RESEARCH

RESEARCH ARTICLE SUMMARY

DRUG DISCOVERY

Defining the human C2H2 zinc finger
degrome targeted by thalidomide
analogs through CRBN

Quinlan L. Sievers*, Georg Petzold*, Richard D. Bunker, Aline Renneville,
Mikolaj Slabicki, Brian J. Liddicoat, Wassim Abdulrahman, Tarjei Mikkelsen,

Benjamin L. Ebertt, Nicolas H. Thomit

INTRODUCTION: Thalidomide, lenalidomide,
and pomalidomide are clinically approved ther-
apies for the treatment of multiple myeloma
and other hematologic malignancies. These drugs
induce rapid ubiquitination and proteasomal
degradation of two transcription factors, Ikaros
(IKZFI1) and Aiolos (IKZF3), by recruiting them
to the CRL4®EN E3 ubiquitin ligase through a
Cys2-His2 (C2H2) zinc finger (ZF) domain that
is present in both proteins and required for
their destruction.

C2H2 zinc-finger library

RATIONALE: Transcription factors have been
challenging drug targets because they lack
discrete catalytic domains amenable to small-
molecule inhibition. Thalidomide analog-induced
degradation of IKZF1 and IKZF3 through a C2H2
ZF domain raised the possibility that the >800
C2H2 ZF-containing proteins encoded by the
human genome, many of which are putative
transcription factors, could be similarly desta-
bilized. We therefore set out to (i) define the
human ZF “degrome” in the context of thalid-
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Thalidomide analogs mediate CRL4REN-dependent ubiquitination and degradation of
C2H2 ZFs. We created a cellular library in which each cell expresses one of 6572 individual C2H2
ZF domains from the human proteome fused to enhanced green fluorescent protein (eGFP).
Cells expressing a C2H2 ZF reporter that is susceptible to thalidomide analog—induced degradation
lose their eGFP signal, allowing their identification through a combination of fluorescence-

activated cell sorting (FACS) and high-throughput sequencing. Structural and functional studies
revealed how the drug-CRBN complex accommodates ZFs with diverse amino acid sequences.
On the basis of these results, we tested thalidomide analogs with chemical modifications at the
drug-ZF interface and found that these derivatives can degrade different sets of C2H2 ZFs.
Our results suggest that chemical modulation of CRLA®REN may be a more generalizable
paradigm to inactivate C2H2 ZF—-containing proteins, the largest group of putative transcription
factors in the human genome. IRES, internal ribosomal entry site; DMSO, dimethy! sulfoxide.
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omide, lenalidomide, and pomalidomide; (ii) char-
acterize the ZF-drug-CRBN interaction structurally
and functionally; and (iii) determine whether dif-
ferent thalidomide analogs degrade distinct ZFs.

RESULTS: Using a reporter of substrate deg-
radation, we screened 6572 C2H2 ZFs for
degradation in the presence of thalidomide,
lenalidomide, and pomalidomide, identifying
11 ZF degrons, motifs that are capable of me-
diating drug-dependent degradation, of which
six were found to mediate degradation of their
full-length protein. Surprisingly, the 11 ZF degrons
lack an identifiable consensus sequence. Sat-

uration mutagenesis of
the IKZF1/3 ZF degron
and crystal structures of
two ZF degrons bound to
pomalidomide-engaged
CRBN demonstrate that
the drug-CRBN interface
accommodates ZF degrons with diverse amino
acid sequences. Computational docking in com-
bination with in vitro binding assays revealed
that a large number of ZFs are capable of weakly
binding the drug-CRBN interface, indicating
that this interface may be more permissive than
suggested by the 11 ZF degrons identified in the
degradation screen. To test this hypothesis, we
screened the ZF library against two thalidomide
analogs with chemical alterations at the ZF-
drug-CRBN interface. The two thalidomide ana-
logs induced degradation of distinct sets of
C2H2 ZF degrons, including ZFs that bind the
CRBN-pomalidomide complex weakly in vitro,
but were not degraded by pomalidomide in cells.

Read the full article
at http://dx.doi.
org/10.1126/
science.aat0572

CONCLUSION: We found that thalidomide
analogs mediate CRLA“®®N-dependent degra-
dation of a larger number of C2H2 ZF proteins
than previously anticipated. ZFs compatible
with the drug-CRBN interface show little se-
quence conservation apart from residues that
stabilize the ternary ZF fold. In addition to
the complex ZF-CRBN side chain interactions,
direct contacts between thalidomide analogs
and varying ZF residues provide another layer
of specificity. Thalidomide analogs with altered
chemical scaffolds thus allow selective degra-
dation of distinct ZF targets. Our results pro-
vide a structural and functional basis for the
chemical modulation of CRIAEN to degrade
C2H2 ZF transcription factors. Degradation of
C2H2 ZF-containing proteins through derivat-
ized thalidomide analogs may be a general para-
digm for therapeutically targeting C2H2 ZF
transcription factors, a class of proteins pre-
viously perceived to be “undruggable.”

