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A promising treatment for b-hemoglobinopathies is the de-
repression of g-globin expression leading to increased fetal
hemoglobin (HbF) by targeting BCL11A. Here, we aim to
improve a lentivirus vector (LV) containing a single BCL11A
shmiR (SS) to further increase g-globin induction. We engi-
neered a novel LV to express two shmiRs simultaneously target-
ing BCL11A and the g-globin repressor ZNF410. Erythroid
cells derived from human HSCs transduced with the double
shmiR (DS) showed up to a 70% reduction of both BCL11A
and ZNF410 proteins. There was a consistent and significant
additional 10% increase in HbF compared to targeting
BCL11A alone in erythroid cells. Erythrocytes differentiated
from SCD HSCs transduced with the DS demonstrated signif-
icantly reduced in vitro sickling phenotype compared to the
SS. Erythrocytes differentiated from transduced HSCs from
b-thalassemia major patients demonstrated improved globin
chain balance by increased g-globin with reduced microcytosis.
Reconstitution of DS-transduced cells from Berkeley SCDmice
was associated with a statistically larger reduction in peripheral
blood hemolysis markers compared with the SS vector. Overall,
these results indicate that the DS LV targeting BCL11A and
ZNF410 can enhance HbF induction for treating b-hemoglo-
binopathies and could be used as a model to simultaneously
and efficiently target multiple gene products.

INTRODUCTION
b-Hemoglobinopathies, including sickle cell disease (SCD) and
b-thalassemia (b-thal), are inherited blood disorders that have serious
health effects and shorten lifespans for millions of people around the
world.1–3 Both diseases are caused by mutations in the hemoglobin b

gene (HBB), which affects the production or structure of adult hemo-
globin (HGB). Mutant b-sickle globin (bS) is associated with intracel-
lular HGB polymerization in the deoxygenated state, leading to sickle-
shaped and stiffened red blood cells (RBCs) that block capillaries and
have a short circulating half-life.4–6 This leads to lifelong morbidity,
ischemic end organ damage, and a shortened lifespan in many indi-
viduals. b-Thal is caused by more than 200 different b-globin gene
mutations that reduce or eliminate the production of b-globin chains
and lead to ineffective erythropoiesis, intramedullary apoptosis of
erythroid precursors, and chronic hemolytic anemia. Patients with
b-thal major require blood transfusions and suffer from complica-
tions such as severe anemia, chronic hemolysis withmedullary expan-
sion, hepatosplenomegaly, iron overload, heart disease, and endo-
crine disorders.7–9

The only curative therapy available for b-hemoglobinopathies is allo-
geneic hematopoietic stem cell transplantation (HSCT). However,
most affected individuals lack a well-matched, disease-unaffected
donor.10 The current treatments for SCD in developed countries
include the use of hydroxyurea (HU) to induce fetal hemoglobin
(HbF), which has potent anti-polymerization properties.11,12 HU is
well tolerated and effective in many patients, but some individuals
do not respond with HbF elevation.12,13 The induction of HbF has
been a long-term goal for the treatment of b-hemoglobinopathies,
and continued production or reactivation of HbF in adults effectively
reduces many of the most serious complications of the disease pheno-
type, especially in SCD.14–18

The results of genome-wide association studies (GWASs) identified
BCL11A as associated with higher levels of HbF in adults.19,20 Orkin
and colleagues demonstrated BCL11A as a significant repressor of
g-globin expression, and multiple lines of evidence have validated
the therapeutic potential of BCL11A as a molecular target.21,22

BCL11A is a major component regulating the physiologic globin fetal
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to adult switch. Clinical trials aimed at downregulating BCL11A use
different genetic approaches such as zinc finger nucleases,23 and
CRISPR-Cas9 editing shows promise in elevating HbF and resolving
disease complications.16,24,25 We have used the unique approach of a
microRNA (miRNA)-adapted short hairpin RNA that targets
BCL11A (shmiR BCL11A)26–29 to effectively and selectively reduce
expression in erythroid cells. Studies that include gene addition
with lentivirus vectors (LVs) that overexpress globin in b-thalassemia
patients with severe genotypes and in SCD patients show that the
effectiveness of these vectors expressing a single curative gene require
several integrations per genome to produce levels of the transgene
that are high enough to correct the phenotype of the patients.29,30

Multiple integrations of vectors in the genome may increase the
risk of insertional mutagenesis. Thus, achieving the high-efficiency
gene transfer and robust g-globin production required to correct
the SCD phenotype and b-thal remains a challenge.31,32 Vectors
that are more effective at lower vector copy number (VCN) to achieve
therapeutic levels is an important goal of current research efforts.

The zinc-finger protein 410 (ZNF410) is aHbF repressor that was iden-
tified via transcription factor (TF)CRISPR screening. ZNF410 does not
directly bind to the genes that encode g-globin; rather, it binds and in-
creases the transcription of the chromodomain Helicase DNA Binding
Protein 4 (CHD4) gene,which encodes thenucleosome remodeling and
deacetylase (NuRD) complex ATP-dependent nucleosome remodeler.
NuRD itself is required forHbF repression and is in part independent of
BCL11A.33,34Wehypothesized that the simultaneous reduction of both
ZNF410 and BCL11A would have additive effects on HbF induction.
We generated a novel shmiR targeting ZNF410 and subsequently com-
bined a BCL11A shmiR and a ZNF410 shmiR into the same erythroid-
specific LV to express these two shmiRs simultaneously. The combined
double shmiR vector increases further the induction ofHbF in erythro-
cytes compared to the BCL11A single shmiR vector currently in clinical
trials. We demonstrate that the double shmiR LV is more effective in
inhibiting sickling and restoring globin chain balance in erythroid cells
derived from hematopoietic stem and progenitor cells (HSPCs) from
SCDandb-thal patients in vitro. The double shmiRLValsomore effec-
tively attenuates the hematologic phenotypes of SCD in amurinemodel
in vivo.

RESULTS
Development of LVs expressing a ZNF410 shmiR

We designed three shRNAs targeting the ZNF410 mRNA into RNA
Polymerase II (RNA Pol II)-driven miRNA 144-adapted shmiRs ex-
pressed in LVs from a strong spleen focus forming virus (SFFV) ubiq-
uitous promoter (Figure S1A). These three shmiRs were further
modified according to Guda et al.27 by deleting the first four bases
from the guide sequence and by the addition of GCGC to the 30

