LETTERS TO THE EDITOR

Fetal hemoglobin induction in sickle erythroid
progenitors using a synthetic zinc finger DNA-binding
domain

Sickle cell disease (SCD) is caused by a point mutation
in the adult p-globin gene and characterized by hemoglo-
bin S polymerization which leads to the formation of
sickle erythrocytes under deoxygenated conditions.'
Affected individuals suffer from chronic hemolysis,
severe anemia, and other life-threatening complications.
Elevation of fetal hemoglobin (HbF) production in adult
erythrocytes reverses the clinical phenotypes associated
with SCD,* therefore diverse strategies to reactivate y-glo-
bin gene expression are under investigation. Insights
gained from rare genetic mutations in the human p-glo-
bin locus producing hereditary persistence of HbF expres-
sion have informed the experimental design of studies
presented herein. Previous studies demonstrated that the
T/G transversion at nucleotide -567 upstream of HBG2
alters GATA-1 binding to produce high HbF levels.” This
site, among others, provides molecular targets to reacti-
vate y-globin gene transcription during adult erythro-
poiesis. We previously demonstrated that a zinc finger
DNA-binding domain (ZF-DBD) targeting the -567 GATA
binding site in the Gy-globin gene promoter (-567 GyZF-
DBD) elevated Gy-globin expression when directly deliv-

ered to normal primary human erythroid cells.* Here, we
expanded these findings and show that direct delivery of
the -567GyZF-DBD protein to erythroid progenitors gen-
erated from SCD patients increased F-cells and HbF pro-
duction comparable to induction by hydroxyurea (HU). A
negative control ZF-DBD did not induce HbF expression.
We conclude that direct delivery of ZF-DBDs that inter-
fere with the function of y-globin repressors represents a
promising strategy for the development of a protein ther-
apy for SCD and f-thalassemia.

Our studies were conducted with the -567GyZF-DBD
and a negative control ZF-DBD that was designed to tar-
get a neutral site upstream of the mouse locus control
region (LCR) hypersensitive site 2 (NC-ZF-DBD). The
binding characteristics for the NC-ZF-DBD are shown in
Ouline Supplementary Figures S1 and S2. We delivered
both proteins directly to erythroid progenitors derived
from peripheral blood mononuclear cells (PBMCs) isolat-
ed from children with SCD who were never treated with
hydroxyurea (HU), after obtaining informed consent
(Online Supplementary Methods). The complete blood
count, differential, and reticulocyte counts were similar
for the 3 individuals in our study (Online Supplementary
Table S1). Of note, the clinical HbF levels ranged from
4.5% to 15.5%. Methods for the generation of erythroid
progenitor cells from PBMCs® and protein delivery into
these cells have been previously published’ and are sum-
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Figure 1. Increased y-globin gene transcription in sickle erythroid progenitors after delivery of the -567GyZF-DBD. Peripheral blood mononuclear cells isolated
from sickle cell patients were used to induce differentiation along the erythroid lineage according to a previously published method.® On day 8 of differentiation
(see Online Supplementary Methods), cells were exposed for 48 hours (h) to HU, NC-ZF-DBD (Neg), or -567GyZF-DBD (ZF-DBD) at the concentrations shown.
Experimental conditions were tested in triplicate for the 3 sickle cell patients (n=9) for each completed data analysis. (A) Localization of NC-ZF-DBD and
ZF-DBD in the nucleus after protein delivery. Proteins were isolated from the cytoplasm (C) or nucleus (N) as previously published;* western blot analysis was
conducted as described previously* using antibodies specific for the -567GyZF-DBD (aFLAG, F3165, Sigma, St. Louis, MO, USA), the NC-ZF-DBD (aMyc,
MA121316, Thermo Fisher Scientific, Waltham, MA, USA), nuclear TATA-Binding Protein (aTBP, SC-204, Santa Cruz Biotechnology, Dallas, TX, USA) and f-actin
(B-actin, A5316, Sigma, St. Louis, MO, USA). (B) Specific interaction of the -567GyZF-DBD with the Gy-globin upstream promoter region. Cells were exposed to
1 uM (white bars) or 3 uM ZF-DBD (black bars), crosslinked with formaldehyde, and subjected to ChIP assay as described previously* using -567GyZF-DBD
(aFLAG) or IgG control (18140, Sigma, St. Louis, MO, USA) antibodies. The purified DNA was analyzed by quantitative (q) PCR using primers specific for LCR HS2
and the Gy-globin upstream promoter (G-567). (C and D) To measure gene transcription rates, reverse transcriptase-gPCR was conducted using RNA isolated
from sickle erythroid progenitors after 48 h of treatment (day 10) in culture (see Online Supplementary Methods). Increased y-globin (C) but not $S-globin (D)
gene transcription was observed in cells exposed to hydroxyurea (HU), the -567GyZF-DBD (ZF-DBD), or both but not in cells treated with the NC-ZF-DBD (Neg)
alone. RNA was extracted from sickle erythroid progenitors treated under the different conditions shown, reverse transcribed, and subjected to qPCR using
primers specific for GAPDH, y-globin, and $S-globin as described previously.* The results in (B), (C), and (D) are from 3 independent experiments and error bars
reflect the Standard Deviation (SD).
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marized in the Online Supplementary Methods. Briefly, ery-
throid cells were treated with ZF-DBD or HU on day 8 of
culture and harvested after 48 hours (h) (day 10) for the
various studies.