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding author. Email: benajmin_ebert@dfci.
harvard.edu (B.L.E.); nicolas.thoma@fmi.ch (N.H.T.)
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Defining the human C2H2 zinc finger
degrome targeted by thalidomide
analogs through CRBN
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Mikolaj Stabicki">*, Brian J. Liddicoat"?, Wassim Abdulrahman®t, Tarjei Mikkelsen's,
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The small molecules thalidomide, lenalidomide, and pomalidomide induce the
ubiquitination and proteasomal degradation of the transcription factors lkaros (IKZF1) and
Aiolos (IKZF3) by recruiting a Cys,-His, (C2H2) zinc finger domain to Cereblon (CRBN),
the substrate receptor of the CRL4REN E3 ubiquitin ligase. We screened the human C2H2
zinc finger proteome for degradation in the presence of thalidomide analogs, identifying
11 zinc finger degrons. Structural and functional characterization of the C2H2 zinc finger

degrons demonstrates how diverse zinc finger domains bind the permissive drug-CRBN
interface. Computational zinc finger docking and biochemical analysis predict that more
than 150 zinc fingers bind the drug-CRBN complex in vitro, and we show that selective
zinc finger degradation can be achieved through compound modifications. Our results
provide a rationale for therapeutically targeting transcription factors that were previously

considered undruggable.

halidomide and its derivatives, lenalido-

mide and pomalidomide, are effective ther-

apies for the hematologic malignancies

multiple myeloma, del(5q) myelodysplastic

syndrome, and mantle cell lymphoma (7).
Thalidomide analogs bind Cereblon (CRBN), the
substrate receptor of the CUL4-RBX1-DDBI-CRBN
(CRLAR®NY E3 ubiquitin ligase, and alter its sub-
strate selectivity to recruit, ubiquitinate, and de-
grade seemingly unrelated proteins, including
Ikaros (IKZF1), Aiolos (IKZF3), casein Kkinase
1 o (CKla), and GSPT1 (2-7). Degradation of these
targets in part explains the therapeutic effects
of thalidomide analogs. IKZF1 and IKZF3 are
lymphocyte lineage transcription factors (8, 9)
that are essential for the survival of the malig-
nant plasma cells in multiple myeloma. CKlo, is
essential for the survival of hematopoietic stem
cells, and heterozygous deletion of its gene in
del(5q) myelodysplastic syndrome provides a
therapeutic window for eliminating the malig-
nant stem cell clone (10).

IKZF1 and IKZF3 belong to the family of Cys,-
His, (C2H2) zinc finger (ZF) proteins (11). These
ZF proteins share a conserved C2H2 ZF fold
composed of a B-hairpin and an o-helix held
together by pairs of zinc-coordinating cysteine
and histidine residues. Because amino acids in

the o-helical portion of some ZF domains rec-

ognize DNA base pairs in a sequence-specific
manner (12), the approximately 800 C2H2 ZF
proteins are predicted to comprise the largest
group of transcription factors in the human
genome (13). Transcription factors have remained
challenging drug targets because of the ab-
sence of druggable active sites (14). Thalid-
omide analogs, however, induce degradation
of IKZF1 and IKZF3, raising the possibility that
other C2H2 ZF-containing transcription factors
are similarly destabilized.

E3 ubiquitin ligases recognize their substrates
through degrons, short stretches of primary se-
quence that are necessary and sufficient for the
interaction with substrate receptors of ubiquitin
ligases (15). Previous work has implicated the
second C2H2 ZF domain in IKZF1 and IKZF3
(5, 7) and ZF4 of ZFP91 as the drug-inducible
degrons (5, 7, 16). Unexpectedly, the known
thalidomide analog targets—IKZF1/IKZF3, ZFP91,
CKla, and GSPT1—do not share obvious pri-
mary sequence similarity, with the exception of
a glycine residue located in a B-hairpin, which
diverges from the canonical destruction motif
paradigm. Although the majority of C2H2 ZFs
are structurally similar to the ZF degrons of
IKZF1/IKZF3 and ZFP91, with 4661 out of 6572
carrying a glycine residue at an equivalent po-
sition, proteome-wide mass spectrometry dem-

onstrated selective degradation of endogenous
IKZF1/IKZF3 and ZFP91 in multiple cell lines
(3, 4, 16). To identify determinants of drug-
induced substrate specificity, we set out to char-
acterize the human ZF “degrome” amenable to
degradation in the presence of CRLAREN and
thalidomide analogs and examined whether com-
pound modifications change ZF selectivity.

A C2H2 ZF library screen identifies
previously unknown degrons and
protein targets

To characterize the minimal C2H2 ZF degron
of IKZF1/IKZF3, we first generated different
IKZF1 deletion constructs and measured their
affinity for the drug-CRBN complex in vitro
using time-resolved fluorescence resonance
energy transfer (TR-FRET) (Fig. 1A and fig. S1,
A and B). IKZF1 ZF2 (amino acid residues 141
to 174) was the shortest construct that showed
binding to CRBN-pomalidomide, with an inhi-
bition constant (K;) of 2314 +81 nM. Higher af-
finity binding to CRBN-pomalidomide in vitro
was observed with an IKZF1 construct spanning
ZF2 and ZF3 [amino acid residues 141 to 243
(A197 to 238); K; 165 + 37 nM]. Replacing ZF3
with ZF1 in the context of the ZF2-ZF3 construct
(ZF2-ZF1) decreased the binding affinity by a
factor of 6 (K; 1027 + 302 nM). IKZF1 binding
to CRBN-pomalidomide is thus driven by ZF2
in vitro, with minor but specific contributions
from the C-terminal ZF3.

To identify the minimal construct required
for IKZF1/IKZF3 degradation in cells, we created
a lentiviral degradation reporter vector that en-
abled us to compare the fluorescence of degron-
tagged enhanced green fluorescent protein (eGFP)
to untagged mCherry using flow cytometry
(Fig. 1B) (17). We transduced WT and CRBN ™/~
human embryonic kidney cells (HEK293T) with
the degradation reporter that contains IKZF3
deletion constructs and treated the cells with
thalidomide, lenalidomide, or pomalidomide.
Deletion of ZF2 (amino acid residues 146 to 168)
in full-length IKZF3 rendered the reporter re-
sistant to drug treatment, whereas deletion of
the other ZFs had little or no effect (fig. SIC).
Accordingly, IKZF3 ZF2 (amino acid residues
146 to 168), which is identical to IKZF1 ZF2
(amino acid residues 145 to 167) (fig. S1D), was
sufficient to confer CRBN-dependent degradation
of the reporter (Fig. 1C). Together, these results
establish IKZF1/IKZF3 ZF2 as the minimal unit
required for thalidomide analog-induced CRBN
binding in vitro and for CRL4“*®N-dependent
degradation in cells.