end (shmiRs modified, M defined as modified). These vectors were
labeled ZNF410-shmiR-1, 1M, 2, 2M, 3, and 3M. To investigate the
effect of these ZNF410 shmiR vector candidates on HbF induction,
CD34+ HSPCs from healthy donors were infected with ZNF410
shmiR LVs and transduced cells were subjected to in vitro erythroid
differentiation (Figure S1B). Sorted, gene-modified cells demon-
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strated a�50% reduction in ZNF410mRNA expression (Figure S1C).
There was a correlation between the reduction of ZNF410 expression
and the induction of g-globin (Figure S1D). Transduction with
ZNF410 shmiR-3 yielded the highest levels of g-globin and HbF in-
duction in erythroid progeny (Figures S1E and S1F). The reduction
of CHD4 after ZNF410 knockdown confirms the described mecha-
nism of action, in which ZNF410 acts as an activator of CHD4, which
in turn silences HbF (Figure S1G). These data demonstrate the effec-
tive knockdown of ZNF410 expression in erythroid cells using
ZNF410 shmiR LVs. While all of the ZNF410 shmiRs increased
g-globin and HbF expression in CD34-derived erythroid cells,
ZNF410 shmiR-3 was used in the subsequent development of a dou-
ble shmiR vector. We performed RNA sequencing (RNA-seq)
on ZNF410 shmiR-3 transduced CD34+ cells to measure gene expres-
sion changes (Figure S2). Based on cutoffs of fold changes >2
and adjusted p values (Padj) <0.05, 547 genes differentially expressed
in ZNF410 shimiR-3 transduced CD34+ cells (84 genes were upregu-
lated and 463 genes were downregulated). The upregulated genes
related to dorsal aorta development, ventricular trabecula myocar-
dium morphogenesis, phosphatidylglycerol acyl chain remodeling,
and cardiac right ventricle morphogenesis, while downregulated
genes were related to hemostasis, positive regulation of cell activation,
blood coagulation, and myeloid cell differentiation.

A double shmiR vector targeting both ZNF410 and BCL11A

efficiently knocks down expression of both genes

We hypothesized that simultaneous knockdown of BCL11A and
ZNF410 using LVs could further enhance HbF induction in erythroid
cells. To test this hypothesis, we transduced CD34+ cells concurrently
with individual vectors targeting both genes. To generate double-
transduced cells, we used the LV containing ZNF410 shmiRwith a To-
mato fluorescence reporter (LV-LCR-miR144 ZNF410, subsequently
called SS ZNF410 (single shmiR ZNF410); Figure S3A) and a LV con-
taining BCL11A shmiR with a Venus fluorescence reporter (LV-LCR-
miR223 BCL11A, SS BCL11A (single shmiR BCL11A); Figure S3B).
CD34+ cells from three different healthy donors were transduced
simultaneously with both vectors, and the transduced cells were
kept in culture for 18 days under conditions supporting erythroid dif-
ferentiation (Figure 1A). We obtained 1.7% Venus and Tomato dou-
ble-positive gene-marked cells. As seen in Figures 1B and 1C, cells
transduced with both vectors (designated SS BCL11A + SS ZNF410
in Figures) demonstrated decreases in both BCL11A and ZNF410
mRNA and an incremental increase in g-globin and HbF expression
(Figures 1D and 1E), confirming an additive effect on HbF induction
by simultaneously targeting both BCL11A and ZNF410.

Next, to improve the efficiency of the transduction of target cells, a LV
incorporating both the BCL11A shmiR and ZNF410 shmiR cassettes,
and the Venus fluorescent reporter under transcriptional control of
the minimal b-globin proximal promoter linked to hypersensitive sites
2 and 3 (HS2 and HS3) of the b-globin locus control region (LCR),
called LV-LCR-miR223 BCL11A-miR144 ZNF410 (double shmiR
[DS] BCL11A/ZNF410) (Figure S3C), was constructed. To characterize
the performance of DS BCL11A/ZNF410, we transduced mobilized
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human peripheral blood (mPB) CD34+ cells from three different
healthy donors with the double shmiR vector (designated DS
BCL11A/ZNF410 in Figures). We observed 24%, 16.9%, 15.8%, and
20.9% gene-marked cells after transduction with non-targeting (NT),
SS BCL11A, SSZNF410, andDSBCL11A/ZNF410 vectors, respectively
(Figure S4), representing a 10-fold enhanced transduction efficiency of
DS BCL11A/ZNF410 vector over simultaneous transduction with 2
vectors. Transduced cells were sorted for the analysis of BCL11A and
ZNF410 mRNA and protein expression in erythroid cells derived
from transduced CD34+ HSPCs. The use of a double shmiR led to an
equivalent and simultaneous reduction in BCL11A mRNA by 80%
and in ZNF410 mRNA by 70% (Figure 1B). Western blot confirmed
the equivalent reduction in BCL11A and ZNF410 protein (Figure 1C)
as a result of transduction with the double shmiR vector compared to
single shmiR vectors targeting each gene individually.

DS BCL11A/ZNF410 effectively induces HbF expression in hu-

man erythroid cells in vitro

Consistent with a reduction in mRNA and protein of BCL11A and
ZNF410, erythroid cells derived from CD34+ cells transduced with
the double shmiR induced significantly more g-globin and HbF than
the induction with knockdown of either gene alone (p < 0.05 DS versus
SS) and a similar level compared with cells derived after simultaneous
transduction with both SS BCL11A shmiR plus SS ZNF410 shmiR vec-
tors (p = not significant [ns]) (Figures 1D, 1E, and S5). Specifically, DS
BCL11A/ZNF410 showed 49.4% HbF expression compared to 39.8%
HbF induction after transduction with the SS BCL11A vector
(p < 0.05 SS versus DS). g-Globin mRNA and HbF levels were highly
correlated in differentiated cells (Figure 1F), allowing for the extrapo-
lation of HbF based on g-globin qRT-PCR in this experimental setting.
During erythroid maturation cultures, shmiR transduced HSPCs
showed normal terminal erythroid maturation based on immunophe-
notype and enucleation frequency (Figures 1G–1J). Together, these re-
sults suggest that DS BCL11A/ZNF410 can efficiently and simulta-
neously knock down BCL11A and ZNF410 and further enhance HbF
induction without adverse effects on erythroid differentiation and
enucleation. We performed RNA-seq on SS BCL11A and DS
BCL11A/ZNF410 transduced CD34+ cells to measure gene expression
changes (Figure S6). Based on cutoffs of fold change >2 and
Padj < 0.05, we then performed the Gene Ontology (GO) term analysis
using the differentially expressed genes. Both SS BCL11A and DS
BCL11A/ZNF410 demonstrated potential effects on similar pathways,
except for the “positive regulation of cytokine production,” which was
downregulated in SS BCL11A.
Figure 1. Efficient knockdown of BCL11A and ZNF410 by double shmiR vector

in vitro from transduced gene-marked human CD34+ HSPCs

(A) Schematic of virus transduction and erythroid differentiation of humanCD34+HSPCs

as control on day 11 of differentiation. (C) BCL11A and ZNF410 protein expression asme

Densitometric quantitation is shown below each lane. (D) Induction of g-globin mRNA

measured by HPLC on day 18 of differentiation. (F) Correlation of g-globin determine

with different shmiR vectors. The Pearson correlation coefficient (r2) is shown. (G)

CD235a. (H) Summary of the data shown in (G) normalized to the percentage of the C

