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Abstract

Thalidomide and its derivatives lenalidomide and pomalidomide bind to cereblon
(CRBN), the substrate adaptor of the CRL4“REN E3 ybiquitin ligase and induce the recruitment
and ubiquitination of specific target proteins, ultimately resulting in their degradation by the
proteasome. Recent crystal structures demonstrate that thalidomide derivatives recruit substrates
by acting as a “molecular glue,” bridging the protein interfaces of CRBN and recruited substrates
including the transcription factors Ikaros (IKZF1) and Aiolos (IKZF3). This mechanism is
analogous to that of multiple classes of plant hormones, but endogenous compounds that bind to
E3 ligases to recruit substrates have not been described in mammalian cells. We hypothesized
that there might exist a similar system in mammalian cellls wherein an endogenous small
molecule would bind to CRBN to induce the recruitment and ubiquitination of IKZF1 and
IKZF3. We sought a cellular context with proteasomal degradation of IKZF3 that was blunted by
treatment with glutarimide, a small molecule competitive inhibitor of the CRBN thalidomide-
binding pocket. We found that the T-cell acute lymphoblastic leukemia cell line Molt-4 met
these criteria. Metabolites extracted from Molt-4 cells induced CRBN-dependent degradation of
IKZF3 in reporter cell lines, suggesting activity due to a small molecule rather than a post-
translational modification. Several biochemical assays confirmed direct interaction between the
extracted metabolites and CRBN. Extracted metabolites induced the recruitment and
ubiquitination of IKZF1 in vitro and also induced the degradation of additional recently
described IMiD substrates RNF166 and ZNF692. Extraction and purification methods were
developed to isolate this activity, dubbed eLen. Finally, an unbiased screen of a cell line library
was undertaken to identify additional cellular contexts in which this activity could be identified.
We identified eLen production in the renal medullary carcinoma cell line Peds005TSusp, which
could be altered by changes in the expression of the tumor suppressor SMARCBI.
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Glossary
ACN - acetonitrile

eLen — endogenous lenalidomide (term for endogenous IKZF3-degrading activity)
CRBN — cereblon

CKla — casein kinase 1a

HPLC-MS — high performance liquid chromatography- mass spectrometry

IKZF1 — Ikaros

IKZF3 — Aiolos

Len — lenalidomide

Pom — pomalidomide

T-ALL — T cell acute lymphoblastic leukemia

TBS — tris buffered saline

TR-FRET — time resolved fluorescence resonance energy transfer
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Introduction

Thalidomide, once infamous for its teratogenic effects, and its derivatives lenalidomide
and pomalidomide (Figure 1a) have found new clinical utility as highly effective treatments for
multiple myeloma (2-6), other B cell neoplasms (7-9), and myelodysplastic syndrome (MDS)
with del(5q) (10-12). These molecules, together known as immunomodulatory drugs (IMiDs),
bind to cereblon (CRBN), the substrate adaptor of the CRL4“REN E3 ybiquitin ligase, and induce
the recruitment and ubiquitination of specific target proteins, ultimately resulting in their
degradation by the proteasome (13-15).

The modulation of an E3 ubiquitin ligase to specifically target substrate proteins for
degradation is a novel drug mechanism. However, several plant hormones, including auxin (16)
and jasmonate (17), act similarly on E3 ligases to induce targeted degradation of transcription
factors. Structural evidence suggests that, like these plant hormones, lenalidomide acts as a
“molecular glue” to bridge the E3-substrate interface (18, 19). Although such regulation of E3
ligases by endogenous small molecule hormones has not been reported in mammalian cells,
several features of lenalidomide suggest that it could be imitating an endogenous regulator. The
first is that IKZF1 and IKZF3 interact with CRBN, albeit more weakly, in the absence of
lenalidomide, suggesting that they may be endogenous targets of the ligase (13). The second is
lenalidomide’s substrate specificity, as it induces degradation of only a small number of
endogenous proteins and primarily targets transcription factors, similar to plant hormones (20).
Given the highly conserved nature of the ubiquitin-proteasome system, it seems likely that
lenalidomide may imitate an endogenous regulatory mechanism controlling the activity of
CRLA4RBN TIf this is the case, it could provide the first example of an addition layer of regulation

through metabolite-E3 ligase interactions in human cells, providing significant opportunities to



further our understanding of protein degradation and harness these endogenous mechanisms in
future drug development. This thesis attempts to characterize whether such an endogenous

compound might exist in cell lines.
Lenalidomide modulates the CRL4REN E3 ubiquitin ligase

In 2010, Ito et al. (21) identified CRBN as the primary molecular target of thalidomide.
CRBN is the substrate adaptor of the CRLAREN E3 ubiquitin ligase, a cullin-ring ligase composed of
damaged DNA binding protein 1 (DDB1), cullin 4a (CUL4A), and regulator of cullins 1 (ROC1)
(Figure 1b).