Having demonstrated that a single ZF is suf-
ficient to induce degradation of the eGFP/mCherry
reporter, we sought to screen the entire human
C2H2 ZF proteome for degradation in the pres-
ence of thalidomide analogs. To analyze the
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human ZF degrome independent of cell-type
specific expression levels (fig. S1, E and F) and
accessibility of ZFs in the context of full-length
proteins engaged in macromolecular assemblies,
we synthesized cDNAs for 6572 distinct C2H2
ZFs from the human proteome that match the
PROSITE (18) ZF motif 2(2)-C-2(2,4)-C-2(3)-
[LIVMFYWC]-2(7)-H-2(3,5)-H and inserted the
c¢DNAs into the degradation reporter vector.
HEK293T cells were transduced with this C2H2
ZF library and then treated with dimethyl sulf-
oxide (DMSO), thalidomide, lenalidomide, or

pomalidomide. Fluorescence-activated cell sort-
ing (FACS) was used to isolate eGFP*/mCherry*
cells, and the relative number of read counts
of each ZF was quantified by means of next-
generation sequencing (Fig. 1D). A ZF was con-
sidered degraded if read counts were significantly
underrepresented in drug-treated eGFP*/mCherry”
cells relative to DMSO-treated control cells.
Of the 6572 ZFs, 5611 had sufficient repre-
sentation in the sequencing data to be assayed
(>200 read counts). At a false discovery rate
(FDR) of <0.01, pomalidomide depleted 11 C2H2

ZFs, each from different proteins, including
IKZF1/IKZF3 ZF2 (Fig. 1E). Lenalidomide and
thalidomide targeted a variable subset of these
11 ZFs. When cloned into the degradation re-
porter vector and tested in isolation, the 11 ZFs
exhibited degradation in the presence of all three
compounds (Fig. 2A and fig. S2A).

We next used the degradation reporter to de-
termine whether the 11 ZFs destabilized their
respective full-length protein and found that 6
of the 11 full-length proteins were degraded in
the presence of the drug (IKZF1/IKZF3, ZNF692,
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Fig. 1. C2H2 ZF library screen identifies 11 C2H2 ZFs degraded in the
presence of thalidomide, lenalidomide, or pomalidomide. (A) TR-FRET
counter titration. Unlabeled IKZF1 constructs (0.01 to 100 uM) titrated

to preassembled ajexasssDDBIAB-CRBN-pomalidomide-piotinl KZF17F123
(200 NM jexaassDDBIAB-CRBN, 100nM pirinl KZF177123 5uM pomali-
domide). Data are mean * standard deviation (SD). (B) Schematic of the
protein degradation reporter vector. IRES, internal ribosome entry site.
(C) HEK293T WT and CRBN™" cells expressing IKZF3 constructs in the
degradation reporter were treated for 20 hours with DMSO or drug then

Sievers et al., Science 362, eaat0572 (2018) 2 November 2018

analyzed by flow cytometry to quantify the DMSO-normalized ratio of
eGFP/mCherry fluorescence [experimental replicates = 3, technical
replicates = 3, bar heights indicate mean of experimental replicates, error
bars indicate 95% confidence interval (CI)]. (D) Schematic of the human
C2H2 ZF library screen. (E) Average fold-depletion of sequencing read
counts (DMSO/drug) and corresponding P values (empirical rank-sum
test-statistic) for the 5611 C2H2 ZFs with raw read count >200 in all three
control replicates (experimental replicates = 3, labeled data points possess
FDR < 0.01 in at least one of the three drugs).
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ZFP91, ZNF276, ZNF653, and ZNF827) (Fig. 2B
and fig. S2B). All six ZFs that mediated degrada-
tion of their full-length protein carry an addi-
tional ZF C-terminal to the one identified in the
library screen, whereas five of six ZFs that did
not mediate degradation of their corresponding
full-length protein do not posses a proximal C-
terminal ZF. These results are consistent with
our findings that although IKZF1/IKZF3 ZF2
constitutes the minimal ZF degron, an IKZF1
construct spanning ZF2 and ZF3 conferred
higher affinity binding to CRBN-pomalidomide
in vitro than ZF2 alone (Fig. 1A). We confirmed

Fig. 2. Six proteins are degraded by thalidomide,

lenalidomide, or pomalidomide conditional
on the presence of a C2H2 ZF degron.

(A) HEK239T WT cells expressing the 11 ZFs
identified in the screen in the degradation
reporter were treated for 20 hours with drug
then analyzed by means of flow cytometry
to measure the DMSO-normalized ratio

of eGFP/mCherry fluorescence (experimental
replicates = 3, technical replicates =3, dots
represent average of experimental replicates,
error bars indicate range). ZFs not shown
are in fig. S2A. (B) HEK293T WT or CRBN™~
cells expressing full-length target proteins (FL),
FL with ZF deleted (del ZF), or ZF alone were
treated for 20 hours with DMSO or 1 uM
drug then analyzed by using flow cytometry
to measure the DMSO-normalized ratio

of eGFP/mCherry fluorescence (experimental
replicates = 3, technical replicates = 3, bar

heights indicate mean of experimental replicates,

error bars indicate 95% confidence interval).
Proteins not shown are in fig. S2B. (C) KG1
(human acute myeloid leukemia), (D) WM266-4
(human melanoma), and (E) MOLM-16 cells
(human acute myeloid leukemia) were treated
with DMSO or 1 uM drug for 20 or 24 hours,
after which protein lysates were harvested,

run on a polyacrylamide gel, and immunoblotted
for the specified targets (images representative
of three experimental replicates).

