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Sickle cell disease (SCD) is a prevalent, life-threatening condition attributable to a heritable mutation
in b-hemoglobin. Therapeutic induction of fetal hemoglobin (HbF) can ameliorate disease complications
and has been intently pursued. However, safe and effective small-molecule inducers of HbF remain elusive.
We report the discovery of dWIZ-1 and dWIZ-2, molecular glue degraders of the WIZ transcription factor that
robustly induce HbF in erythroblasts. Phenotypic screening of a cereblon (CRBN)–biased chemical library
revealed WIZ as a previously unknown repressor of HbF. WIZ degradation is mediated by recruitment of WIZ
(ZF7) to CRBN by dWIZ-1, as resolved by crystallography of the ternary complex. Pharmacological degradation
of WIZ was well tolerated and induced HbF in humanized mice and cynomolgus monkeys. These findings
establish WIZ degradation as a globally accessible therapeutic strategy for SCD.

S
ickle cell disease (SCD) arises from a mis-
sensemutation in the b-globin gene (HBB)
that predisposes hemoglobin to polym-
erization and vaso-occlusive sickling of
erythrocytes (1). Hereditary persistence

or pharmacologic induction of g-globin (HBG1
or HBG2, henceforth HBG1/2) expression leads
to increases in fetal hemoglobin (HbF) that
biophysically oppose hemoglobin polymeriza-
tion (2, 3).
The most effective oral therapy for SCD is

presently hydroxyurea (HU), which confers
disease-modifying benefits and improved sur-
vival (4). The clinical efficacy of HU arises in
part frommodest reactivation of HbF (median
~15% of total Hb) (4, 5), an indirect conse-
quence of inhibiting ribonucleotide reductase
and thus DNA synthesis. However, broad use of
HU is limited by bonemarrow suppression and
a requirement for close laboratory monitoring.
Further underscoring the potential of HbF
reactivation are recent accounts by our group
and others (6–8) of successful myeloablative
transplantation of autologous hematopoietic
stem and progenitor cells (HSPCs) genetically
modified to disrupt repressors ofHBG1/2. Re-

grettably, substantial challenges exist for HSPC
therapies to reach most SCD patients, who live
inmedically underserved communities and low-
andmiddle-income countries. Safe, efficacious,
and globally accessible HbF-inducing medicines
therefore remain an important unmet need.
Human genetics and functional genetic

screens have enumerated a number of promis-
ing protein targets for HBG1/2 derepression,
including BCL11A, KLF1, c-Myb, and LRF (3, 9).
Despite increasingly compelling mechanistic
validation, these transcription factors (TFs)
function by protein-protein interaction and
thus remain challenging to inhibit using con-
ventional approaches in drug discovery (10).
Leveraging recentmechanistic characterization
of phthalimide medicines as serendipitous,
cereblon (CRBN)–dependent degraders of
IKZF1 and IKZF3 (11–16), we hypothesized the
plausible degradation of zinc finger (ZF)–
containing TFs by chemically distinct molecu-
lar glue degraders. Therefore, we elaborated a
large library of CRBN-biased ligands for study
in target-directed and phenotypic drug discov-
ery campaigns.

Discovery of WIZ as regulator of HbF
induction by phenotypic screening

To identify small molecules that induce HbF,
we developed a high-throughput screening
assay in primary humanCD34+ derived erythro-
blasts to measure proliferation, differentiation,
and HbF expression by flow cytometry after a
13-day culture (fig. S1A). KnownHbF inducers,
such as HU, decitabine (DNA methyltransfer-
ase inhibitor), and UNC0642 (EHMT1 and
EHMT2 lysine methyltransferase inhibitor)

(17, 18) inducedHbF but exhibited undesirable
antiproliferative effects (fig. S1B).
Using this assay, we next screened a library

of 2814 CRBN-biasedmolecules (Fig. 1, A to C).
Induction of HbF was observed in 7.4% of
tested molecules (Fig. 1C), including the Food
and Drug Administration (FDA)–approved
agent, pomalidomide, which has been reported
preclinically to induce HbF (19, 20). Multi-
plexed primary screening and dose-response
follow-up assays identified antidifferentiation
or antiproliferative activity for almost all assay
positives, including pomalidomide, which halted
further characterization. Three compounds in-
creased the percentage of HbF-positive cells
while sparing erythroblast proliferation and dif-
ferentiation, and one compound—compound C
(Fig. 1B)—was prioritized after further char-
acterization because of superior absorption, dis-
tribution, metabolism, and excretion (ADME)
properties. Compound C increased the percen-
tage of HbF-positive cells with a half-maximal
effective concentration (EC50) of 100 nMwhile
sparing erythroblast proliferation and differ-
entiation (Fig. 1, D and E, and table S1). HbF
induction was not observed in erythroblasts
rendered CRBN-deficient by CRISPR-Cas9 (Fig.
1F and fig. S2A), which suggests that compound
C acts through a protein degradation–dependent
mechanism to induce HbF.
To identify potential targets of compound C,