Proteome-wide surveys revealed that the transcription factors IKZF1 and IKZF3 are
selectively ubiquitinated and degraded in the presence of lenalidomide (13, 15). These
transcription factors are essential in the B-cell lineage, so their degradation explains the clinical
efficacy of thalidomide derivatives in multiple myeloma. Additional proteomic studies identified
casein kinase 1A1 (gene: CSNKIAI protein: CK1a) as a lenalidomide target in myeloid cells and
CKla is ubiquitinated and degraded in a CRBN-dependent manner (22). CSNK1A41 is encoded
within the del(5q) common deleted region and is expressed at haploinsufficient levels in del(5q)
cells (23, 24). Lenalidomide-induced degradation of CK1a triggers the death of haploinsufficient
del(5q) cells but not wild-type cells, providing a mechanistic explanation for lenalidomide’s
efficacy in this condition (22).

Biochemical investigations revealed that IMiDs induce the recruitment of IKZF1, IKZF3,
and CK 1o to CRL4“REN and promote their ubiquitination by this complex (13, 15, 22). Once
ubiquitinated, IKZF1, IKZF3, and CK1a are degraded by the proteasome, leading to decreased
protein levels. Lenalidomide-induced ubiquitination of these substrates can be recapitulated in

vitro, confirming direct interaction between these targets and CRBN. Lenalidomide-induced



substrate recognition is exquisitely specific, as other highly homologous members of the Ikaros
and casein kinase families are not affected. A 60 amino acid region within the IKZF3 protein
constitutes a lenalidomide-inducible degron and this region is nearly identical between IKZF1
and IKZF3. Fusion of this sequence to a heterologous protein is sufficient for lenalidomide-
induced degradation but single point mutations in this region, including Q147H, can abrogate the
lenalidomide response (13). Based on this finding, we created flow-cytometry based reporters of
post-translational protein stability in which the fluorescence of enhanced green fluorescent
protein (eGFP) tagged with a region of protein of interest is compared to an untagged mCherry.
These reporters (known as Artichoke derivatives) are used extensively throughout this thesis,
both as measures of endogenous proteasomal degradation and protein degradation triggered in
293T reporter cells by drug or metabolite treatment.

Recently published crystal structures of the tertiary CRBN-DDB1-lenalidomide-substrate
complex provide further mechanistic insight into how IMiDs act on CRL4RBN (18, 25-27).
IMiDs bind CRBN through their shared glutarimide ring, leaving portions of their variable
pthaloyl ring solvent-exposed (18, 19). Substrates are recruited to the CRBN-IMiD interface in
the presence of drug and make contacts with both the surface of CRBN and the IMiD. Extensive
protein-protein interactions between CRBN and substrate are required and IMiDs have little
affinity for recruited substrates in the absence of CRBN. A B-hairpin contained between
adjacent zinc fingers in IKZF1 and IKZF3 is critical for recognition and a -loop in casein kinase
shares a similar secondary structure (26). Additional zinc finger proteins which share this -
hairpin, such as ZFP91 and ZNF692, have recently been observed to undergo IMID-induced
degradation and many of these proteins are putative transcription factors (25, 28). Thus, IMiDs

act as a novel “molecular glue,” bridging the interface between CRBN and recruited substrates.