Sievers et al., Science 362, eaat0572 (2018)

degradation of endogenous ZNF692, ZFP91,
ZNF276, ZNF653, and ZNF827 in the presence
of pomalidomide using Western blotting (Fig. 2,
C to E). Additionally, we demonstrated binding
of hemagglutinin (HA)-tagged, full-length ZFP91
and ZNF692 to endogenous CRBN in the pres-
ence of all three compounds by means of immuno-
precipitation (fig. S2C).

A screen of 6572 C2H2 ZFs identified 11 C2H2
ZFs degraded in the presence of thalidomide,
lenalidomide, or pomalidomide, six of which
mediate degradation of their respective full-
length protein. Four of these full-length proteins

were previously unknown thalidomide analog
targets (fig. S2D).

Identification of amino acid loci critical
to degradation

Sequence alignment of the C2H2 ZF hits (Fig. 3A)
highlighted shared residues that are part of the
PROSITE C2H2 ZF search motif (IKZF3 C148,
C151, H164, H168, and F155), residues that sta-
bilize the ternary fold of the ZF domain (IKZF3
L161), and residues that frequently appear
within C2H2 ZF domains (IKZF3 G152). The
PROSITE ZF search motif covered sequences in
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which the B-hairpin zinc-coordinating cysteines
are separated by two, three, or four residues
[C-2(2,4)-C], but only C-2(2)-C ZFs were found
destabilized in the screen (Fig. 3A). Insertion of
a glycine residue between the p-hairpin residues
N148 and Q149 of the IKZF1 ZF2-ZF3 construct
(IKZF3 N149 and Q150) (fig. S1D) compromised
binding in vitro (fig. S3A). This suggests that the
ZF degrome is restricted to an inter-cysteine
spacing of two residues. Besides the inter-
cysteine spacing, residues that stabilize the
ternary ZF fold, or residues that frequently
appear in C2H2 ZF domains, no discernable
sequence consensus could be detected among
the 11 ZFs (Fig. 3A). The identified ZF degrons
thus revealed structural features common to
C2H2 ZF domains that alone cannot explain
selective degradation of only 11 ZFs, whereas
4661 structurally similar ZFs were present in
the library.

To test whether the divergent, nonstructural
residues contribute to a functional ZF degron,
we synthesized a mutagenesis library of IKZF3
spanning amino acid residues 130 to 189 so
that at each of the 60 loci, all 19 possible amino
acid substitutions were represented. The pooled
library was inserted into the degradation reporter
vector and transduced into HEK293T cells.
We treated the cells with DMSO, thalidomide,
lenalidomide, or pomalidomide and used FACS
to isolate drug-treated eGFP~/mCherry” cells or
DMSO-treated eGFP*/mCherry™ control cells.
Next-generation sequencing was used to quan-
tify the relative number of read counts for each
substitution (fig. S3B).

The screen highlighted nine loci in IKZF3
ZF2 whose amino acid identities were critical
for degradation (Fig. 3, B and C, and fig. S3, C
and D). These loci again included residues that
maintain the tertiary ZF fold IKZF3 C148, C151,
F155, 1161, H164, and H168) and the B-hairpin
glycine residue (IKZF3 G152). In addition, the
screen highlighted two nonstructural residues
(IKZF3 Q147 and A153) that varied among the
other ZF degrons (Fig. 3A) but were important
for degradation of the IKZF3 ZF2 reporter (Fig. 3,
B and C). Mutation of these two residues im-
paired degradation in validation experiments,
whereas N149, a residue that was not highlighted
in the mutagenesis screen, tolerated mutation
(Fig. 3D). These data show that in addition to
the residues maintaining the ZF fold, non-
structural amino acids (IKZF3 Q147, G152, and
A153) contribute to degron specificity.

Structures of CRBN bound to
pomalidomide and two different
ZF degrons

To examine how the varying, nonstructural res-
idues within ZF degrons contribute to selective
CRBN binding, we determined crystal structures
of DDB1*®PE.CRBN bound to pomalidomide and
IKZF1 ZF2 (amino acid residues 141 to 174) or
ZNF692 ZF4 (amino acid residues 416 to 442)
(Fig. 4, A and B). Unlike previous CRBN struc-
tures, CRBN bound IKZF1 ZF2 in an “open” con-
formation, with its N- and C-terminal domains

A 1?0 15.5 1?0 165
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Fig. 3. Identification of amino acids required for drug-induced degradation of a C2H2 ZF degron.
(A) Sequence alignment of the 11 C2H2 ZFs with FDR < 0.01 in at least one drug condition (amino

acids colored by property). Numbers correspond to amino acid residues in full-length IKZF3. (Single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr).