Summary of the data shown in (H) normalized to the percentage of the Hoechst� popu
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DS BCL11A/ZNF410 more effectively modify patient cells and

disease cellular phenotypes than SS BCL11A shmiR vector

Next, we evaluated the potential therapeutic impact of higher HbF in-
duction by DS BCL11A/ZNF410 after the transduction of primary
HSPCs from patients with SCD and b-thal. PB CD34+ cells from three
different SCD donors were used for transduction with SS BCL11A and
DS BCL11A/ZNF410 vectors. NT or untransduced cells served as
controls. We observed 10.5% and 11.5% gene-marked cells after trans-
duction with SS BCL11A and DS BCL11A/ZNF410, respectively (Fig-
ure S7). Sorted gene-marked cells were differentiated into erythrocytes
in vitro for further analysis. As demonstrated previously in normal
cells, transduction with the double shmiR vector led to simultaneous
knockdown of BCL11A and ZNF410 mRNA (Figure 2A). As seen in
Figure 2A, in these cells, knockdown of BCL11A was equally effective
with the double shmiR vector as with the single shmiR targeting
BCL11A. Simultaneous knockdown of BCL11A andZNF410 had no ef-
fect on erythroid cell differentiation and enucleation (Figures S8A and
S8B). After transduction and erythroid cell differentiation, the mean
g-globin induction was 48.7% and 35.3% for DS BCL11A/ZNF410
and SS BCL11A, respectively (Figure 2B). Similarly, HbF induction
was higher after transduction with the double shmiR vector. Compared
to NT transduced erythroid cells, which showed 3.3% HbF, DS
BCL11A/ZNF410 and SS BCL11A demonstrated 44.6% and 32.1%
HbF, respectively (p < 0.05 DS versus SS) (Figures 2C and S9). The
cell proliferation result suggested that BCL11A and ZNF410 knock-
down has no effect on survival (Figure 2D). After sodiummetabisulfite
(MBS) treatment, we observed significantly fewer sickled cells in eryth-
rocytes derived from cells transduced with the DS BCL11A/ZNF410
vector compared with SS BCL11A, 8.0 versus 14.9% (p < 0.01)
(Figures 2E and 2F). As expected, untransduced or NT transduced
erythroid cells showed robust sickling of 49.5% and 50.4%, respec-
tively. There was a strong inverse correlation (r2 = 0.95) between
HbF level and the percentage of sickled erythroid cells, again validating
the anti-sickling effect of high levels of HbF (Figure 2G). Taken
together, these data suggest that simultaneous knockdown of
BCL11A and ZNF410 in SCD cells is feasible, further enhances HbF
induction compared to knockdown of either gene alone, and the incre-
ment in HbF induction is physiologically relevant in preventing the
cellular phenotype of erythrocyte sickling.

To further evaluate the potential translational value of simultaneous
knockdown of BCL11A and ZNF410 using the double shmiR
vector, we studied cells from b-thal patients. We transduced PB
CD34+ HSPCs from three different patients with b0b0 (homozygous
leads to high g-globin and HbF induction in erythroid cells differentiated

. (B) BCL11A and ZNF410mRNA expression asmeasured by qRT-PCRwith GAPDH

asured by western blot with GAPDH as a loading control on day 11 of differentiation.

as determined by qRT-PCR on day 18 of differentiation. (E) HbF of cell lysates as

d by qRT-PCR versus HbF by HPLC. Black dots represent samples transduced

Differentiation status of erythroid cells after 18 days in culture using CD71 and

D71-CD235a+ population. (I) Enucleation of in vitro differentiated erythroid cells. (J)

lation. Data represent means ± SD, n = 3. ns, not significant; *p < 0.05.
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Figure 2. Efficient knockdown of BCL11A and ZNF410 by double shmiR vector in erythrocytes differentiated in vitro from transduced gene-marked SCD

patient CD34+ HSPCs

(A)BCL11A and ZNF410mRNA expressionwasmeasured by qRT-PCRwith GAPDH as control on day 11 of differentiation. Data represent mean ±SD, n = 3. (B) Induction of

g-globin mRNAwas determined on day 18 of differentiation by qRT-PCR. Data represent mean ± SD, n = 3, *p < 0.05. (C) HbF of cell lysates was measured by HPLC on day

18 of differentiation. Data represent mean ±SD, n = 3. *p < 0.05. (D) Cell proliferation of shmiR transduced cells during erythroid differentiation. Data represent mean ±SD, n =

3. (E) Phase-contrast microscope image of representative sample of Hoechst 33342� sorted enucleated erythroid progeny 30 min after sodium MBS treatment from eryth-

rocytes differentiated from nontransduced or transduced SCD CD34+ HSPCs; white arrows indicate sickle forms; scale bar, 50 mm. (F) Quantification of sickled cells from

nontransduced and transced enucleated erythroid cells at 30 min after MBS treatment. Data are plotted as means, symbols indicate different SCD patients, and each data

point represents an independent replicate. **p < 0.01. (G) Correlation of HbF expression assessed by HPLC versus numbers of sickled cells. Black dots represent samples

transduced with different shmiR vectors or nontransduced. Correlation coefficient (r2) is shown for all data.
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30 619-bp deletion), b+b+ (IVS I-110 G > A; IVS I-110 G>A) and bEb0

(p.Ser72fsX2; codon 26 G > A) thalassemia genotypes. Transduction
efficiencies ranged from 25% to 40% with SS BCL11A and DS
BCL11A/ZNF410 vectors (Figure S10). Sorted gene-marked cells
were analyzed after erythroid differentiation. Transduction with DS
BCL11A/ZNF410 led to the simultaneous reduction of BCL11A and
ZNF410 mRNA expression in cells derived from each donor, while
transduction with SS BCL11A led to knockdown of BCL11A
mRNA expression alone (Figure 3A). In each donor, DS BCL11A/
ZNF410 transduced erythroid cells showed significantly higher
g-globin and HbF induction compared to SS BCL11A cells
(p < 0.01) (Figures 3B and 3C). We hypothesized that therapeutically
relevant amelioration of globin chain imbalance, the pathophysio-
logic underpinning of b-thal, would result in the improvement of ter-
minal erythroid maturation and reduced microcytosis. After shmiR
vector transduction, we observed a higher frequency of erythroid
cell differentiation and enucleation with both SS BCL11A and DS
BCL11A/ZNF410 vector-transduced b-thal erythroid cells than con-
trol, NT transduced cells (p < 0.01) (Figures S11A and S11B).
Reduced microcytosis of enucleated b-thal erythroid cells was also
Molecular Therapy Vol. 30 No 8 August 2022 2697
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Figure 3. Efficient knockdown of BCL11A and ZNF410 by double shmiR vector in erythrocytes differentiated in vitro from b-thalassemia patient gene-

marked CD34+ HSPCs

(A)BCL11A and ZNF410mRNA expression wasmeasured by qRT-PCRwith GAPDH as control on day 11 of differentiation. (B) Induction of globin mRNAwas determined on

day 18 of differentiation by qRT-PCR. (C) Hemoglobin of cell lysates was measured by HPLC on day 18 of differentiation. (D) Cell size by relative forward scatter intensity of

enucleated erythroid cells, normalized to healthy donor. Data represent mean ± SD; n = 3; *p < 0.05; **p < 0.01;.
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observed. The cell size of the NT transduced group was 74% that of
healthy donors, while SS BCL11A and DS BCL11A/ZNF410 were
significantly larger at 88% and 91% of healthy donors, respectively
(Figure 3D), which is consistent with improved erythropoiesis.
Together, these data suggested that DS BCL11A/ZNF410 vector en-
hances HbF induction in b-thal erythrocytes and more effectively
modifies some cellular b-thal phenotypes.

