genome editing in the repetitive human HBB
locus will be discussed, and the initial results of the screening projects will be shown.
[1] Steinberg MH, Lu ZH,
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Regulation of gene expression during cell specification and differentiation is orchestrated by distal noncoding cisregulatory elements. As such, enhancer elements are commonly used to fine tune transgene expression in gene therapy
products. A key challenge is identifying elements that drive cell and developmentally temporal specific expression. While
approaches such as massively parallel reporter assays (MPRAs) have been used to characterize DNA sequences for
regulatory activity, they often do not reflect in vivo gene regulation, and therefore are limited in their therapeutic
applicability. Here we differentiate from typical episomal assays by developing a screening assay that uses a clinically
relevant integrating viral vector. Capitalizing on our previously published high-resolution temporal atlas of
developmentally responsive DNase I hypersensitive sites during human adult ex vivo erythropoiesis, we designed a library
of 15,000 short (200bp) sequences to which we subsequently cloned into an insulated GFP-reporter lentiviral vector. When
tested in both erythroid and non-erythroid hematopoietic cells, these elements display erythroid-specific activity as well
as high maturation-stage specificity. Notably, we observed a wide range of enhancement activity that enables the precise
tuning of transgene gene expression levels during erythroid development. We then evaluated these novel, compact
elements for their utility in a therapeutic context. When tested in a BCL11A-shRNA vector, currently employed in clinical
trials for β-hemoglobinopathies, these enhancers yielded in a 2-5 fold increase in viral titers during production, exhibited
elevated transduction levels in primary CD34+ cells, and increased ɣ-globin activation levels versus the canonical μLCR.
Furthermore, we observed elevated viral transduction and HbF levels in xenotransplantation mouse model experiments.
Finally, transduction of CD34+ cells derived from patients with β-thalassemia major resulted in higher HbF expression
(compared to the μLCR) and phenotypic correction of their ex vivo generated erythroid cells. In summary, we present a
novel approach for the functional characterization of putative cis-regulatory elements with direct therapeutic translation.
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Future availability of cultured red blood cells (cRBC) that lack most blood group antigens could improve transfusion
practice preventing allo-immunisation, particularly in poly transfused patients. Cultured RBC could also secure a safe
transfusion product in case of a pandemic with blood-born pathogens. In addition, RBC are increasingly considered as
carriers for therapeutic molecules to enable gradual release or to protect molecules from rapid degradation in the
circulation. Such functionally enhanced RBC should, ideally, also lack blood group antigens. Thus, there is a need for
manufactured RBC that can be designed for specific target groups.
Erythroid precursors can be cultured from hematopoietic progenitors, and can subsequently be differentiated into
transfusion-ready cRBCs. However, the large number of RBCs required for a single transfusion unit, the current culture
conditions, and the high cost of culture medium drive the production of cRBCs to market-incompatible high costs. Our aim
is to upscale the expansion and differentiation of erythroblast to enable cost-effective production of cRBCs for transfusion
purposes.
We optimized the expansion culture system using scalable, stirred tank bioreactors in which it is possible to have full
control on oxygen concentrations and shear stress to which cells are exposed. Although shear stress enhances
differentiation, erythroblasts produced in this system have shown the same proliferation potential as those cultured in
conventional static conditions. Using continuous perfusion as feeding strategy it was possible to reach cell concentrations
of 10x106 cells/mL, 5x higher compared to the current expansion culture systems, while maintaining high viabilities and
low spontaneous differentiation levels. Subsequent maturation of erythroblasts to enucleated reticulocytes was also
optimized in stirred bioreactors.
Although the perfusion strategy leads to smaller reactor volumes, the total medium requirements are the same as in the
conventional fed-batch culture. To address the cost associated with the large medium requirements, we have replaced
holotransferrin (hTf), one of the main cost-drivers, with the chelator deferiprone loaded with iron (Def3Fe3+). Reticulocytes
cultured in medium supplemented with Def3Fe3+ or hTf are similar in hemoglobin content and oxygen binding. In addition,
we replaced HSA with PVA, and optimized the cholesterol requirements. For further optimisation of the medium to allow
high density cultures, we study cell metabolism.
The current state-of art allows us to implement the new culture conditions to produce RBC compliant with all regulations
required for the production of cellular ATMP (advanced therapy medicinal products). It also enables us to study
fundamental molecular and cellular aspects of erythroid proliferation and differentiation.
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Erythropoietin (Epo) is the principal and essential regulator of erythropoiesis during the basal state and in response to
stress. Only a handful of other factors are known to increase erythropoietic rate, by acting throughout the erythroid
development trajectory. A promising if unexpected novel candidate pathway modulating erythroid output is the
proinflammatory cytokine interleukin 17. Using single-cell RNA-sequencing (scRNA-seq), we previously found that the
receptor IL17RA is broadly expressed in early hematopoiesis, including in early erythropoiesis, and that adding its ligand,
IL17A, amplifies the Epo response of adult bone-marrow CFU-e in colony-formation assays. Here, we sought to establish
whether other IL17 family members regulate erythropoiesis, and whether IL17 promotes erythropoiesis in vivo. We found
that the homodimeric ligands IL17A and IL17F, and the heterodimeric IL17A-IL17F, and no other IL17 ligands, increase
CFU-e colony formation in vitro: shifting the Epo dose-response curve of CFU-es to the left and increasing the maximal
CFU-e response to Epo. We examined the erythropoietic effect of IL17A in vivo by administering 8- to 10-week-old mice
with either vehicle, IL17A (200 ng/g twice daily), Epo (0.25 U/g once daily), or with both Epo and IL17A, for 72 hours.
Analysis by cytometry and scRNA-Seq revealed that IL17A synergizes strongly with Epo: when administered alone, IL17A
expanded multipotent and early erythroid progenitors by two-fold, yet these increases failed to propagate through
erythropoiesis [e.g., no significant expansion of proerythroblasts (ProE)]. In contrast, co-injection of IL17A and Epo over
the same time-period led to 7-fold increase in bone marrow ProE, amplifying the 3-fold increase after treatment with Epo
alone. Additionally, joint Epo/IL17A treatment dramatically expanded extra-medullary erythropoiesis: splenic ProE
expanded 270-fold over vehicle-treated controls, as compared to no significant increase and 40-fold increase upon
treating with IL17A or Epo alone. Thus, in both bone marrow and spleen, erythropoietic expansion cannot be explained as
a multiplicative effect of individual cytokines on erythroid progenitors. We speculate on the potential role of such ‘supermultiplicative’ synergies in stress responses, on their mechanisms, and on their therapeutic potential.