we performed an unbiased analysis of protein
stability bymass spectrometry. Primary human
erythroblasts were treated with 10 mM com-
pound C or dimethyl sulfoxide (DMSO) control
for 6 hours. From 8960 quantified proteins, the
most significantly down-regulated proteinwas
theWIZ TF (2.6-fold, P = 0.0001; Fig. 2A). Com-
pound C proved selective for WIZ, with no ad-
ditional proteins depleted more than twofold.
Compound C did not affect the abundance of
known HbF regulators (table S2) and was also
selective over known lenalidomide targets
IKZF1 (fig. S2B) andCK1a (table S2). Notably, no
change in the expression of WIZ mRNA was
observed by reverse transcription quantitative
polymerase chain reaction (RT-qPCR) (fig. S2C),
which supports a posttranscriptional effect on
WIZ abundance. A potent dose-dependent ef-
fect of compound C on WIZ protein level was
established by immunoblot in 293T cells trans-
duced with aWIZ-overexpression construct (Fig.
2B) and confirmed by measuring the effect on
endogenousWIZ by flow cytometry in primary
human erythroblasts [half-maximal degradation
concentration (DC50) of 13 nM; Fig. 2C and fig.
S2D]. We renamed this chemical probe dWIZ-1.
WIZ is a chromatin-associated TF that

localizes to promoters, enhancers, and insu-
lators (21, 22). The emerging literature identi-
fies structural and biological characteristics
supporting WIZ as a putative HbF gene con-
trol factor. WIZ associates with at least two
cohesin-CTCF complexes to influence DNA
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loop integrity (21–23), establishing a plausi-
ble impact on the globin locus control region
(24). Further, WIZ associates stably with the
C-terminal binding protein (CtBP) corepressor
complex, facilitating recruitment of EHMT1
and EHMT2 (EHMT1/2) (25, 26), which have
been linked enzymatically to HbF induction
(17, 18). WIZ is broadly expressed in multiple
tissues, and reported transcriptional profiling
data identify robustWIZ andCRBN expression
throughout erythropoiesis (fig. S2E) (27).
Because small-molecule probes may have

off-target consequences, we tested the effect
of WIZ loss on HbF using CRISPR-Cas9 in pri-
mary human erythroblasts from healthy donors
(fig. S3, A and B).WIZ knockout (KO) using two
independent single-guide RNAs (sgRNAs) sig-
nificantly elevated the proportion of g-globin
mRNA (fig. S3C),HbF+ cells (Fig. 2D), and total
HbF (Fig. 2E and fig. S3D). Although g-globin
transcript expression increased (fig. S3E), the
abundance of a-, b-, d-, and e-globin mRNA re-
mained unchanged (fig. S3, F to I). Cell surface
phenotyping using anti-CD71 and anti-CD235a
indicated normal erythroid differentiation in
WIZ-deficient cells (fig. S3, J and K).
To assess the effect of WIZ depletion on

hematopoiesis and developing erythroblasts
in vivo, we used an established humanized

xenotransplantation model that supports
human erythropoiesis in the bone marrow
(28). Using CRISPR-Cas9, we knocked out
WIZwith two independent sgRNAs in healthy
human donor CD34+ HSPCs and generated
two negative control groups using either a
nontargeting or a safe-targeting sgRNA (29).
We transplanted NBSGW mice (30) and as-
sessedengraftment,multilineagedifferentiation,
and HbF induction in the peripheral blood
and bone marrow after 16 weeks. Early and
late engraftment was comparable between
WIZ-targeted and control groups (Fig. 2F and
fig. S4A). WIZ-deficient HSPCs repopulated
the bone marrow (Fig. 2G) and reconstituted
normal distributions of B, T,myeloid (Fig. 2H),
and erythroid lineages (Fig. 2I). Similar editing
frequencies were observed pre- and posttrans-
plantation (fig. S4, B and C). Notably, WIZ-
deficient erythroblasts derepressed HbF (Fig.
2, J to L), validating WIZ as a previously un-
recognized repressor of HbF in vivo.

Characterization of dWIZ-1 as a molecular glue
degrader of WIZ

Although structural characterization of WIZ
has not been previously reported, sequence
analysis and modeling by AlphaFold suggest
11 putative ZFs, five of which arise as paired

ZFs (fig. S5A). By analogy to the ZF-dependent
recruitment of IKZF1 to the CRBN-DDB1
ubiquitin ligase complex (12), we tested the
thesis that dWIZ-1 recruitsWIZ to CRBN-DDB1
to trigger targeted protein degradation. Seven
of theWIZ ZFs contain the CxxCGmotif present
in other known CRBN neosubstrates (31).
We first assessed compound-induced WIZ

and CRBN association using a cell-based Nano-
BiT protein-protein recruitment assay, inwhich
bioluminescence increases as SmBiT-CRBN
is brought into proximity to LgBiT-WIZ. As
shown in fig. S5B, dWIZ-1 increases CRBN-
WIZ association with an EC50 of 547 nM.
Consequent proteasome-dependent degrada-
tion of WIZ was assessed in a HiBiT-tagged
WIZ-overexpression cell line by treatment with
dWIZ-1 in the presence or absence of a ned-
dylation inhibitor (MLN4924), a ubiquitin
activating enzyme inhibitor (MLN7243), and
a proteosome inhibitor (bortezomib). Treatment
with each ubiquitin-proteasome pathway inhib-
itor rescuedWIZ stability (fig. S5C), consistent
with E3-dependent proteasomal degradation.
To identify the dWIZ-1 degron in the WIZ