DS BCL11A/ZNF410 gene-modified cells engraft immunodefi-

cient mice and lead to higher levels of g-globin induction than

the SS BCL11A shmiR

Wenext determinedwhether erythroid cells derived fromengrafted hu-
man transduced CD34+ cells showed target gene knockdown and HbF
induction. Healthy donor CD34+ cells transduced with SS BCL11A or
2698 Molecular Therapy Vol. 30 No 8 August 2022
DSBCL11A/ZNF410were transplanted intoNOD.Cg-KitW-41J Tyr +
Prkdcscid Il2rgtm1Wjl (NBSGW) immunodeficient mice. NT trans-
duced cells and untransduced CD34+ cells served as controls. Mice
were bled at weeks 4, 8, 12, and 16 to analyze the engraftment of human
cells. Engraftment was calculated as a percentage of humanCD45+ cells
in the total human and murine CD45+ cell populations. The engraft-
ment was �30% and similar among shmiR transduced and untrans-
duced groups (Figure S12A). No significant differences were found be-
tween treatment groups in PB white blood cell (WBC), and platelet
(PLT) counts, RBC or HGB and hematocrit (HCT) (Figures S12B–
S12F), suggesting that the shmiR vectors have no significant effect on
the hematopoietic function of transplant recipients. Lineage distribu-
tion of human erythroid cell, B cells, T cells, and myeloid cells within
the PB was also similar (Figure S13).
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Figure 4. Hematopoietic reconstitution of transduced human CD34+ HSPCs in immunodeficient NBSGW mice

Animals were euthanized 16 weeks after CD34+ HSPCs transplantation with cells derived from 3 different healthy donors, and bone marrow (BM) was collected and sorted

into various subpopulations by flow cytometry. (A) Human chimerism in the BM of transplanted animals as determined by expression of hCD45. Data represent mean ± SD;

each dot represents 1 animal. (B) Lineage distribution of human BM cells; data represent mean ± SD. (C) Vector copy number (VCN) determined in BM andmultilineage cells;

data represent mean ±SD; each dot represents 1 animal. Gene expression analysis by qRT-PCR in human cells fromBMof engraftedmice.BCL11A and ZNF410 expression

normalized to GAPDH in human B cells (D) or human erythroid cells (E) sorted from the BM of engrafted mice, and g-globin expression (F) by qRT-PCR in human erythroid

cells sorted from BM. Data represent mean ± SD. Each data point represents an individual mouse. ns, not significant; *p < 0.05; ***p < 0.001. (G) g-Globin shown in relation to

VCN for SS BCL11A and DSBCL11A/ZNF410. (H) HbF by HPLC analysis of CD34+ cells isolated from the BM and subjected to in vitro erythroid differentiation. (I) Percentage

of HbF+ cells by flow cytometry analyses in human CD235a+ erythroblasts isolated from BM. Data represent mean ± SD. Each data point represents an individual mouse, n =

10; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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At 16 weeks post-engraftment bone marrow (BM) cells were
collected and analyzed (Figure S14). The engraftment of untrans-
duced and shmiR transduced CD34+ HSPCs was 80% and similar
between all groups (Figure 4A). Lineage distribution of erythroid
cell, B cells, T cells, and myeloid cells within the BM was also similar
(Figure 4B). VCN in total BM and lineage-purified cells was similar
between each experimental group (Figure 4C). In the engrafted BM
cells, there was no reduction in BCL11A or ZNF410 mRNA
Molecular Therapy Vol. 30 No 8 August 2022 2699
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expression levels in B cells (Figure 4D), myeloid cells (Figure S15A),
or CD34+ cells (Figure S15B), confirming the lack of knockdown in
non-targeted lineages. Both BCL11A and ZNF410 mRNA expression
was reduced in erythroid cells in mice engrafted with DS BCL11A/
ZNF410 transduced CD34+ cells, while only BCL11A was reduced in
mice engrafted with SS BCL11A (Figure 4E), demonstrating the
erythroid specificity of these vectors. Consistent with the knock-
down at the mRNA level, in human erythroid cells derived from
the BM, we observed the robust induction of g-globin, increasing
from 3.5% to 22.8% with SS BCL11A and a significantly higher in-
duction to 33.3% with DS BCL11A/ZNF410 (p < 0.05) (Figure 4F).
We normalized g-globin expression to erythroid cell VCN for each
shmiR vector. As shown in Figure 4G, DS BCL11A/ZNF410 led to a
higher g-globin expression than SS BCL11A shmiR when normal-
ized to VCN, as shown by the increased slope of the fitted line.
HbF induction in erythroid cells differentiated in vitro from BM
hCD34+ cells were also analyzed by high-performance liquid chro-
matography (HPLC) (Figure 4H). Transduction with the DS
BCL11A/ZNF410 vector increased HbF to a significantly higher
level than SS BCL11A (HbF = 21.6% versus 17.1%, p < 0.05). In
BM erythroid cells, a robust increase in the fraction of HbF+ cells
after SS BCL11A and DS BCL11A/ZNF410 transduction to an
average >75% positive cells, which verifies that DS BCL11A/
ZNF410 functions as a robust and pan-cellar repressor of HbF (Fig-
ure 4I). Normalized to VCN in erythroid cells, HbF expression,
showed a trend toward higher HbF expression in DS BCL11A/
ZNF410 transduced cells compared with BCL11A shmiR at the
same VCN, as shown by the increased slope of the fitted line, but
this difference failed to reach significance (Figure S16).

Genetic modification of Berkeley SCD HSCs with double shmiR

vector leads to improvement of disease-associated

hematological parameters

We next determined whether the double shmiR vector could amelio-
rate characteristic SCD disease parameters in a transplantation model
using Berkeley SCD (BERK-SCD) mouse HSCs. We designed a DS
BCL11A/Zfp410 for double knockdown in murine BM cells, replacing
the ZNF410 shmiR with a Zfp410 shmiR. Zfp410 shmiR targeted the
murine sequence and transduction led to the knock down of Zfp410
and induction of Hbb-y mRNA expression in mouse erythroid leuke-
mia (MEL) cells (Figure S17). Lineage-negative CD45.1+ BM cells from
BERK-SCD mice were transduced with DS BCL11A/Zfp410, SS
BCL11A vector, NT vector, or left untransduced (as an unmanipulated
disease control), and resulting transduced cells were transplanted into
lethally irradiated CD45.2+ BL/6 recipient animals. An additional con-
trol group received untransduced cells isolated from CD45.1+ BoyJ
(C57BL/6J, Pep Boy/J [CD45.1 congenic]) animals to quantitate the
maximal correction of the phenotype. Transplantation into BoyJ
mice was chosen to circumvent the increasedmortality after condition-
ing in BERK-SCD that is required for successful engraftment. We used
the CD45 isotypes to follow the engraftment of transduced cells in the
irradiated wild-type (WT) recipient. In vitro VCN was determined by
colony-forming unit (CFU) assay on progenitor-derived colonies from
the cell product 14 days after transduction (Figure S18).
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Engraftment as determined by flow cytometric enumeration of
CD45.1+ donor cells; RBC counts and HGB/HCT concentrations
were measured on PB samples acquired 4, 8, 12, and 16 weeks post-
transplantation. PB engraftment was >95% at week 16 (Figure 5A)
and similar in all recipient groups receiving BERK-SCD HSCs, sug-
gesting that transduction did not alter the fitness of transplanted cells.
To analyze the SCD phenotype, RBC, HGB/HCT, reticulocyte level,
and the percentages of sickled erythrocytes were measured. Engraft-
ment of untransduced BERK-SCD HSCs was associated with signifi-
cantly lower RBC, HGB, and HCT levels and increased reticulocytes
and sickled cells, indicative of severe hemolytic anemia, supporting
the validity of the experimental model.