Structural alterations in the solvent exposed ring of IMiD derivatives can alter their
substrate specificity (22, 25). In pomalidomide, an additional carbonyl group creates steric
hindrance with the CRBN binding pocket upon CK1a recruitment, explaining the lower affinity
for this substrate (26). Similarly, a novel thalidomide analogue, CC-122 has a strong effect on
IKZF1 and IKZF3 without any significant effect on CK1a protein levels (22). More significant
structural alterations can induce the recruitment of novel substrates, as in the case of the
thalidomide derivative CC-885 and the translation termination factor GSPT1 (29). Thus, changes
in the chemical structure of thalidomide derivatives can change the repertoire of recruited
substrates. Importantly, all known CRBN-binding drugs share the glutarimide ring, which is
required for interactions with key residues in CRBN (18, 19) (Figure 1a). Treatment of cells with
excess glutarimide reduces the effects of IMiDs through competition for this binding pocket,
although the effect is weak due the low affinity of glutarimide for CRBN in the absence of the

pthaloyl ring (18, 30).
Plant hormones work via induced degradation of target proteins

In plants, almost all aspects of growth and development are regulated by small molecules
known as phytohormones. Numerous classes of phytohormones have been described, including
absicic acid, auxin, brassinosteroid, cytokinin, ethylene, gibberellic acid, jasmonate, salicylic
acid, and strigolactone. Phytohormones can act as either paracrine or endocrine signals to control
essential organismal functions such as organ development, immune defense, and environmental
response (20, 31-33).

Protein degradation through the ubiquitin-proteasome system has been implicated in the
function of all phytohormones, which primarily target transcription factors for degradation. The

Arabidopsis genome encodes over 1,500 E3 ubiquitin ligases, and Cullin-RING ligases in
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particular play a central role in hormone signaling. Three classes of phytohormones—auxin,
jasmonate, and gibberellic acid—directly control E3 ligase-substrate interaction (20, 31-33).
The best understood of these is auxin, which binds to the TIR1 ubiquitin ligase and
induces the recruitment of target proteins containing the AUX/IAA degron (16, 34, 35).
Structural evidence demonstrates that auxin binds at the interface between TIR1 and AUX/IAA
without inducing significant conformational changes in either partner. Instead, auxin fills a
hydrophobic cavity at the interaction surface, acting as a “molecular glue” to promote the TIR1-
AUX/TAA interaction (16). Jasmonate regulates the interaction between the COI1 E3 ubiquitin

ligase and JAZ proteins through a similar mechanism (17).

Approach

We sought to identify a cell line with endogenous production of a lenalidomide-like
activity which induces degradation of the IKZF3 degron. Since IKZF1 and IKZF3 are essential
in B and T cell development, we hypothesized that “endogenous lenalidomide” (eLen) might be
involved in immune cell development and the coordination of the immune response throughout
an organism. In order to identify a cell line with eLen activity, we tested hematopoietic cell lines
for a number of criteria: (1) Proteasomal degradation of IKZF1 in the absence of lenalidomide,
(11) Increased post-translational stability of an IKZF3 reporter following treatment with
glutarimide, a small-molecule which competes with lenalidomide for binding to CRBN but does
not affect the post-translational stability of IKZF1, IKZF3, or CK1a, (ii1) Ability of metabolites
extracted from that cell line to decrease the stability of an IKZF3 post-translational stability
reporter expressed in a non-hematopoietic HEK 293T reporter cell line. Through these assays,
we identified a T-cell acute lymphoblastic leukemia (T-ALL) cell line, Molt-4, which satisfies all

three criteria. Subsequent efforts were aimed at biochemical characterization of this eLen
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activity. We ultimately sought a more unbiased approach to identify a source of eLen with a

clear genetic trigger, which will hopefully prove useful for further identification efforts.
Methods

Reagents

Lenalidomide (Toronto Research Chemicals and Selleck Chemicals), Pomalidomide
(Selleck Chemicals), MG-132 (Selleck Chemicals and EMD Millipore), Glutarimide (Sigma),
and Epoxomicin (ApexBio) were dissolved in DMSO at 10 to 100 mM and stored at -80°C. For

cell culture experiments final DMSO concentration was 0.1% or lower.

Cell lines

Cell lines listed in Table 1 were acquired from the Broad Institute. 293T cells were from
ATCC. PRISM cell line pools were provided by the PRISM project at the Broad Institute. Cells
were cultured in RPMI 1640 (GenClone) or DMEM (GenClone) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Omega Scientific) and 1% penicillin, streptomycin, and L-

glutamine (Caisson). Cells were grown at 37°C in a humidified incubator with 5% COx.

Western blot and antibodies

Protein lysates were run on Tris-HCl Imm Criterion Precast gels (Bio-Rad) gels at a
constant voltage. Proteins were transferred onto Immobilon-P transfer membranes (Millipore) at
a constant amperage. Blots were blocked in 5% non-fat dry milk (Santa Cruz) or 5% BSA in
TBS-T 0.1% for 30 minutes.