open reading frame, we studied ZF7 to ZF10,
which are all present in the most highly ex-
pressed isoforms in human primary erythro-
blasts (fig. S5D).We introduced pointmutations
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Fig. 1. Discovery of a CRBN-based small-molecule inducer of HbF.
(A) Structures of reference compounds and selected hits described in (C) and
(D). (B) Structure of compound C. (C) Results of primary screen. Each point
represents a separate compound. “x” denotes the average of DMSO control
wells, and “+” denotes the average of UNC0642 positive control wells. In total,
7.4% of compounds induced HbF (defined as >3 SDs over mean of DMSO
controls and indicated by the dotted line). (D) Hit reconfirmation data from

selected compounds at 10 mM. HbF induction (HbF+ cells in the CD71+CD235a+

population), erythroid differentiation (%CD71+CD235a+), and live cell count
were assessed by flow cytometry. (E) Dose-response curves based on flow
cytometry analysis of HbF+ cells (CD71+CD235a+), erythroid differentiation
(CD71+CD235a+), and cell count on day 7 of erythroid differentiation. n = 2 donors
(squares versus circles) with two replicates each. (F) Representative flow cytometry
analysis of HbF staining (CD71+CD235a+) on day 7 of differentiation.
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targeting a glycine residue in each b-hairpin
loop that has proven critical for binding of other
CRBNneosubstrates (13, 14). AG876Nmutation
in ZF7 fully rescuedWIZ degradation in aHiBiT-
tagged overexpression cell line, whereas similar
mutations inZF8 (G1049N), ZF9 (G1233N), ZF10
(G1403N), and the combinationG1049N/G1233N/

G1403N had no effect on the potency or depth
of WIZ degradation (Fig. 3A and fig. S5E). To-
gether, these data support WIZ(ZF7) as the pri-
maryZF involved in ternary complex formation,
functionally confirmed by dose-dependent re-
cruitment of WIZ(ZF7) to CRBN by dWIZ-1 in
a NanoBiT expression system (fig. S5F).

To confirmdirectWIZ ZF binding in vitro, we
assayed the binding of recombinantWIZ ZFs
(fig. S6A) to the DDB1:CRBN:dWIZ-1 complex
using surface plasmon resonance (SPR). We ob-
served binding of WIZ(ZF7) to the DDB1:CRBN:
dWIZ-1 complex with an affinity of 3.5 mM ±
0.6 mM(Fig. 3B and fig. S6B).Notably, nobinding

A B C D

E F G

H I KJ L

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

10

20

30

40

50

E
ry

th
ro

id
(%

)

ns ns ns

WIZ

Cmpd C [µM]

DMSO
10 1 0.1 0.0

1

GAPDH

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

5

10

15

%
H

B
G

/(
H

B
G

+
H

B
B

)

ns **** ****

5

4

3

2

1

WIZ

p = 0.001

Log2 Fold Change (10 µM Cmpd C, 6 hr)

-L
o

g
10

 (
p

-v
al

u
e)

0
-1.5 -1 -0.5 0 0.5 1 1.5

Time (min)

A
b

so
rb

an
ce

safe-
targeting

BCL11A 
+58

WIZ
sgRNA #1

WIZ
sgRNA #2

HbA HbA HbA HbA

7.2%
HbF

20.1%
HbF

21.6%
HbF

22.6%
HbF

10-5 10-4 10-3 10-2 10-1 100 101

0

25

50

75

100

125

dose [ M]

W
IZ

(%
)

DMSO
Compound C

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

 s
gRNA #

1

W
IZ

 s
gRNA #

2

0

20

40

60

80

100

P
er

ce
n

ta
g

e 
o

f 
h

C
D

45
+ CD3+

CD19+

CD33+

CD3/19/33-

4 8 12 16
0.01

0.1

1

10

100

weeks post-transplant

h
C

D
45

+
in

p
er

ip
h

er
al

b
lo

o
d

(%
)

WIZ sgRNA #1
WIZ sgRNA #2

non-targeting
safe-targeting

*

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

BCL11
A

+58

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

20

40

60

80

100

H
b

F
+

(%
)

ns **** **** ****

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

2

4

6

8

C
D

34
+

(%
)

ns ns**

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

20

40

60

H
b

F
+

(%
)

ns **** ****

non-ta
rg

et
in

g

sa
fe

-ta
rg

et
in

g

W
IZ

sg
RNA

#1

W
IZ

sg
RNA

#2

0

5

10

15

H
b

F
(%

)