To demonstrate protein delivery, we used different
ZF-DBD concentrations (1 or 3 uM). The -567GyZF-DBD
(ZF-DBD) contained a FLAG- tag while the NC-ZF-DBD
(Neg) contained a Myc-tag. After direct protein delivery,
the ZF-DBDs co-localized with the TATA binding protein
(TBP) primarily in the nucleus, while B-actin localized
predominantly in the cytoplasm (Figure 1A). This shows
that ZF-DBD delivery to primary cells derived from SCD
patients is as efficient as delivery to cells derived from
individuals with normal adult hemoglobin A, as
described previously.* Chromatin immunoprecipitation
(ChIP) experiments revealed an enrichment of the
-567GyZF-DBD at the -567Gy-globin promoter region
and no binding (with 1 uM) or little binding (with 3 uM)
at the locus control region HS2 (Figure 1B). ChIP experi-
ments in mouse erythroleukemia cells revealed that the
NC-ZF-DBD interacted with the murine LCR HS2 but
not with other regions in the murine globin gene locus
(Online Supplementary Figure S2).

Exposure of the erythroid progenitors generated from
each SCD patient to different concentrations of the
-567GYZF-DBD (0.5, 1, and 3 uM; in triplicate, n=9), led
to a dose-dependent 2-fold increase in y-globin gene
expression while the NC-ZF-DBD (Neg) at 1 uM had no
effect (Figure 1C). The increase in y-globin expression
observed after treatment with 3 uM of the -567GyZF-
DBD was similar to the increase produced by treatment
with 75 uM HU. Interestingly, the combined treatment
with 1uM -567GyZF-DBD and 75uM HU produced an
additive 2.5-fold (P=0.002) increase in y-globin gene
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expression. In contrast, exposure to HU, the -567GyZF-
DBD, or the NC-ZF-DBD had no statistically significant
effect on the expression of the adult pS-globin gene in
these cells (Figure 1D).

