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Human Globin Switching

LCR 3’HS1

 G A  

Embryonic Fetal Adult

Chr. 11

0 3 6 Birth 12 adult

20

60

100



 

g
lo

b
in

 s
y

n
th

e
s

is
 (

%
)

Bone MarrowLiver
Yolk 

Sac

SWITCHING MAINTENANCE



SS disease survival and HbF 

Platt et al. NEJM 1994

High HbF

Low HbF

1. Increased HbF lessens severity 

of SCD

2. Relatively small increments 

provide substantial clinical 

benefit

3. No downside of 100% HbF

Need: > 300,000 SS babies/year in Africa alone; similar numbers for -thalassemia

A major and increasing problem in underdeveloped regions



Sickle Cell Anemia: the First “Molecular Disease”



Replace defective adult S-globin chain 

with fetal -globin chain

Single goal



1.Premise that underlying mechanisms of Hb 

switching and -gene silencing will identify 

targets for reactivation of HbF 

2.Supposition that manipulation of a single 

target of the switching apparatus will lead to 

sufficient HbF reactivation for clinical benefit

3.The hypothesis has been untested

Rationale for studying hemoglobin switching 
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Timeline of “switching” research

GWAS



Genome-wide association of HbF levels

S GWAS peaks = ~ 50% genetic variation in HbF levels
(Menzel et al, Nat. Genet. 2007; Uda et al, PNAS, 2008)



1. Zinc-finger repressor protein, required for B-lymphoid cells in 

development (Liu et al, Nat. Immunol. 2003)

2. SNPs in BCL11A intron-2 associated with HbF levels by GWAS 
(Menzel et al, Nat. Genet. 2007; Uda et al, PNAS, 2008)

3. Required to maintain -globin silencing in primary human erythroid 

precursors generated from CD34+ progenitors (Sankaran et al, Science, 

2008)

4. Required for developmental switching from embryonic to adult 

globin in mouse, and for developmental silencing of human  -gene 

in transgenic mice (Sankaran et al, Nature 2009; Xu et al, Genes Dev. 2010)

BCL11A: background and findings



BCL11A: background and findings

5. Required for complete silencing of human  -globin gene in 

adult mice (Xu et al, Science 2011)

6. Dispensable for red blood cell maturation and production (Xu et 

al, Science 2011)

7. Interacts with several corepressor protein complexes (that 

include enzymatic components, e.g. HDACs, Dnmt1) (Sankaran et 

al, Science 2008; Xu et al, unpublished data)

8. Effects of known HbF inducing agents (azaD and HDAC 

inhibitor) greatly augmented by loss of BCL11A (Xu et al, Science 

2011)

9. Erythroid-restricted knockout of BCL11A rescues phenotype of 

SCD disease mouse models (Xu et al, Science 2011)



Alternate approches to SCD

Primary defect in hemoglobin 

1. Impair HbS polymerization by small 

molecule strategies

2. Repair S-gene through iPS cells, gene 

correction, and in vitro production of 

HSCs for transplantation

1. Interfere with -gene silencing through 

inhibitory RNAs to critical components 

of silencing apparatus

2. Interfere with  -gene silencing through 

impairment of silencing protein(s) or 

interactions with small molecules

3. Identify additional pathways, as yet 

unknown, regulating silencing

HbS – directed HbF – directed 
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Sankaran et al, Science 2008

Ex vivo maturation of adult 

human CD34+ progenitors

Days in differentiation

BCL11A maintains silencing of -globin expression in adult 

human erythroid cells

Down-regulation of BCL11A Reactivates HbF Expression

Western Blot qRT-PCR HPLC
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Testing Role of BCL11A in Developmental Switching

Bcl11a cKO
Ippolito GC et al.