ns **** ****

Fig. 2. Target identification and characterization of WIZ as a negative
regulator of HbF expression. (A) Quantitative proteomics profiling of primary
human erythroblasts treated for 6 hours with 10 mM compound C versus DMSO
(protein FDR < 1%; n = 2 biological replicates per treatment). Log2(fold change)
difference between means of treated versus DMSO plotted against P values
calculated using Limma. Lines in the plot indicate significant cutoffs: P < 0.001
and absolute log2(fold change) > 0.6. (B) Immunoblot analysis of whole-cell
lysates from HiBiT-tagged WIZ-overexpression 293T cells treated with indicated
concentrations of compound C for 24 hours. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. (C) Dose-response curve based on flow cytometry
analysis of WIZ expression in CD71+ primary human erythroblasts after 24 hours
of treatment. n = 2 donors (squares versus circles) with two replicates each.
(D) Flow cytometry analysis of HbF+ cells (CD71+CD235a+) on differentiation day
14 (n = 2 donors with two replicates each). Data are presented as means and
SDs, with different symbols indicating the different donors. (E) Representative
HPLC analysis on differentiation day 18. HbA, adult hemoglobin. (F to L) n =
3 mice in nontargeting and WIZ groups; n = 2 safe-targeting. (F) Human CD45+

chimerism in peripheral blood from NBSGW mice at indicated weeks

posttransplantation. The asterisk indicates an adjusted P value of 0.014 for
nontargeting versus WIZ sgRNA no. 1 at 4 weeks. All other comparisons between
nontargeting and other groups were not statistically significant using two-way
analysis of variance (ANOVA) and Dunnett’s multiple comparisons. (G to L) All
analyses are from bone marrow 16 weeks posttransplantation. Data are
presented as individual animals with the mean. Statistical significance compared
with the nontargeting group was determined by one-way ANOVA with
Dunnett’s multiple comparisons. P > 0.05, not significant (ns); **P ≤ 0.01;
****P ≤ 0.0001. (G) CD34+ HSPCs expressed as a percentage of human CD45+.
(H) Human T cell (CD3+), B cell (CD19+), myeloid (CD33+), and other cell
types (CD3−/CD19−/CD33−). Adjusted P = 0.006 for B cell population in
nontargeting versus WIZ sgRNA no. 1. (I) CD235a+ erythroid cells expressed as
a percentage of hCD45−moCD45−. (J) RT-qPCR with g-globin mRNA presented
as a percentage of total g- and b-globin transcript. (K) Summary of flow cytometry
analysis of HbF expression in moCD45−hCD45−CD71+CD235a+. (L) HbF level
measured by HPLC from hemolysates of enriched bone marrow CD235a+ cells. The
HbF levels in the nontargeting and safe-targeting groups were less than the lower
limit of quantitation (LLOQ) of 0.8% and are graphed as 0.8%.
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(up to 10 mM) ofWIZ(ZF7) to DDB1:CRBNwas
observed in the absence of dWIZ-1, and no bind-
ing was observed with DDB1 alone in the pres-
ence of dWIZ-1 (fig. S6C), demonstrating both
compound- and CRBN-dependent binding. By
contrast, neither WIZ(ZF8/ZF9) nor WIZ(ZF10)
demonstrated binding to the DDB1:CRBN:
dWIZ-1 complex (fig. S6D).
The structural basis of neosubstrate recruit-

ment was determined by x-ray crystallography
of DDB1DBPB:CRBND67:WIZ(ZF7), in the pres-
ence of dWIZ-1 (3.1 Å; Fig. 3C, fig. S7A, and table
S3). The dWIZ-1 ligand appears bound between
CRBN andWIZ(ZF7) as a ternary complex (fig.
S7B). CRBN adopts the closed conformation
(32), positioning the N-terminal domain near
the glutarimide recognitionpocket. The complex
is reminiscent of previously determined CRBN
ternary complexes, where the b-hairpin glycine
(G876) accommodates the phthaloyl ring and
allows the glutarimide ring to bind into the tri-

tryptophanpocket (fig. S7C). dWIZ-1 coordinates
a series of hydrogen bond interactions to CRBN
using N351, H378, W380, and W400. WIZ(ZF7)
establishes an additional hydrogen bond with
dWIZ-1 using V874 (Fig. 3, D and E). dWIZ-1
creates hydrogen bond interactions between
CRBN:WIZ(ZF7) including the pairs N351:E873,
H357:V874, andW400:C875. This “molecular
glue” type interaction creates a tightly buried
surface area between CRBNandWIZ(ZF7), with
only the ethyl-piperidine partially exposed to
solvent (Fig. 3C). The calculated buried surface
area between CRBN andWIZ(ZF7) is 413.8 Å2,
that between CRBN and dWIZ-1 is 305 Å2, and
that between WIZ(ZF7) and dWIZ-1 is 152 Å2

(Fig. 3F) (33, 34). Steric clashes with Ikaros (Q146)
and CK1a (I35) offer one possible explanation
for the selectivity of dWIZ-1 against these known
CRBN off-targets (fig. S7, C and D). Collectively,
thesedata lend strong support to the thesis that
dWIZ-1 inducesHbF expression by direct binding

to CRBN and subsequent recruitment and pro-
teasomal degradation ofWIZ throughWIZ(ZF7).