Mice transplanted with BERK-SCD HSCs transduced with the NT
vector showed similar results compared with the untransduced
group, while SS BCL11A and DS BCL11A/Zfp410 transduced
groups showed significant improvements in all blood parameters.
We observed that the animals engrafted with cells transduced
with the DS BCL11A/Zfp410 vector demonstrated significant
improvement in hematologic parameters compared with animals
engrafted with cells transduced with the SS BCL11A shmiR vector.
After engraftment with DS BCL11A/Zfp410 transduced cells, the
RBC count at week 16 was 9.4 � 106 cell/mL compared with
8.4 � 106 cell/mL for SS BCL11A (Figure 5B); the HCT percentage
was 45% in DS BCL11A/Zfp410 compared with 42% in the SS
BCL11A transduced group (p < 0.05) (Figure 5C), and the HGB
expression level was 12.8 g/dL of DS BCL11A/Zfp410 compared
with 11.4 g/dL of SS BCL11A (p < 0.05) (Figure 5D). Reticulocyte
counts (Figure 5E) were decreased from 35% in the NT group to
8% in the DS BCL11A/Zfp410 transduced group, which was signif-
icantly lower than the SS BCL11A transduced group at 12%
(p < 0.05), indicative of reduced erythropoietic stress because of
reduced hemolysis and improved RBC survival.

The number of irreversibly sickled RBCs after sodium MBS treat-
ment of collected PB was next tested. PB from animals transplanted
with the DS BCL11A/Zfp410 vector transduced cells demonstrated
significantly fewer sickled cells compared with the SS BCL11A
group. PB taken from mice transplanted with untransduced or
NT shmiR transduced HSPCs at week 16 displayed 49.5% and
50.4% irreversibly sickled RBC, respectively, while mice transplanted
with SS BCL11A or DS BCL11A/Zfp410 transduced HSPCs dis-
played a decrease in the percentage of sickled cells in PB after treat-
ment with MBS with 14.8%, and 10.0%, respectively (p < 0.05) (Fig-
ure 5F). Consistent with decreasing rates of hemolysis and lower
reticulocyte and sickled cells counts, the average level of g-globin
was 1.4%, 13.4%, and 20.1% for the NT group, SS BCL11A, and
DS BCL11A/Zfp410, respectively (Figure 5G). We also observed a
striking reduction in circulating erythrocyte precursors between
treatment groups, with a significant difference between the SS
BCL11A and DS BCL11A/Zfp410 groups. The frequency of
CD71+ Ter119+ erythroid precursors in the PB at week 16
(Figures 5H and 5I), was reduced from 35% (untransduced and
NT groups) to 8.8% in the SS BCL11A group and 6.2% in DS
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Figure 5. Correction of in vivo hematologic parameters in Berkeley SCD mouse model

Mice were bled at weeks 4, 8, 12, and 16 and peripheral blood (PB) was analyzed. (A) PB engraftment in transplanted mice. (B) Red blood cell (RBC) count, (C) percentage of

hematocrit (HCT), (D) hemoglobin (HGB) level, and (E) reticulocyte counts. (F) The percentage of sickled RBCs in PB after MBS treatment was quantitated. (G) Percentage of

total b-like globin as g-globin mRNA expression of erythroid cells in PB determined by qRT-PCR. (H) Representative fluorescence-activated cell sorting (FACS) plots of PB

cells stained for the erythroid differentiationmarkers CD71 and Ter119 at week 16. (I) Summary of the percentages of CD71+ Ter119+ high erythroid precursor cell population.

Data represent mean ± SD. Symbols indicate mice transplanted with different shmiR vectors or nontransduced cells; each data point represents an individual mouse. ns, not

significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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BCL11A/Zfp410 group. These data show that the transplantation of
DS BCL11A/Zfp410 transduced SCD HSPCs leads to the durable
production of RBCs that are resistant to sickling both in vivo and
in vitro.

After sacrifice, additional studies were performed on the spleen and
BM. BM engraftment was >97% (Figure 6A) and similar in all of
the recipient groups receiving BERK-SCD HSCs. The average BM
VCN was similar among all of the experimental arms (Figure 6B)
and matched the average VCN of in vitro cultured cells before trans-
plantation. To determine whether shmiR vectors retained the ability
to achieve therapeutic levels of expression in BM cells, we measured
g-globin by qRT-PCR. The DS BCL11A/Zfp410-treated group
showed significantly higher g-globin expression than the SS
BCL11A-treated group (p < 0.05). The average levels of g-globin
were 1.7%, 18.5%, and 25.4% for the NT group, SS BCL11A, and
DS BCL11A/Zfp410, respectively (Figure 6C). To compare the differ-
ence in expression per vector genome between SS BCL11A and DS
BCL11A/Zfp410, we normalized g-globin expression to BM VCN
for different shmiR vectors. As seen in Figure S19, erythrocytes
derived from DS BCL11A/Zfp410 transduced cells demonstrated a
trend toward higher normalized g-globin expression compared
with SS BCL11A, as shown by the increased slope of the fitted line,
but this difference failed to reach significance. We observed a strong
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Figure 6. HbF expression in vivo in BM cells from Berkeley SCD mouse model

Whole BM was taken from each mouse at week 16 and analyzed. (A) BM engraftment in transplanted mice. (B) VCN in BM was determined. (C) Percentages of g-globin

mRNA expression of erythroid cells in BM determined by qRT-PCR. (D) Correlation of g-globin expression assessed by qRT-PCR in erythroid cells of BM versus sickled cells

in PB after MBS treatment; correlation coefficient (r2) is shown for all of the data. (E) Percentage of HbF+ cells by flow cytometry analyses in human CD235a+ erythroblasts

isolated from BM. (F) Spleen weights at week 16. Data represent mean ± SD. Each data point represents an individual mouse. ns, not significant; *p < 0.05; **p < 0.01;

***p < 0.001.
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negative correlation between the reduction of sickled RBCs in PB after
MBS treatment and induction of g-globin in BM erythroid cells (Fig-
ure 6D). In BM erythroid cells, we saw a robust increase in the frac-
tion of HbF+ cells after SS BCL11A and DS BCL11A/Zfp410 trans-
duction, which verifies a near pan-cellular HbF induction by DS
BCL11A/Zfp410 (Figure 6E).