In addition to the functional studies, we determined
the effect of the ZF-DBDs on cell viability using trypan
blue staining on day 8 and day 10 of culture. Treatment
with the NC-ZF-DBD and both higher concentrations of
the -567 GyZF-DBD reduced cell viability from 92-93% to
70-81% (Online Supplementary Table S2). Toxicity may be
due to the presence of bacterial endotoxins, which will
be removed in future in vivo studies. To determine the
impact of ZF-DBDs on cell differentiation, we examined
expression of erythroid markers under the different treat-
ment conditions by RT-qPCR (Online Supplementary
Methods). Interestingly, treatment with the -567GyZE-
DBD at all concentrations increased CD71, CD235a, and
a-globin gene expression significantly compared to NC-
ZF-DBD (Online Supplementary Figure S3); by contrast,
HU had no effect on the expression of erythroid markers.
These data suggest that despite mild cellular toxicity,
treatment with the -567GyZF-DBD stimulated erythroid
progenitor growth and differentiation while inducing
HbF expression.

To achieve anti-sickling effects in SCD, enhanced HbF
expression is required to inhibit hemoglobin S polymer-
ization. Therefore, we quantified HbF levels by flow
cytometry and western blot analysis. After the various
treatments, erythroid progenitors stained with FITC-anti-
HbF antibody were analyzed by flow cytometry.
Representative flow cytometry histograms are shown in
Online Supplementary Figure S4. The summary of the
results from 3 independent experiments, analyzed in trip-
licate (n=9), is shown in Figure 2A. Overall, there was a
2-fold increase in the number of F-cells in the presence of
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Figure 2. Increased number of F-cells and fetal hemoglobin (HbF) production in sickle erythroid progenitors treated with the -567GyZF-DBD. Peripheral blood
mononuclear cells were induced to differentiate toward erythroid progenitors and exposed to hydroxyurea (HU), -567GyZF-DBD (ZF-DBD), or NC-ZF-DBD (Neg)
as described in the legend to Figure 1. (A) Cells were stained with FITC labeled anti-y-globin antibody and analyzed by flow cytometry. Shown is the number of
HbF positive cells (F-cells) after treatment with the various agents. Graphical quantification of F-cell counts from 3 independent experiments analyzed in tripli-
cate (n=9), with error bars reflecting the Standard Deviation (SD). (B) Graphical representation of the mean fluorescence intensity of cells described in (A) from
3 independent experiments. (C) Analysis of protein expression in erythroid progenitors treated under the different conditions shown. Western blot analysis was
performed with antibodies specific for human HbF and fB-actin. (Left) Representative western blot. (Right) Densitometry data from 3 independent western blot

experiments performed in triplicate (n=9); error bars represent SD.

haematologica 2018; 103:e385




LETTERS TO THE EDITOR

A

Neg 1uM ZF-DBD 3pM

ZF-DBD 1uM

Normoxic
(20%)

(1%)

Hypoxic

20X

B
1% 0, 20% O,

25.0 sl
s | 2 _
520 maodmowd 5 4
£ 15.0 £ 3.0 1
= S
» 10.0 1 % 2.0 1
. S 1.0
@ 4

0.0

"Neg ZzF-DBD ZF-DBD

Neg ZF-DBD ZF-DBD 1M 1um 3uM

1M 1uM 3uM

Figure 3. Decreased sickling in erythroid progenitors exposed to the -567GyZF-DBD. Peripheral blood mononuclear cells isolated from sickle cell patients were
differentiated toward erythroid progenitors and exposed to ZF-DBDs at the indicated concentrations. After ZF-DBD treatments, cells were exposed to different
oxygen levels for 24 hours (h) and then analyzed. See Online Supplementary Methods for details of the hypoxia protocol. (A) Images of erythroid progenitors
(20X and 10X as indicated) exposed to the -567GyZF-DBD (ZF-DBD) or the NC-ZF-DBD (Neg) and incubated under normoxic (20% O5) or hypoxic (1% O5) condi-
tions. (B) Graphical representation of erythroid progenitor sickling after exposure to the -567GyZF-DBD (ZF-DBD) or the NC-ZF-DBD (Neg) at the indicated con-
centrations. The number of sickle erythroid progenitors was quantified under light microscopy in 3 independent experiments (analyzed in triplicate, n=9) and

the error bars reflect the Standard Deviation (SD).