A drug-like degrader of WIZ for pharmacologic
target validation

To extend the study of WIZ degradation and
HbF induction in vivo, lead optimization efforts
identified anear chemical analog, nameddWIZ-2,
where the chiral methyl of dWIZ-1 is removed,
resulting in improved pharmacokinetic (PK)
properties (Fig. 4A, table S1, and fig. S8A).
dWIZ-2 potently degraded WIZ in primary
human erythroblasts in vitro (fig. S8B), and
unbiased proteomic analysis identified only a
small number of additional proteins depleted
(fig. S8C and table S4). Treatment of primary
human erythroblasts from healthy donors led
to dose-dependent induction of HbF (fig. S8D),
with no adverse effect on erythroid differentia-
tion or proliferation (fig. S8, E and F) in contrast
to HU, which markedly decreased cell viability
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(fig. S8G). We also observed dose-dependent
WIZ degradation in CD34+-derived erythro-
blasts from three SCD patients (fig. S8H). Treat-
ment of SCD-derived erythroblasts with dWIZ-2
increased both the percentage of HbF-expressing
cells (fig. S8I) as well as total HbF from a mean
baseline of 17% in vehicle-treated samples to 45%
in 10 mM dWIZ-2–treated samples (Fig. 4B and
fig. S8J). dWIZ-2–treated cells displayed nor-
mal erythroid differentiation and maturation
as assessed by the fraction of CD71+CD235a+

erythroblasts (fig. S8K) and enucleated red cell
precursors (fig. S8L).
After oral administration in mice, dWIZ-2

displays rapid absorption, with peak concen-

tration at 1 to 2 hours after dose andmoderate
bioavailability (F = 13 to 41%) (table S1). Be-
cause of known species-specific differences
in human andmurine CRBN (11), we studied
the in vivo activity of dWIZ-2 in humanHSPCs
transplanted into immunocompromisedmice.
NBSGW mice humanized with CD34+ HSPCs
from healthy human donors were orally dosed
once daily with dWIZ-2 during weeks 16 to 18
posttransplantation (fig. S9A). Oral treatment
with dWIZ-2waswell tolerated up to 100mg/kg
as assessed by body weight compared with ve-
hicle control (fig. S9B). dWIZ-2 exposure resulted
in robust and dose-dependentWIZ degradation
(mean 65%) accompanied by an increase in

the proportion of HbF+ human erythroblasts in
the bone marrow compared with vehicle con-
trol (42% versus 10%; P < 0.0001) (Fig. 4C). The
increase in HbF+ human erythroblasts posi-
tively correlated with fractional HbF expres-
sion as measured by high-performance liquid
chromatography (HPLC) (r = 0.9; 19% versus
<0.8%; Fig. 4D) and was primarily driven by
an increase in g-globinmRNA transcript (26%
versus 2%; Fig. 4E and fig. S9C).
To extend the assessment of HbF induction

in vivo, we orally dosed naïve healthy cynomol-
gus monkeys with 30 mg/kg per day dWIZ-2
or vehicle control for 28 days. Antecedent
PK study of dWIZ-2 in monkeys established
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Fig. 4. An optimized molecular glue degrader of WIZ for HbF induction.
(A) Structure of dWIZ-2. (B) Representative HPLC analysis of SCD patient–
derived primary human erythroblasts on differentiation day 18. HbS, sickle-cell
hemoglobin. (C and D) Humanized NBSGW mice were dosed by mouth once
per day (po/qd) with vehicle (n = 6), or 1 (n = 4), 3 (n = 4), 10 (n = 4), 30 (n =
4), or 100 (n = 8) mg/kg dWIZ-2 for 21 days. (C) Summary of flow cytometry
analysis of WIZ and HbF expression in moCD45−hCD45−CD71+ bone marrow cells.
Statistical significance compared with vehicle was determined by one-way
ANOVA with Dunnett’s multiple comparisons. ***P = 0.0003; ****P ≤ 0.0001.
(D) Pearson correlation between HbF+ cells, as assessed in (C) with HbF level
measured by HPLC from hemolysates of enriched bone marrow CD235a+ cells.
Each dot represents the results from an individual mouse. All vehicle animals
were less than LLOQ 0.8% HbF. (E) g-globin mRNA is presented as a percentage

of total b-like globin transcript. Data are presented as individual animals with the
means and SDs. Statistical significance compared with vehicle was determined
by one-way ANOVA with Dunnett’s multiple comparisons. P > 0.05, ns; *P ≤