-YAC
Peterson KR et al.
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Developmental Globin 

Switching

-YAC; Bcl11a-/-

-YAC; Bcl11a+/-

-YAC; Bcl11a+/+



Age of embryo (days)

9

20

60

100
G

lo
b

in
 m

R
N

A
 (

%
)

11 13 1715 Birth



BCL11A Controls Human Globin Switching in 
Dose-Sensitive Fashion



15x

320x

Bcl11a-/-

7x

80x
Bcl11a+/-

Bcl11a-/-

Sankaran & Xu et al. 2009 Nature



Progressive, but incomplete, HbF 
silencing in adult mice lacking BCL11A

Xu et al. 2011 Science



Adult stage: 1000x derepression and partial 
epigenetic silencing

Xu et al. 2011 Science



BCL11A Occupies the Human -Globin Locus

LCR
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Chromatin immunoprecipitation (ChIP)-on-chip analysis 

in adult human erythroid cells



In vivo reactivation of silenced genes?

1. Can it be accomplished?

2. What are effects of drugs in combination 

with BCL11A loss?



Reinduction of previously silenced -genes upon 
inactivation of BCL11A

660-fold

Xu et al. 2011 Science



Cooperative induction of HbF by Bcl11A loss and 
known HbF inducers

Xu et al. 2011 Science

DNA methylation inhibition HDAC inhibition 



Validation of possible targets for therapeutic 

manipulation

Criteria: both function and genetic

Any target for future therapy?



Potential HbF regulators



Can manipulation of a single target of the 

switching apparatus lead to sufficient HbF 

reactivation for clinical benefit?

Alternatively, each component only contributes 

quantitatively for a small portion of switching 

and silencing in vivo.

Rationale for studying hemoglobin switching 



Bcl11a cKO
Ippolito GC et al.

EpoR Cre

Sickle cell 

mouse
Pastzy et al.

“Berkeley mouse”

Monitor phenotype: hematology, pathology, HbF

“Proof of principle” testing in preclinical model  



“Berkeley” SCD mouse



Rescue of SCD by inactivation of BCL11A
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Normalization of spleen size and WBC counts



Improvement in RBC survival in 
rescued SCD mice
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HbF expression and distribution in 
rescued SCD mice



Rescue of “Townes” SCD mice



Conclusions

1. Recent genetic approaches have transformed the current 

understanding of HbF regulation.

2. BCL11A is a central mediator of developmental globin 

switching and silencing.

3. BCL11A is a major brake on HbF expression, and 

elimination (or reduction) of BCL11A facilitates derepression 

by other agents.

4. Inactivation of BCL11A alone is sufficient to rescue 

phenotype of mouse model of sickle cell disease.

5. These studies are the first validation of the underlying 

premise that addressing a single target may achieve 

phenotypic correction of sickle cell disease (or -

thalassemias).



Targeted therapy for Hb reactivation

Adult cell

HbA, HbF

Target Inhibitor

No resistance 

Adult cell

HbA, HbF
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Dose-dependence

Therapeutic level



“Drugging the undruggable” 

1. RNA inhibition: shRNA by gene transfer; systemic modified RNAi

2. High-throughput screens for small molecules that bind BCL11A and 

disrupt function

3. High-throughput screens for small molecules that disrupt interaction 

BCL11A with associated proteins

4. Screens for additional pathways regulating BCL11A expression or 

function

Transcription factors: considered poor drug targets



Some unknowns

1. What level of knockdown of BCL11A function/activity is needed to 

achieve adequate HbF reactivation in humans (as opposed to 

mice)? How do we assess? What is the quantitative relevance of 

data in CD34 derived cells or mice?

2. Are there other cell/organ systems that require BCL11A (beyond 

B-cells)? And how might this affect dosing/therapy?

3. Are there BCL11A-associated proteins that are more accessible 

targets (e.g. enzymes) and also contribute major portion of in vivo 

activity?

4. What are the prospects for identification of unknown silencing 

components through searches for rare variants (by DNA 

sequencing)?



1. Understand in detail molecular biology/dynamics of 

the globin switch and -globin silencing

2. Pursue BCL11A as therapeutic target--

simultaneously explore genetic and chemical 

approaches

3. Intensify efforts to drug the undruggable (a new 

frontier ?)

4. Ultimately bring molecular biology/genetics to bear 

on the management of -hemoglobin disorders

Future goals
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