1 pM -567GYZF-DBD and a greater than 2-fold increase
with 3 uM. Furthermore, treatment with HU and 1 uM
-567GyZF-DBD produced an additive effect in the
increase of F-cells, reaching an almost 3-fold increase
compared to untreated control cells or cells treated with
the NC-ZF-DBD. By mean fluorescent intensity quantifi-
cation, we observed increased HbF concentrations after
treatment with 1 uM and 3 uM -567GyZF-DBD (ZF-
DBD) but not after treatment with the NC-ZF-DBD (Neg;
Figure 2B). Western blotting experiments showed a con-
sistent increase in HbF protein levels in erythroid progen-
itors for the higher -567GyZF-DBD concentrations com-
pared to no change for the NC-ZF-DBD (Figure 2C).
Quantitation of 3 independent experiments revealed an
average 2-fold increase in HbF protein after delivery of
the -567GyZF-DBD (Figure 2C, right panel).

Although the pathophysiology of SCD is complex, the
process of hemoglobin S polymerization and erythrocyte
sickling remains central to the vaso-occlusion process,
painful episodes, and tissue ischemia.! Therefore, we
investigated whether HbF induction by the -567GyZF-
DBD could reach levels to produce a functional anti-sick-
ling effect. Under hypoxic conditions (1% O,) sickle ery-
throid progenitors exhibit distinct sickling, visualized by
light microscopy (Figure 3A). Delivery of the -567GyZF-
DBD reduced the number of sickle cells from 18% to
14% at 1 uM or to 12% at 3 uM, while the delivery of the
NC-ZF-DBD had no effect (Figure 3B).

Numerous strategies including pharmacological drug
treatment,”” gene therapy,” gene editing,”"’ and, more
recently, expression of non-coding RNA"" are under
development for reactivating y-globin gene transcription.
For example, Miller et al. demonstrated that overexpres-
sion of Lin28B inhibits /et7 miRNA expression as a mech-
anism of HbF induction in erythroid progenitors.”
Furthermore, our laboratory demonstrated the ability of
miR-34a to mediate HbF induction by silencing Stat3
expression, a repressor of y-globin transcription.”

Our findings herein provide another innovative molec-
ular approach for HbF induction. We demonstrate that
direct delivery of a ZF-DBD targeting a GATA-1 repres-
sor-binding site in the Gy-globin promoter ex vivo to pri-

mary erythroid progenitors derived from patients with
SCD elevated expression of HbF and produced an anti-
sickling effect. Protein therapy offers a promising alterna-
tive to genome editing or gene therapy strategies, which
are expensive and associated with stem cell transplanta-
tion. Despite recent advances, gene-editing procedures
are often associated with undesired changes to the
genome due to off-site targeting of nucleases.
Furthermore, perturbations of gene expression patterns
due to the insertion of viruses with strong regulatory
potential is a concern in gene therapy, as recent evidence
points to the structuring of nuclear chromatin into topo-
logically-associated domains."

By contrast, ZF-DBDs without effector domains offer
several advantages. The lack of effector domains mini-
mizes non-specific activation or repression of genes at
off-site binding events. Furthermore, ZF-DBDs can be
directly delivered to primary erythroid cells due to small
size and high positive surface charges, thus eliminating
the need for stem cell transplantation. Moreover, direct
protein delivery allows controlled dosing of the therapeu-
tic ZF-DBDs. Finally, simultaneous delivery of different
ZF-DBDs targeting repressor binding sites in the y-globin
promoters or activator binding sites in genes expressing
y-globin repressors could lead to synergistic activation of
HbF production. However, successful protein therapy
depends on efficient strategies for the stabilization and
in vivo delivery of potentially therapeutic ZF-DBDs. We
are currently pursuing experiments aimed at tracking and
targeting ZF-DBDs in sickle cell mice in vivo.
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