The mitigation of the sickling phenotype was also associated with
reduced spleen size, with the DS BCL11A/Zfp410-treated group
showing significantly less spleen mass than the SS BCL11A-treated
group (p < 0.05). The average spleen mass of the SS BCL11A vector
and the DS BCL11A/Zfp410 vector group decreased to 0.25 ± 0.06
and 0.18 ± 0.04 g, respectively, compared to 0.53 ± 0.06 g in the
NT group, while mice that received healthy cells showed spleen
weights of 0.09 ± 0.02 g (Figure 6F). Thus, the persistence of DS
BCL11/Zfp410 transduced cells leads to a more robust rescue of
all of the SCD cellular phenotypes examined.
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DISCUSSION
The downregulation of BCL11A in erythroid cells leads to the sus-
tained reactivation of g-globin, the production of HbF resulting in
reduced polymerization of sickle-containing HGB, and significant
mitigation of the hematologic effects of SCD in a murine model.21,22

We previously reported a lentiviral vector that mediates knockdown
of BCL11A via a shmiR expressed selectively in erythroid cells.26,27

This design adds a Drosha processing site to the shRNA construct
and has been shown to greatly increase knockdown efficiency. In
particular, the hairpin stem of a shmiR can comprise 21 nt of dou-
ble-stranded RNA (dsRNA) and a 15-nt loop from a human miRNA.
Adding the miRNA loop and flanking sequences on either or both
sides of the hairpin results in a >10-fold increase in Drosha and Dicer
processing of the expressed hairpins when compared with conven-
tional shRNA designs without miRNA scaffold.35 Increased Drosha
and Dicer processing translates into greater siRNA/miRNA produc-
tion and greater potency for expressed hairpins. Subsequent clinical
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studies have used this vector design to validate BCL11A as a therapeu-
tic target in SCD in humans.15,28 Additional clinical studies under
way36–38 add back copies of a mutated form of adult b-globin, which
is resistant to sickling. However, to be maximally effective, these gene
transfer strategies require the sustained engraftment of a large num-
ber of transduced HSCs10 to effect polyclonal reconstitution. The
approach of adding back additional globin gene sequences also ap-
pears to require a higher number of vector insertions per cell to effect
maximal transgene expression. High VCNs may increase the geno-
toxic risks, an outcome of particular relevance in SCD patients who
may have an increased risk of developing hematological malignancies
as compared to the general population.39 While promising ap-
proaches aimed at improving LV-derived gene expression have
been investigated,40 reaching therapeutic gene expression with a
low VCN is still challenging.

The induction of HbF has been a long-term goal for the treatment of
b-hemoglobinopathies; its expression can be effective in reducing
many of the most serious complications of the disease phenotype.
Targeting BCL11A to reverse the physiological fetal-to-adult globin
switch to increase HbF and concurrently reduce HbS has clear advan-
tages. HbS content and the percentage of HbF are the two main
modulators of clinical severity. HbF has potent anti-sickling charac-
teristics, and a level of HbF of approximately one-third of the total
cellular content of HGB would likely prevent HbS polymerization,
while the concurrent reduction in intracellular HbS further attenuates
the tendency for polymer formation.41–45 The induction of high levels
of HbF distributed broadly in red cells is the most promising
approach to the pharmacologic treatment of sickle cell anemia
because it targets the proximal pathophysiologic trigger of disease.46

In our previously published work,26,28 the use of a lentivirus shmiR
vector targeting BCL11A led to a significant induction of HbF at
VCN <1, a clear advantage of this approach. However, due to the
complex biology of g-globin repression,47 the maximal induction of
HbF may not be obtained in all cells using this approach.

Two studies have previously identified ZNF410 as a HbF repressor
that specifically activates the expression of CHD4. The specificity of
ZNF410 is conveyed by two highly evolutionarily conserved clusters
of ZNF410 binding sites near the CHD4 gene, with no counterparts
elsewhere in the genome.33,34 In this study, we developed erythroid-
specific double shmiR-expressing vectors that simultaneously knock
down two genes, BCL11A and ZNF410, and consistently enhance
HbF induction an additional �10% compared to knockdown of
BCL11A alone. One advantage of this approach is the efficiency of
the transduction of rare and difficult-to-transduce HSCs compared
to simultaneous transduction with two different vectors. Thus, as ex-
pected, we show in xenograft experiments using human CD34+ cells
that the transduction efficiency of DS BCL11A/ZNF410 on CD34+

and progeny B cells, myeloid cells, and erythroid cells was similar
to that of SS BCL11A. In addition, a positive correlation was observed
between HbF induction and VCNs in the erythroid cells of DS
BCL11A/ZNF410-transplanted animals, and the ratios of HbF induc-
tion per VCN were higher in DS BCL11A/ZNF410 transplanted mice
compared to SS BCL11A transplanted animals. The enhanced induc-
tion of HbF expression per red cell may therefore lead to a more effec-
tive induction of total HbF while maintaining the safety of lower VCN
per cell in humans, as demonstrated here in the SCD mouse model
and in the xenograft models using human cells.

The vector reported here uniquely combines two shmiR in the same
vector to induce HbF. HbF expression can be induced by knockdown
of not only BCL11A and ZNF410 but also other regulatory genes, such
as LRF48 and POGZ,49 so additional combinatorial approaches are
possible.We found theDS did not alter significantlyGO-defined path-
ways compared with SS, except for one pathway. The biological rele-
vance of thisfinding is unclear and is under investigation. This strategy
may also be combined with other strategies to achieve the maximal
mitigation of sickle HGB polymerization. For instance, Uchida
et al.32 combined BCL11A knockdown and thEpoR co-expression
for improved HSC-targeted gene therapy for HGB disorders in hu-
mans. The co-expression of a BCL11A shmiR and a therapeutic
b-globin gene in one vector to enhance functional HGB production
has recently been described.29 In addition, recent genome editing tech-
nologies allow for the development of other HbF induction methods,
such as targeting the erythroid-specificBCL11A enhancer,50 aBCL11A
binding site in g-globin promoters similar to the Greek variant of the
hereditary persistence ofHbF (HPFH),51 and inducing a large deletion
in the d-globin gene mimicking Sicilian HPFH.52 Ramadier et al.
developed therapeutic approaches combining LV-based gene addition
and CRISPR-Cas9 strategies aimed to increase the incorporation of an
anti-sickling globin (AS3) and induce the expression of HbF.53

Many of these strategies appear effective, but which is safest or most
effective in humans is still unknown. However, the DS shmiR vector
approach demonstrated here offers several potential advantages. First,
lentiviral shmiR for HbF induction leaves HBBS alleles intact, which
largely avoids DSBs generated by nucleases such as Cas9 that lead to
uncontrolled mixtures of indels at the target site as well as the poten-
tial for large deletions, translocations, chromosomal loss, chromo-
thripsis, and activation of the p53 DNA damage response.54–56 Sec-
ond, since the DS BCL11A/ZNF410 uses a physiologic switch, this
approach concurrently and proportionately reduces the concentra-
tion of sickle HGB in RBCs, the primary determinant of pathogenic
HGB polymerization, more effectively than targeting BCL11A alone.
Although other approaches, including a single BCL11A shmiR vector
with an anti-sickling HBB transgene vector, can decrease the fraction
of bS in erythroid progeny by 30%–70%,26,57 we achieved even greater
bS percentage reduction in erythroid populations by DS BCL11A/
ZNF410 shmiR without changing red cell differentiation kinetics.
Double shmiR-transduced patient-derived CD34+ cells thus provide
a promising basis for the autologous treatment of SCD and b-thal.
This strategy can also be combined with other induction strategies
to achieve sustained HbF induction or express an anti-sickling HBB
transgene.