0.05; ****P ≤ 0.0001. (F to K) Cynomolgus monkeys were dosed po/qd with
vehicle or 30 mg/kg dWIZ-2 for 28 days. n = 3 monkeys per group. Each point or
series of connected points represents the results from an individual monkey.
(F) Summary of flow cytometry analysis of WIZ expression in peripheral blood
CD3+ cells. (G) RT-qPCR of g-globin mRNA in peripheral blood, as a percentage
of total g- and b-globin transcript. (H) Representative flow cytometry analysis
of HbF staining in peripheral blood red blood cells and CD71+ reticulocytes on
day 28. (I and J) Summary of HbF flow cytometry analysis in peripheral
blood CD71+ reticulocytes (I) and red blood cells (RBCs) (J). (K) Peripheral blood
hematology parameters. Data are presented as means and SDs.
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favorable PK characteristics after oral ad-
ministration, with rapid absorption (peak
concentration at 1 to 2 hours), excellent oral
bioavailability (F = 72%), and a long elimina-
tion half-life (T1/2 = 12 to 16 hours) (fig. S10A).
After the first dose of dWIZ-2, rapid (<6hours),
deep (>75%), and durable (>24 hours) WIZ
degradation was detected in the peripheral
blood in CD3+ peripheral blood mononuclear
cells (PBMCs) by flow cytometry (Fig. 4F).
Whole-blood measurement of HBG transcript
(35) was used tomeasure initial HbF response.
Elevation of g-globin mRNA was detected in
the blood at day 15, which continued to in-
crease at day 28 (median 25%, 3 to 37% in indi-
vidual animals; Fig. 4G and fig. S10, B and C).
Peripheral detection of g-globin mRNA coin-
cided with the increasing appearance of HbF-
expressing reticulocytes in the periphery onday
15, reaching>90%HbF+ reticulocytes onday 28
in two of three animals treated with 30 mg/kg
dWIZ-2 (Fig. 4, H and I, and fig. S10D). F-cells
were not observed in most animals on day 15
but were present in the periphery on day 28,
consistent with the maturation of HbF+ retic-
ulocytes to HbF+ red blood cells (Fig. 4J). We
found consistently across all measures of HbF
that onemonkey in the 30mg/kg per day group
was a nonresponder. Although this animal
demonstrated comparable dWIZ-2 exposure
and WIZ degradation to that in the other
animals, the increase in g-globin mRNA was
roughly two orders of magnitude lower than
that observed in the other two monkeys and
did not translate to a significant increase in
F-retics or F-cells assessed by flow cytometry.
Notably, HbF induction was achieved without
an impact on measured platelets, hematocrit,
or neutrophils (Fig. 4K).
To characterize the therapeutic index of

WIZ degradation more fully in monkeys, we
assessed clinical toxicology associated with a
high-dose exposure to dWIZ-2 for 28 days
(300mg/kg per day). No adverse signs or symp-
tomswere observed clinically in dWIZ-2–treated
animals, including stable body weight (fig.
S10E). Clinical pathology failed to identify
dWIZ-2–associated changes in measured blood
counts, serum chemistries, or examined tissue
histology.

WIZ binds genome-wide and supports
repressive methylation of chromatin

To characterize the effect of dWIZ-2 on WIZ
binding, chromatin structure, and transcription,
we conducted genome-wide cleavage under
targets and release using nuclease (CUT&RUN)
and transcriptome assessments. WIZ CUT&RUN
in primary human erythroblasts identified
99,975 WIZ binding sites: 32% at CTCF bind-
ing sites, 24% in gene bodies, 21% within in-
tergenic regions, 12% at promoters, and 11%
localized to enhancers (Fig. 5A). Reciprocally,
WIZ occupies 96% of CTCF binding sites, 77%

of enhancer elements, and 60% of promoters
(Fig. 5B). Of the 12,399 promoters bound by
WIZ, 85% (10,553) feature histone acetylation
as measured by H3K9ac CUT&RUN, which
suggests that WIZ principally localizes to eu-
chromatin. Integrating these experimental
measurements with published erythroblast
Hi-C data (36) confirmed that 77% of WIZ
enrichment peaks localize to active chromatin
three-dimensional (3D) compartments (Fig. 5C).
Sequence analysis of WIZ-enriched sites did

not identify a singular consensus binding site.
Rather, WIZ principally localizes to sequences
predicted to bind CTCF, GATA TFs, and REST-
NRSF. Notably, the motifs of well-known regula-
tors of the b-globin locus, such as BACH2, MYB,
NF-Y, KLF1, and BCL11A, were also enriched
within WIZ peaks (Fig. 5D).
Within the b-globin locus, we observed 12

WIZ-enriched sites, two of which overlap CTCF
binding sites at regional boundaries. All five
hypersensitive sites of the 5′ locus control
region (LCR) featured WIZ enrichment (Fig.
5E). WIZ enrichment was also observed at
the promoters of fetal globin geneHBG2, adult
globin genes (HBB and HBD), and the non-
coding gene BGLT3. WIZ enrichment sites
within the b-globin locus overlappedwith bind-
ing sites of other key TFs implicated in globin
regulation such as GATA1, KLF1, TAL1, and
BCL11A (fig. S11A).
To explore the function ofWIZ at the b-globin

locus, we leveraged the utility of dWIZ-2 as a
chemical probe, performing dynamic measure-
ments of chromatin states and transcriptional
output acutely after drug treatment of cultiv-
ated primary human erythroblasts. By phar-
macodynamic CUT&RUN, dWIZ-2 treatment
decreased dynamic WIZ binding genome-wide
by 38% on day 2 of differentiation and by 49%
on day 4 (fig. S11B). Within the b-globin locus,
WIZ binding reduction upon dWIZ-2 treat-
ment ranged from 27 to 71% and from 41 to
71% at differentiation days 2 and 4, respec-
tively (Fig. 5E).
Because WIZ is known to bind the H3K9