(B) Saturation mutagenesis screen of IKZF3 amino acid residues 130 to 189 in presence of lenalidomide
displayed as heat map of the FDR for mutant amino acids (unpaired, one-sided Welch t test, FDR correction
performed within each column, technical replicates = 3). Asterisks indicate amino acids required for the
ZF fold, and arrows indicate nonstructural IKZF3 residues required for degradation. Complete results for all
60 amino acids are shown in fig. S3C. (C) Analysis of variance (ANOVA) P values for difference in
frequency of mutant amino acids at each position in IKZF3 amino acid residues 130 to 189 (DMSO
versus drug). Complete results for all 60 amino acid residues are shown in fig. S3D. (D) HEK293T cells
expressing IKZF3 ZF2 constructs in the degradation reporter were treated for 20 hours with DMSO
or 1 uM drug, after which flow cytometry was used to measure the DMSO-normalized ratio of eGFP/
mCherry fluorescence (experimental replicates = 1, technical replicates = 3, bar height is the average
of technical replicates, error bars denote 95% ClI).
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Fig. 4. The CRBN-pomalidomide interface accommodates C2H2 ZF
degrons with diverse amino acid sequences. (A) Crystal structure of
DDBI1*B-CRBN“N4C hound to pomalidomide and IKZF1#72. Zinc ions are
shown as beige spheres. (B) Crystal structure of DDB1*®-CRBN*N*° bound
to pomalidomide and ZNF692%"4. CTD, carboxy-terminal domain; HBD,
helical bundle domain; NTD, amino-terminal domain; BPA and BPC,
B-propeller A and C, respectively. (C) Superposition of the CRBN-CTDs
bound to IKZF1772 and ZNF69277. A dashed line indicates the
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by property). Green dots or open circles indicate side chain interactions
with CRBN or pomalidomide, respectively. A black line indicates ZF
residues involved in backbone interactions with CRBN and/or pomalido-
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IKZF1/ZNF692 ZF orientation.
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separated and stabilized by crystal contacts
(Fig. 4A and fig. S4A). As supported by the
ZNF692 structure, release of the C-terminal
domain is not required for ZF binding (Fig. 4B).

Attempts to crystalize the IKZF1 ZF2-ZF3
construct resulted in poorly diffracting crystals.
To dissect the contribution of the C-terminal
ZF to binding affinity, we used an unbiased dock-
ing approach that placed ZF3 on the neighboring
N-terminal domain of “closed” CRBN (fig. S4B).
This model positions the C terminus of ZF2 ad-
jacent to the N terminus of ZF3 consistent with
the five-amino-acid linker between the two ZFs.
The model highlights three consecutive arginine
residues of ZF3 (IKZF1 R183 to R185) at the
CRBN-ZF2 interface that are not present in the
ZF2-7ZF1 construct (Fig. 1A and fig. S4C). Muta-
tion of R185 to alanine, or replacement of all
three arginines with the corresponding amino
acids in ZF1 (IGP), reduced the affinity of the
ZF2-ZF3 construct similar to that of ZF2-ZF1
(Fig. 1A) or ZF2 alone as predicted by our model
(fig. S4D). These results show that IKZF1 ZF2 is
the primary determinant for drug binding and
identify features of ZF3 that contribute to high-
affinity binding to the drug-CRBN complex (Fig. 1A
and fig. S4B).

The crystal structures of CRBN-pomalidomide
bound to IKZF1 ZF2 and ZNF692 ZF4 reveal the
detailed side chain interactions between CRBN,
pomalidomide, and the ZFs. Both IKZF1 ZF2 and
ZNF692 ZF4 bind a complementary groove on
the CRBN C-terminal domain (Fig. 4C), interact
with the compound through their g-hairpin loops,
and match the overall backbone conformation of
previous models of the ZF-drug-CRBN complex
(fig. S4E). In each structure, the B-hairpin glycine
of the ZF packs against the phthalimide ring of
pomalidomide similar to the B-hairpins of CKlo
(6) and GSPT1 (5), affirming the structural im-
portance of a glycine residue at this position
(Fig. 4D and fig. S4F). Because the CRBN groove
is narrow (Fig. 4C), ZF-CRBN interactions at
both sides of the groove together determine
binding. IKZF1 ZF2 N148 and Q149 (IKZF3
N149 and Q150) (fig. S1D) intercalate through
their amphipathic side chains with CRBN resi-
dues H353 and Y355 (Fig. 4D), explaining CRBN
compatibility with diverse amino acids at these
ZF positions. IKZF1 residues A152 and 1166 (IKZF3
A153 and L167) face CRBN residues V388, 1371,
and A395, located on the opposite side of the
groove (Fig. 4, C and D). Although ZNF692 ZF4
and IKZF1 ZF2 show similar binding modes
(Fig. 4C), the position of ZNF692 ZF4 is offset
with respect to IKZF1 ZF2 (Fig. 4E and fig. S4,
G and H), without significant differences in
binding affinity (fig. S4I). Thus, the two struc-
tures demonstrate how CRBN accommodates
ZF degrons with varying side chain properties
at the ZF-CRBN interface (IKZF3 N148, E, N, K,
R,V,P;Q149,1,V,R, L, A; A153,Y, F, L, R; and
L167, V, 1, K, N) (Fig. 3A).

IKZF1 Q146 forms the only side-chain in-
teraction with the compound (Fig. 5A), and
mutation of the equivalent residue in IKZF3
(Q147) stabilized the reporter in the saturation
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mutagenesis experiment (Fig. 3, B and D). The
IKZF1 Q146 side chain (IKZF3 QI47) packs against
the phthalimide group of pomalidomide and
forms a water-mediated hydrogen bond with
the C4 amino group of the compound (Fig. 5,
A and B, and fig. S5A). Thalidomide lacks the
C4 amino group (Fig. 5B), and mutation of
IKZF1 Q146 (IKZF3 Q147) to isoleucine, which
removes the ability to form a hydrogen bond
with the drug, equalizes the binding affinity of
IKZF1 ZF2-ZF3 to CRBN across the three com-
pounds accordingly (Fig. 5C and fig. S5, B and
C). Equivalent mutations in IKZF3 ZF2 (Q1471/
A/H) stabilized the degradation reporter in cells
(Fig. 5D and fig. S5D), explaining preferential
binding of IKZF1/IKZF3 to CRBN engaged with
pomalidomide or lenalidomide over thalidomide
in vitro (6) and the contribution of this residue
to compound selectivity in vivo (fig. S5E). Seven
of the 11 ZF degrons carry an equivalent gluta-
mine residue at this position (Fig. 3A).