In summary, we developed erythroid-specific lentiviral vectors en-
coding a double shmiR targeting two repressors of g-globin, allowing
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for an enhanced HbF induction at a similar VCN compared to target-
ing only BCL11A. The double shmiR vector can effectively knock
down target genes in cells at the same time with high transduction
efficiency, which can be used as a model to target multiple gene prod-
ucts simultaneously and efficiently. We report the functional charac-
terization of a novel and efficient LV expressing double shmiR in clin-
ically relevant cells from SCD and b-thal patients as part of a program
of work aimed at the clinical translation of an effective LV-based gene
therapy approach for these diseases. Finally, multi-shmiR LVs can
have a wider range of potential applications in this field since multiple
shmiRs could be exploited as an approach in other diseases with com-
plex pathophysiology affecting multiple pathways.

MATERIALS AND METHODS
Construction of shRNAmiR constructs

The generation of mir223 BCL11A vectors has been described pre-
viously.27 For mir144 ZNF410 vectors to introduce desired sequence
substitution, we used sets of reverse-oriented primers with the re-
placed sequence to PCR amplify the mir223 BCL11A plasmid back-
bone by the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs, Ipswich, MA, USA) and then phosphorylated and ligated
the resultant linearized plasmids. The LV-LCR-mir223 BCL11A-
mir144 ZNF410 vector was created by using the NEBuilder HiFi
DNA Assembly kit (New England Biolabs) to fuse together PCR-
amplified mir144 ZNF410 shmiR fragments to mir223 BCL11A
linearized plasmids that digested with Mul1 (New England Biolabs).
mi223 NT vectors with non-target shmiR cassettes were used as
controls. All of the sequences of the shmiRs are shown in
Figure S20.

Virus production and titration

LV supernatants were produced by adding 10 mg LV, 5 mg gag-pol,
2.5 mg rev, and 2.5 mg of vesicular stomatitis virus G (VSVG) pack-
aging plasmids into HEK 293T cells grown in 10-cm plates. Plasmids
were mixed with 1 mL DMEM (Cytiva, Marlborough, MA, USA) and
60 mL of 1 mg/mL linear PEI (Polysciences, Warrington, PA, USA),
incubated for 15–20 min at room temperature, and added to the cul-
ture dish. The medium was changed 14 h later and virus supernatants
were collected 48 and 72 h post-transfection, filtered through a 0.45-
mmmembrane (Corning, Corning, NY, USA), and then concentrated
by ultracentrifugation at 23,000 rpm for 2 h in a Beckmann XL-90
centrifuge with SW-28 swinging buckets.

Infectious titers were determined on MEL cells by applying serial di-
lutions of vector supernatant followed by erythroid differentiation for
4 days in RPMI (Cytiva) supplemented with 1.25% DMSO (Sigma-
Aldrich, St. Louis, MO, USA), and 5% fetal calf serum (Summerlin
Scientific, Hampton, NH, USA).

Cell culture

293T and MEL cells were maintained in DMEM (Cytiva) or RPMI
medium (Cytiva) supplemented with 10% fetal calf serum (Summer-
lin Scientific), 1% penicillin-streptomycin (Thermo Fisher, Waltham,
MA, USA), respectively.
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Transduction of human CD34+ cells

Human CD34+ HSPCs from the mPB of anonymized healthy do-
nors were obtained from the Fred Hutchinson Cancer Research
Center, Seattle, Washington. SCD patient and b-thal patient
CD34+ HSPCs were isolated from unmobilized PB following
Boston Children’s Hospital institutional review board (IRB)
approval and informed patient consent. The CD34+ HSPCs were
enriched using the Miltenyi CD34 Microbead kit (Miltenyi Biotec,
Auburn, CA, USA). CD34+ cells were prestimulated for 44–48 h
at 1�106 cells/mL in Stem Cell Growth Media (CellGenix, Ports-
mouth, NH, USA) supplemented with stem cell factor (SCF),
FMS-like tyrosinekinase 3 ligand (FLT3L), and thrombopoietin
(TPO), all from Peprotech (Rocky Hill, NJ, USA). Cells were then
enumerated and transduced with the virus at an MOI as indicated
for 24 h before downstream processing.

In vitro erythroid differentiation of CD34+ cells

The erythroid differentiation protocol we used is based on a three-
phase protocol adapted from Giarratana et al.58 The cells were
cultured in erythroid differentiation medium (EDM) consisting of Is-
cove modified Dulbecco’s medium (Cellgro, Manassas, VA, USA)
supplemented with 1% L-glutamine (Thermo Fisher), and 1% peni-
cillin-streptomycin (Thermo Fisher), 330 mg/mL holo-human trans-
ferrin (Sigma-Aldrich), 10 mg/mL recombinant human insulin
(Sigma-Aldrich), 2 IU/mL heparin (Sigma-Aldrich), 5% human sol-
vent detergent pooled plasma AB (Rhode Island Blood Center, Prov-
idence, RI, USA), and 3 IU/mL erythropoietin (Amgen, Thousand
Oaks, CA, USA). During the first phase of expansion (days 0–7),
CD34+ cells were cultured in EDM in the presence of 10�6 mol/L hy-
drocortisone (Sigma-Aldrich), 100 ng/mL SCF (Peprotech), 5 ng/mL
IL-3 (R&D Systems, Minneapolis, MN, USA), as EDM-1. In the sec-
ond phase (days 7–11), the cells were resuspended in EDM supple-
mented with SCF, as EDM-2. For the third phase (days 11–18), the
cells were cultured in EDM without additional supplements, as
EDM-3.

Western blot analysis

On day 11 of erythroid differentiation, differentiated CD34+ cells
were lysed in lysis buffer (RIPA) with phosphatase inhibitors (Santa
Cruz Biotechnology, Dallas, TX, USA). Total protein extracts were
suspended in 2� Laemmli (Bio-Rad, Hercules, CA, USA) sample
buffer, boiled, and loaded onto a 10% sodium dodecyl sulfate
(SDS)-–polyacrylamide gel, then transferred to a polyvinylidene fluo-
ride membrane (Millipore, Billerica, MA, USA). To block nonspecific
binding sites, the membranes were treated for 1 h with TBST (mixture
of Tris-buffered saline and Tween 20) containing 5% milk. Mem-
branes were next incubated overnight at 4�C with mouse anti-
BCL11A antibody (Abcam, Cambridge, UK) or rabbit anti-ZNF410
polyclonal antibody (Proteintech, Rosemont, IL, USA). After
washing, the membranes were incubated for 1 h with horseradish
peroxidase (HRP)-linked anti-rabbit or anti-mouse immunoglobulin
G (IgG) secondary antibody (Cell Signaling, Danvers, MA, USA). The
expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
in the cells was also measured as a control.
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RNA extraction and qRT-PCR

Total RNA was extracted using an RNeasy Micro Kit (QIAGEN,
Venlo, the Netherlands). Reverse transcription of mRNA used the
SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA, USA) with oligo(dT) primers. qRT-PCR was per-
formed using the SYBR Green PCR master mix (Applied Biosystems,
Foster City, CA, USA) as a detection system.