methyltransferases EHMT1/2, we measured
the dynamic effect of dWIZ-2 treatment on
H3K9me2 globally and locally at the b-globin
locus. As measured by mass spectrometry, the
percentage of total measured histone H3 pep-
tides (amino acids 9 to 17) marked with K9me2
decreased from 34.4% in DMSO-treated cells to
29.1% in cells treated with dWIZ-2 for 7 days at
10 mM. This reduction translated into a 15.4%
relative decrease of H3K9me2 upon dWIZ-2
treatment (Fig. 5F and fig. S11C).
To explore the regional impact on hetero-

chromatin, we performed H3K9me2 CUT&RUN
in erythroblasts treated with dWIZ-2. Genome-
wide, H3K9me2 loss was significantly more
pronounced in regionswith higherWIZ binding
density (Fig. 5Gand fig. S11,D andG). Consistent
with these observations, we observed a signifi-

cant loss of H3K9me2-marked chromatin in the
b-globin locus (Fig. 5E). The regional losses of
H3K9me2 were consistently reproduced both
in erythroblasts treated with dWIZ-1 and when
knockingoutWIZ in erythroblasts (fig. S11, E toG).
Having principally characterized the effect

of dWIZ-2 on the expression of g-globin, we
next examined the impact on global gene ex-
pression. Primary human erythroblasts were
treated with dWIZ-2 for 24 hours or 7 days
(10 mM), and differential transcription was as-
sessed by RNA sequencing (RNA-seq). In total,
39 genes were differentially expressed on
culture day 1 and 407 affected genes on day
7 [absolute log2 fold change > 1; 10% false
discovery rate (FDR); Fig. 5, H and I, and fig.
S11H]. Of these 407 differentially expressed
genes, 293 were up-regulated (72%) consistent
with WIZ function as a transcriptional repres-
sor. Among the up-regulated genes was the
long noncoding RNA (lncRNA) BGLT3 (log2
fold change = 1.3; P = 9.9 × 10−10), which has
previously been implicated in g-globin regu-
lation (37). Notably, 336 of 407 affected genes
(83%) were comparably affected by WIZ loss
by CRISPRKO at the same time point (Fig. 5J),
which reports favorably on the use of dWIZ-2
as a mechanistic chemical probe.
Further supporting the linkbetweenEHMT1/2

and WIZ, 371 (91%) of the genes differentially
expressed upon dWIZ-2 treatment had a direc-
tionally consistent fold change when treating
with the EHMT1/2 inhibitor UNC0642 (Fig. 5K).
Genomic regions with pronounced H3K9me2
losses upon dWIZ-2 treatment also consistently
lost H3K9me2 upon treatment with UNC0642
(fig. S11, G and I). Conversely, treatment with
dWIZ-2 had minimal effects on H3K9ac levels,
with only 3% of the peaks showing significant
changes in signal (fig. S11J). Genes andH3K9ac
peaks that showed increased signals upon
dWIZ-2 treatment tended to occur within
regions losing H3K9me2 (fig. S11, K and L).
Consistent with a derepressive effect of dWIZ-2
within the b-globin locus, we observed an in-
crease inH3K9ac enrichment at theHBG1 and
HBG2 promoters (more than twofold increase;
P < 10−10) (fig. S11, M and N). Taken together,
these findings demonstrate WIZ binding
within the b-globin locus and establishWIZ as
a negative regulator of fetal globin expression
and a positive regulator of repressive H3K9 di-
methylation maintenance.

Discussion

SCD remains a profound, global unmet med-
ical need. Presently, SCD affects 7.4 million
people worldwide and is estimated to be in-
creasing in prevalence, withmore than half a
million children born with SCD each year. De-
spite meaningful advances in the care of SCD
patients and a detailed understanding of path-
obiology, total disease mortality is also in-
creasing to an estimated 376,000 patients
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Fig. 5. WIZ CUT&RUN reveals binding in the b-globin locus. (A) Distribution
of WIZ peaks according to their overlap with gene annotations and genomic
regulatory elements. (B) Bar plot shows number of CTCF binding sites,
promoters, and enhancers in human erythroblasts. The fraction of genome
elements with WIZ binding is colored in blue. (C) Number of WIZ peaks stratified
by their overlap with either active (“A”) or inactive (“B”) 3D chromatin
compartments derived from Hi-C data. (D) Table depicting representative cases
of the 273 motifs enriched within the WIZ binding sites. Asterisk indicates GATA
family TFs. (E) Genome browser view of the b-globin locus. The y-axis labels
indicate the corresponding CUT&RUN profile and differentiation day. WIZ
binding sites are indicated as black boxes. At the bottom, the plot shows the location
of the genes as well as the LCR and the 3′ hypersensitive site (3′HS).
(F) Shown are the percentage of total histone H3 peptides (amino acids 9 to 17)
detected with a K9me2 modification measured by mass spectrometry. Relative
H3K9me2 quantification to the DMSO mean baseline is shown on the right
axis. (G) For each 10 Kb bin along the genome, the y axis shows the ratio