IKZF1 ZF2

Pomalidomide

% Hokk

ns
c P=0.053 P=0.0013  P=0.0009
4004 T 1 I 1 I 1

Average K, in nM

0- T T T

WT Qit46l WT Qit46l WT Qi4e6l

Thal Len Pom

ZF degrons show epistatic properties
during CRL4°REN engagement

The crystal structures demonstrate that ZFs with
diverse amino acid sequences are compatible
with the drug-CRBN interface. To test whether
the variable residues are interchangeable be-
tween ZF degrons, we swapped the B-hairpin
and o-helix of IKZF3 ZF2 with that of ZFP91
ZF4. Replacing the IKZF3 ZF2 B-hairpin with
the ZFP91 ZF4 B-hairpin resulted in a construct
that was degraded more efficiently than either
of the parent molecules; however, replacing the
IKZF3 o-helix with the ZFP91 o-helix resulted
in a ZF domain that was resistant to degradation
(fig. S5F). Furthermore, introducing a single-
residue mutation at the drug-ZF interface of
IKZF3 (Fig. 5A and fig. S1D), Q147 to a glutamic
acid residue, stabilized the IKZF3 reporter (IKZF3
ZF2 QI47E) (Fig. 3D), whereas an equivalent
glutamic acid allows robust reporter degrada-
tion in the sequence context of the ZF degron
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Fig. 5. IKZF3 Q147 interacts with the amino group on pomalidomide. (A) Side chain interactions
between IKZF1%72, CRBN, and pomalidomide. Dashed lines indicate hydrogen bonds. (B) Chemical
structures of pomalidomide, lenalidomide, and thalidomide, with differences highlighted in red.

(C) Inhibition constants (K;) of wild-type (WT) and Q1461 mutant IKZF1772%"3 in the presence of
thalidomide, lenalidomide, and pomalidomide in TR-FRET counter titration experiments. Data are
mean * SD. (D) HEK293T cells expressing IKZF3 ZF2 Q147 mutants in the degradation reporter were
treated for 20 hours with DMSO or drug and then analyzed by means of flow cytometry to
measure the DMSO-normalized ratio of eGFP/mCherry fluorescence (experimental replicates = 3,
technical replicates = 3, bar height is average of experimental replicates, error bars indicate 95% Cl).
The complete set of Q147 amino acid mutants is shown in fig. S5D.
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from E4F1 (Fig. 3A and fig. S2A). Despite the
low degree of sequence similarity across the 11
ZF degrons (Fig. 3A), only distinct amino acid
combinations at the drug-CRBN interface re-
sult in degradation. ZF degrons are thus defined
by the sequence context of their amino acid side
chains that contact the drug-CRBN interface
(Fig. 4D), which suggests an epistatic relationship
of these variable ZF residues during CRL4“REN
engagement and explains the absence of a pri-
mary sequence consensus.

In silico identification of ZFs that
interact with the drug-CRBN interface

Only 11 of the 4661 structurally similar ZFs were
degraded in the library screen, yet the ZF degron
appears to be complex. To create a semiquan-
titative model of the observed degradation pat-
tern with respect to our crystal structures, we
used computational docking to account for mul-
tiple, potentially epistatic ZF interactions at the
drug-CRBN interface. The Rosetta software
package (19) was used to computationally dock
all human C2H2 ZFs into the complementary
binding groove of CRBN. The Rosetta interface
energy scores and the structural similarity to
our ZF-pomalidomide-CRBN crystal structures
were calculated to assess the docking trials
(Fig. 6A and fig. S6, A and B). Using the ZNF692
template structure, we accurately predicted all
11 ZFs identified in the library screen (Fig. 6A),
found 40 ZFs with lower interface energy scores
than the ZNF692 ZF4 template, and identified
108 ZFs that score better than the lowest rank-
ing ZF found degraded in the library screen.
Overall, different docking trials revealed an over-
lapping set of ~50 to 150 ZFs with interface
scores similar to or better than those of ZFs
found degraded in the library screen (Fig. 6A
and fig. S6, A and B), suggesting that an un-
expectedly large number of ZFs are capable of
binding the drug-CRBN interface.

On the basis of biological relevance, 21 of
these ZFs were selected and tested for CRBN
engagement in TR-FRET experiments, either
as individual ZFs (fig. S6C) or fused to their re-
spective C-terminal ZF (equivalent to the IKZF1
ZF2-7ZF3 construct) (Fig. 6B). Sixteen ZFs bound
CRBN-pomalidomide in vitro [BCL6, BCL6B, EGR1,
EGR4, GZF1, HIC1, HIC2, SALL1, SALL3, SALI4,
OSR1, OSR2, WIZ (ZF6 and ZF7), ZBTB7A, and
ZBTB7B), with similar (WIZ ZF7)] or lower bind-
ing affinities (~5 to 20 fold) than the respective
IKZF1 ZF2-7ZF3 or ZF2 constructs (Fig. 6B and
fig. S6, C, D, and E). Analogously, IKZF1 ZF1, a
ZF that was not predicted to bind CRBN in silico
(Fig. 6A), did not bind CRBN in vitro (fig. S6C).
Thus, of the 33 ZFs individually tested in this
study, 28 are recruited to pomalidomide-engaged
CRBN (fig. S6F). Our in silico ZF docking ap-
proach is thus capable of predicting ZFs that
interact with CRBN-pomalidomide with greater
than 80% accuracy.