RNA-seq

On day 11 of erythroid differentiation, total RNA of differentiated
CD34+ cells was extracted using an RNeasyMicro Kit (QIAGEN). Pu-
rified RNA was treated with DNase I. mRNA libraries were prepared
and sequenced by the Molecular Biology Core Facilities at the Dana-
Farber Cancer Institute. The adapter trimming of raw fastq files was
performed by fastp.59 Then, the reads were mapped and quantified
using default parameters with Salmon.60 The differentially expressed
genes were identified by the DEseq2.61 The threshold of differentially
expressed genes was Padj <0.05 by the Benjamini-Hochberg method
and fold change >2. The GO analysis was conducted using
clusterProfiler.62

VCN assay

Genomic DNA was extracted using the QIAGEN DNeasy protocol.
VCN was assessed by qRT-PCR, performed with the use of
TaqMan Fast Advanced Master Mix (Applied Biosystems). VCN
was calculated by using primers and probes HIV-1 PSI (forward
50-CAGGACTCGGCTTGCTGAAG-30, reverse 50-TCCCCCGCTTA
ATACTGACG-30, probe FAM-50-CGCACGGCAAGAGGCGAGG-
30) as a target and the human glycosyltransferase Like Domain Con-
taining 1 gene (GTDC1) as an internal reference standard (forward
50-GAAGTTCAGGTTAATTAGCTGCTG-30, reverse 50-TGGCACC
TTAACATTTGGTTCTG-30, probe VIC-50-ACGAACTTCTTGGA
GTTGTTTGCT-30). Standard curves were obtained by serial dilu-
tions of a plasmid containing one copy of PSI and GTDC1 sequences.
The number of PSI and GTDC1 copies in test samples was extrapo-
lated from the standard curves.

HGB analysis by HPLC

After 18 days of differentiation, 1 million erythroid cells were lysed by
using Hemolysate reagent (Helena Laboratories, Beaumont, TX,
USA), and then incubated on ice for 15–20 min and vortexed every
5 min. Hemolysates were prepared by centrifugation at 15,000 rpm
for 5 min and analyzed with the use of the D-10 Hemoglobin
Analyzer (Bio-Rad) to identify the HGB variants HbF and HbA
and determine their levels.

In vitro sickling assay

At the completion of erythroid differentiation, enucleated RBCs were
sorted, with the use of Hoechst 33342 (5 mg/mL; Invitrogen), and
subjected to an in vitro sickling assay. Sickling was induced by adding
500mL of freshly prepared 2% sodium MBS (Sigma-Aldrich) solution
prepared in PBS into enucleated cells resuspended with 500mL
EDM-3 in a 24-well plate, followed by incubation at 37�C for
30 min. Live cell images were acquired using a Nikon Eclipse Ti in-
verted microscope (Nikon, Tokyo, Japan). More than 500 cells with
irregular structure, protruding spikes, or sickle shape were counted
as sickling cells.

Flow cytometry for enucleation and cell size analysis

For the enucleation analysis, cells were stained with 2mg/mL of the
cell-permeable DNA dye Hoechst 33342 (Invitrogen) for 20 min at
37�C. The Hoechst 33,342-negative cells were further gated for cell
size analysis with the Forward Scatter A parameter. The median value
of forward scatter intensity normalized by data from healthy donors
collected at the same time was used to characterize the cell size.

Human CD34+ HSPC transplant and flow cytometry analysis

All of the animal experiments were approved by the Boston Chil-
dren’s Hospital Institutional Animal Care and Use Committee.
NBSGWmice were obtained from The Jackson Laboratory (Bar Har-
bor, ME, USA;stock 026622). Non-irradiated NBSGW female mice
(4–6 weeks of age) were infused by retro-orbital injection with
1�106 virus transduced CD34+ HSPCs (without sort, resuspended
in 150mL Dulbecco’s phosphate-buffered saline [DPBS]) derived
from healthy donors. PB samples were collected at weeks 4, 8, 12,
and 16 to measure engraftment by flow cytometry (hCD45/
mCD45) and determine RBC indices. At week 16, mice were eutha-
nized, and BM was isolated for human xenograft analysis. A portion
of the BM cells was performed to erythroid differentiation in vitro.
For flow cytometric analyses of BM, the following antibodies were
used: hCD45, mCD45, and fixable viability dye eFluor 780 (Thermo
Fisher), and hCD235a, hCD33, hCD19, hCD34, and hCD3
(BioLegend, San Diego, CA, USA).

In vivo experiment in SCD mouse model

Lineage-negative mouse BM cells were isolated by flushing femurs,
tibias, and iliac crests of 6- to 8-week-old CD45.1 BoyJ (B6.SJL-Ptprca
Pepcb/BoyJ) or CD45.1 Berkeley SCD mice (BERK-SCD, JAX stock
#003342) followed by lineage depletion using the Mouse Lineage
Cell Depletion Kit (Miltenyi Biotec). Lin cells were pre-stimulated
at 1�106 cells/mL in Stem Cell Growth Media (CellGenix) supple-
mented with mouse SCF (mSCF) (100 ng/mL), hTPO (100 ng/mL),
mouse interleukin-3 (mIL-3) (20 ng/mL), and hFlt3-L (100 ng/mL),
all from Peprotech. Following a 24-h pre-stimulation, cells were
transduced at a density of 1 � 106 cells/mL at an MOI of 40, and
transduced cells (without sorting) were transplanted by retro-orbital
injection into lethally irradiated (7 + 4 Gy, split dose) CD45.2 recip-
ients 3 days after isolation. A portion of the transduced cells was used
to seed a methylcellulose-based CFU assay to determine the VCN in
the cell products. PB samples were collected at weeks 4, 8, 12, and 16
to measure engraftment by flow cytometry (CD45.2/CD45.1), deter-
mine RBC indices, and quantitate sickled cells. At week 16, mice were
euthanized, and BM cells were used to measure engraftment by flow
cytometry (CD45.2/CD45.1), VCN, and mRNA expression. For
flow cytometric analyses of BM, the following antibodies were
used: CD45.1, CD45.2, CD11b, and CD3 (BioLegend), B220, CD71,
and Ter119 (BD Pharmingen, Woburn, MA), and fixable viability
dye eFluor 780 (Thermo Fisher).
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Statistical analysis

All of the data are reported as mean ± SD unless otherwise stated. Sta-
tistical analyses were performed using GraphPad Prism version 8.0
(GraphPad Software, San Diego, CA, USA). The statistical signifi-
cance between two averages was established using the unpaired t
test. When the statistical significance between three or more averages
were evaluated, a one-way ANOVAwas applied, followed by multiple
paired comparisons for normally distributed data (Tukey test). All of
the statistical tests were two-tailed; statistical significance differences
are indicated with asterisks (*p < 0.05, **p < 0.01, ***p < 0.005), and
N.S. denotes p > 0.05.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.05.002.
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