(in log2 scale) between the H3K9me2 CUT&RUN signal in the dWIZ-2–treated
erythroblasts and the DMSO-treated erythroblasts. The data are stratified
according to the number of WIZ binding sites seen in each genomic 10 Kb bin
(x axis). (H) Volcano plot of the differential gene expression analysis between
dWIZ-2–treated erythroblasts and DMSO controls at differentiation day 7.
Differentially expressed genes with a twofold change at a FDR of 10% are shown
in dark gray. (I) Scatterplot showing, for each gene (dots), the change in
H3K9me2 signal upon dWIZ-2 treatment at the promoter of the gene (y axis)
plotted as a function of the gene expression change upon dWIZ-2 treatment. Dots
are colored as in (H). (J) For each gene (dots) at differentiation day 7, the
change in gene expression between the CRISPR WIZ KO (y axis) and the control
is shown as a function of the gene expression change upon dWIZ-2 treatment
(x axis). Dots are colored as in (H). (K) For each gene (dots) at differentiation
day 7, the change in gene expression upon 1 mM UNC0642 treatment (EHMT1/2
inhibitor) is shown as a function of the gene expression change upon 10 mM
dWIZ-2 treatment (x axis). Dots are colored as in (H).
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globally as of 2021 (38). Emerging paradigms
of treatment, such as Cas9-edited or gene-
transduced HSPC transplantation, are highly
promising (6–8, 39), but access to these ad-
vances is a barrier to global patient impact
(40). Oral small-molecule inducers of HbF, if
tolerable and efficacious, promise to help ad-
dress the global unmet need.
Leveraging recent learnings in targeted pro-

tein degradation (11, 13, 14, 41), we uncovered
WIZ as a previously unrecognized and chemi-
cally tractable HbF regulator that spares he-
matopoiesis. In primary human erythroblasts
in vitro, CRISPR-Cas9WIZ KO induced com-
parable levels of HbF and HbF+ cells com-
paredwith KO of the erythroid +58 enhancer
of BCL11A, and WIZ degradation induced
more HbF compared with HU. Notably, we
did not observe cytotoxicity in vitro or in vivo,
and there was no dWIZ-2–related toxicity ob-
served in a 4-week cynomolgus monkey study
dosed up to 300 mg/kg per day. This mecha-
nism and corresponding phenotype is dis-
tinct from HU, which is thought to reactivate
HbF through cytotoxicity-induced bone mar-
row stress (42).
Although serendipitously identified by phe-

notypic screening of a glue degrader library,
WIZ is, retrospectively, an appealing target
for HbF derepression. Previous work has tied
WIZ to heterochromatin silencing by associ-
ation with EHMT1/2, which have been studied
genetically and pharmacologically as tar-
gets for HbF induction (17, 18). The effects of
acute WIZ degradation share features with
EHMT1/2 enzymatic inhibition, including re-
duced H3K9me2 and overlapping effects on
the global transcriptome. It is therefore plau-
sible that WIZ functions as a component of a
multiprotein EHMT1/2 repressor complex at
the b-globin locus, regulating the expression of
HbF through altering chromosomal loop for-
mation (18) or by regulating the expression
of the lncRNA BGLT3 (37). Whether the mod-
est regional decreases observed in H3K9me2
solely underlie the mechanism of action of WIZ
degrader–mediated HbF induction remains to
be determined because decreases in H3K9me2
were not uniformly correlated with gene re-
activation (Fig. 5I). This selective effect on
gene expression suggests the involvement of
additional regulatory elements and cell type–
specific activation mechanisms at the up-
regulated genes and/or redundant silencing
pathways at the non-derepressed genes.
Curiously, despite overlap in mechanism,

WIZ degradation does not exhibit the toxicity
observed with previous-generation EHMT1/2
inhibitors (43, 44). Pharmacological profiling
across a panel of 319 cell lines revealed mar-
kedly less cytotoxicity with WIZ degradation
as compared with EHMT1/2 inhibition (fig.
S12A). Conceivably, further-optimized EHMT
inhibitors may overcome these limitations

(37). Still, DepMap data across an expansive
panel of cell lines demonstrated that EHMT2
KO exhibited a pan-antiproliferative activity
(akin to common essential genes), whereas
WIZ KO affected only 12 cell lines of 1095
studied (fig. S12B). Although murine KO of
Wiz, Ehmt1, and Ehmt2 are each lethal, Wiz
KO pups exhibit perinatal lethality without an
impact on assessed tissue proliferation through
embryonic day 18.5 (E18.5) (45). By contrast,
Ehmt2 KO alone results in growth arrest at
E8.5 and early embryonic lethality at E12.5
(46). These data suggest that EHMT1/2 and
WIZ are not purely redundant in function and
that modulating the subunit composition of
the complex may differ from inhibiting its en-
zyme activity. Collectively, our findings suggest
that WIZ degradation may be differentiated
from EHMT1/2 inhibition, and future studies
are needed to delineate the distinct and inter-
secting functions of these proteins and the rela-
tive contributions of different WIZ isoforms.
Because WIZ is broadly expressed in multiple
tissues and throughout development, the effects
of WIZ degradation will also need to be com-
prehensively assessed preceding and through-
out human clinical investigation.
We leveraged phenotypic screening andmo-

lecular glue pharmacology to target WIZ, a
historically intractable protein target. We con-
tribute dWIZ-1 and dWIZ-2 as chemical probes
for mechanistic and translational research and
credentialWIZ as a therapeutic target for study
in SCD.
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