Those ZFs that bound CRBN-pomalidomide
in the biochemical assay were subsequently tested
for degradation in cells by using the degradation
reporter. Of the 16 ZFs, WIZ ZF7 showed partial

Sievers et al., Science 362, eaat0572 (2018)

degradation in the presence of pomalidomide, the
best in vitro binder in the set (fig. S6E and fig. S7,
A and B). Examination of published proteome-
wide mass spectrometry data confirmed deg-
radation of endogenous, full-length WIZ in
WSU-DLCL2 (human diffuse large B cell lym-

A 151

phoma) and TMDS8 (human diffuse large B cell
Iymphoma) cells in the presence of lenalidomide
and the thalidomide analog CC-122 (fig. S7C)
(20). Because the majority of these ZFs are re-
cruited to pomalidomide-engaged CRBN in vitro,
but not destabilized by the same compound in
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Fig. 6. Thalidomide analogs with chemical modifications at the ZF interface target different
sets of C2H2 ZF degrons. (A) ZF library docking results by use of RosettaDock, with the CRBN

C-terminal domain bound to pomalido

mide and ZNF69277* as a crystal structure reference. Blue

squares indicate degraded ZFs from the library screen, red diamonds highlight ZFs that bind
pomalidomide-CRBN in vitro, and yellow triangles mark ZFs for which CRBN-binding could not be
confirmed in vitro or in vivo. (B) TR-FRET counter titration. Unlabeled dual ZF candidate constructs
(0.01 to 100 uM) titrated to preassembled ajexasssDDB1AB-CRBN-pomalidomide-piotinlKZF17F523
(500 NM ajexaassDDBIAB-CRBN, 50 NM pioinl KZF177123, 5 uM pomalidomide). Data are mean + SD.
(C) Average fold-enrichment of sequencing read counts (drug/DMSO) for the 11 previously identified
ZF degrons and 3 previously unidentified ZF hits.
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cells, our results suggest that small changes in
ZF-binding affinity disproportionally influence
ZF degradation in cells.

Different thalidomide analogs target
distinct sets of ZFs for degradation

We next examined whether thalidomide deriv-
atives with chemical alterations at the drug-ZF
interface induce degradation of the computa-
tionally predicted and biochemically validated
ZF hits that are not destabilized by pomalido-
mide in cells. We therefore treated cells that
express these ZFs in the eGFP/mCherry degra-
dation reporter with the previously reported
thalidomide derivatives CC-122 (20), CC-220 (21),
and CC-885 (5) (fig. S7, A and B). The modified
thalidomide analogs induced mild but signifi-
cant degradation for some of these ZFs, includ-
ing two ZFs destabilized by CC-122 (WIZ ZF6
and BCL6 ZF3), two destabilized by CC-220
(BCL6B ZF2 and HIC2 ZF5), and eight desta-
bilized by CC-885 (BCL6 ZF3, BCL6B ZF2, OSR1
7ZF1, ZBTB7B ZF2, SALL3 ZF4, SALL4 ZF2,
ERGI1 ZF3, and SALL1 ZF4). Although the effects
are small, our findings suggest that different
thalidomide analogs target different ZFs for
degradation, including ZFs identified by com-
putational docking, rendering them suitable can-
didates for drug development.

To comprehensively determine whether the
chemically distinct thalidomide analogs induce
degradation of different sets of ZFs, we repeated
the C2H2 ZF library screen in the presence of
pomalidomide, CC-122, and CC-220 (Fig. 6C and
fig. S8, A and B). The 11 previously identified ZF
hits again scored in the screen with pomalido-
mide (fig. S8B). Consistent with our earlier find-
ing that CC-122 and CC-220 were capable of
degrading ZFs not affected by pomalidomide,
all three thalidomide analogs exhibited distinct
ZF degradation patterns across the ZF library
(Fig. 6C). IKZF2/4 ZF2 was selectively degraded
by CC-220 (Fig. 6C). IKZF2/4 ZF2 differs from
IKZF/13 ZF2 by a single amino acid substitution
at the drug-ZF interface, IKZF3 Q147H (Fig. 5A
and fig. S6F). This amino acid change decreases
binding to CRBN-pomalidomide in vitro by a
factor of 2 to 3 (fig. S5B) and stabilizes the re-
spective ZF reporter in cells (Fig. 5D). In valida-
tion experiments, the IKZF2/4: ZF2 reporter was
degraded by more than 40% in the presence of
CC-220 (fig. S8, C and D). These results demon-
strate that thalidomide analogs with chemical
alterations at the drug-ZF interface promote deg-
radation of distinct sets of ZFs and are capable of
converting ZFs that bind CRBN-pomalidomide
weakly in vitro into degraded ZFs in cells.

Discussion

We used a combination of functional and struc-
tural approaches to define the molecular basis
of C2H2 ZF recruitment to the drug-engaged
CRL4®N ubiquitin ligase. Thalidomide, lena-
lidomide, and pomalidomide mediate CRLAREN-
dependent degradation of a larger number of
proteins than previously appreciated through
a C2H2 ZF degron (3, 4, 16). We identified
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15 individual ZFs and seven full-length ZF-
containing proteins that are degraded by
thalidomide derivatives in functional or com-
putational screens. Crystal structures, in vitro
binding, and cellular degradation assays illus-
trate that 28 ZFs (including IKZF2/4 ZF2) with
diverse amino acid sequences bind the same
drug-CRBN interface (fig. SGE).

The majority of E3 ligase degrons are char-
acterized by conserved primary sequence motifs
that lie in unstructured regions of the protein
substrate (75). By contrast, the more than 28
C2H2 ZFs accommodated by the drug-CRBN
interface show surprisingly little sequence con-
servation, apart from residues that stabilize the
ternary ZF fold. ZF degrons bind a comple-
mentary groove on the CRBN surface that fits
the overall shape of the C2H2 ZF domain, bring-
ing different amino acids of different ZF degrons
in contact with the same drug-CRBN interface.
Substitution of a ZF residue at one site of the
CRBN interface can be compensated by amino
acid changes at another site of the ZF, explain-
ing the observed epistatic properties of the ZF
degrons. Recruitment and degradation are thus
influenced by the complementarity of the sub-
strate to the drug-CRBN binding groove and the
sequence context of the contacting ZF residues,
making the overall “shape” of the ZF the im-
portant binding determinant rather than its
primary amino acid sequence. In addition to the
complex ZF-CRBN side chain interaction, direct
contacts between thalidomide analogs and the
ZF provide additional layers of specificity (fig.
S5D). Unbiased functional and computational
approaches are thus required to identify the full
complement of ZF degrons capable of drug-
dependent binding and degradation.

The discovery that multiple C2H2 ZFs are
drug targets raises the possibility that a large
number of ZFs could be subject to thalidomide
analog-based degradation. Supporting this no-
tion, 28 of the ~50 to 150 additional C2H2 ZFs
nominated by means of in silico docking were
shown to bind the drug-CRBN complex, dem-
onstrating that the CRBN surface is more per-
missive than suggested by the number of targets
identified in the ZF library screens. Small dif-
ferences in affinity between the ZF and the
drug-CRBN complex in vitro translate into large
differences in degradation in cells, which are
likely due to competition for CRBN occupancy
by multiple ZFs as well as other substrates that
use the same binding surface (Fig. 6, C and D, and
figs. S5 and S7). If ZF degradation depends on the
ZF occupancy of CRLAREN, it is possible that high
local concentration of the ZF or CRLAFEN, or low
concentrations of competing ZFs, could compen-
sate for low binding affinity, leading to degrada-
tion under such conditions. Given the CRLAREN
protein architecture and its ~100-A ubiquitination
radius (6, 7, 22), we expect degradation of full-
length ZF proteins to be less dependent on lysine
accessibility and instead primarily determined
by the protein synthesis rate and the affinity
and binding kinetics of the internal ZF degron
to CRBN, which can be modulated by the drug.
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We observed that thalidomide analogs with
chemical modifications at the drug-ZF interface
are capable of converting ZFs with weak affinity
for the CRBN-pomalidomide complex into de-
graded targets. IKZF2/4 ZF2 is not degraded by
pomalidomide, lenalidomide, or CC-122 but is
efficiently degraded by CC-220. The crystal struc-
tures suggest that ZF side chains—particularly
those proximal to the drug at IKZF1 position 146,
148, and 153 (IKZF3 147, 149 and 154)—interact
with thalidomide analogs and that chemical alter-
ations can modulate ZF specificity (fig. S5, D and
E). ZFs that bind weakly but are not degraded in
response to one compound could therefore serve
as starting points for the development of new
thalidomide analogs that selectively and effi-
ciently degrade such ZFs. Several of the ZFs
identified as degraded in functional experiments,
or in vitro binders that could be targeted with
further drug development, have been implicated
in human disease. For example, BCL6 is an onco-
protein in lymphomas, ZFP91 is implicated in NF-
kB signaling (23), and ZNF827 is reported to be
an essential scaffolding protein for alternative
lengthening of telomeres (24). HIC1, HIC2, GZF1,
OSR1, OSR2, and SALL4 have all been impli-
cated in development and could contribute to
developmental abnormalities in fetuses exposed
to thalidomide (25-30).

The approximately 800 C2H2 ZF-containing
proteins are the largest class of putative tran-
scription factors in the human proteome (73).
Our results suggest that degradation of C2H2
ZF-containing proteins through different tha-
lidomide derivatives may be a generalizable par-
adigm for targeting “undruggable” transcription
factors and provides a structural and functional
starting point from which to explore the extent
to which CRBN-binding small molecules may
be used to target ZF proteins for therapeutic
intervention.

Materials and methods summary
Binding assays

In vitro CRBN binding was measured using a
TR-FRET assay, and cellular CRBN binding was
assayed via CRBN immunoprecipitation.

Protein degradation assays

HEK293T cells expressing candidate proteins
in an eGFP/mCherry protein degradation reporter
vector were treated with DMSO or drug and
the eGFP:mCherry ratio was quantified by flow
cytometry. Western blotting was used to assay
degradation of endogenous protein targets.

C2H2 ZF library screen

HEK293T cells expressing a library of 6572 C2H2
zinc fingers in the protein degradation reporter
vector were treated with DMSO or drug, eGFP*
and eGFP~ cell populations were isolated by FACS,
and the relative frequency of individual ZFs was
quantified with next-generation sequencing.

Saturation mutagenesis

HEK293T cells expressing an IKZF3 satura-
tion mutagenesis library spanning amino acid

8of9

$202 ‘0T dunC Uo a1niisu| jsoued) Jagle-eueq e B10°80us 195" MMM//:SANY W) pepeolumod



RESEARCH | RESEARCH ARTICLE

residues 130 to 189 were exposed to DMSO or

drug, eGFP* and eGFP~ cell populations were

isolated using FACS, and the relative frequency

of each mutation was quantified with next-
generation sequencing.

X-ray structure determination

IKZF1 ZF2 and ZNF692 ZF4 were crystalized
in the presence of DDBI1*B*E.CRBN"N*? and
pomalidomide. The structures were determined
by molecular replacement using PHASER, with
iterative cycles of model building in COOT

followed by refinement in phenix.refine or

autoBUSTER.

Docking simulations

ZF docking was carried out with the RosettaDock

pipeline between the CRBN“™ (residues 320 to
425) bound to pomalidomide and 4645 ZF

models matching the pattern [x(6)- C-x(2)-C-G-x

(2)-[LIVMFYWC]-x(8)-H-x(3)-H-x(2)]. The dock-

ing runs were evaluated with the beta_novi6

scoring function.
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