For protein detection primary antibodies detecting FLAG (M2, HRP-conjugate Sigma

Aldrich), Actin (HRP-conjugate, Abcam), IKZF1 (H100, Santa Cruz Biotechnology), and IKZF3
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(Imgenex). Secondary antibodies were HRP conjugated Bovine anti-Goat (Jackson
ImmunoResearch) and HRP conjugated donkey anti-rabbit (GE Healthcare, Prometheus).
SuperSignal (Thermo Scientific) chemiluminescent substrate was used for detection. For re-
probing, blots were stripped in Restore Western Blot Stripping Buffer (Thermo Scientific),
activated in methanol, and re-blocked. Western blot bands were quantitated with ImageJ when

indicated.

Plasmids and virus constructs

The Artichoke constructs were as described in Sievers et al. (25) (Addgene #73320).
Their structure is shown in Figure 2¢ and the amino acids included in the construct are listed
below. Lentivirus was packaged using VSVG and pSpax2, as previously described (25). The

FLAG-CRBN construct was previously described (22).

Construct Amino acids
included
IKZF3 degron 130-189
ZFP91 301-464
RNF166 24-237
ZNF692 318-481

Metabolite extraction

Metabolites were initially extracted according to Sellick et al. (36). Optimization was
attempted with methods from Dietmair et al. (37), including a quench in either cold saline or the
quench buffer described by Sellick et al. The method of eLen extraction used for large scale
purification attempts was as follows: Molt-4 cells were grown in RPMI supplemented with 10%
fetal bovine serum to confluence (approximately 2 million cells/mL). For large scale production,

cells were grown in 3L Fernback flasks shaking at 60 rpm on an orbital shaker. The cell-media
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mixture was quenched by rapid addition of 4x the volume of cold (0-4°C) saline (9g NaCl per L
distilled water) and the mixture was centrifuged at 1000g for 1 minute. The supernatant was
aspirated and 90°C ethanol or water was used to resuspend the pellet (2-8 mL per 2.5 million
cells). Tubes were vortexed for 30 seconds and incubated at 90°C for 10 min. Tubes were then
cooled on ice for 5 minutes and centrifuged for 5 minutes at 20,000g. The supernatant was
filtered through a 2-3kD filter (Amion) in <70% ethanol for 30 minutes at 14,000g. The filtrate
was dried down at room temperature overnight in a speedvac, sometimes after initial reduction of
volume using a rotovap. Once dry, metabolites were manually resuspended in 1-10uL. DMSO.
50 pL media per test well was added to this mixture. The media-metabolite mixture was added to
293T cells plated the day before treatment at 50,000 cells/well in 50 pL/well in a 96 well plate.

Cells were incubated with metabolites for 4-6 hours before analysis by flow cytometry.

Flow cytometry

Flow cytometry was performed on a FACS LSRII (BD Bioscience) using a high

throughput sampler (BD). Data were analyzed with FlowJo with gating on mCherry " cells.

Immunoprecipitation of CRBN

Molt-4 cells were infected with lentiviral vectors expressing FLAG-CRBN and the
[ZKF3 degron reporter. After selection with puromycin and expansion, cells were treated with
DMSO or glutarimide, lysed in IP lysis buffer (Pierce) and incubated with anti-FLAG M2
Aftinity Gel (Sigma-Aldrich) or anti-FLAG M2 magnetic beads (Sigma-Aldrich) for four hours
at 4°C. Immunoprecipitates were washed three times in tris buffered saline (TBS) and eluted
from the affinity gel with 250 pg/mL FLAG peptide (Sigma) after incubation for 30 min at 4°C.

The resulting eluates were crashed in cold 80% methanol/20% water and filtered through a 2 kD
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Filter (Vivacon, Sartorius). The filtrate was dried down in a Speedvac overnight, resuspended in

DMSO, and applied to 293T reporter cells.

CRBN-DDBI column

CRBN-DDBI conjugated to CN BR sepharose beads (GE) was the kind gift of Eric
Fischer (Dana Farber Cancer Institute). Briefly, the protocol was as follows: CRBN and DDBI
were produced in insect cells as previously described (19, 25, 26). CnBr was dissolved with 1
mM HCI, washed for 15 minutes on a sintered glass filter (porosity G3) with low pH washing
solution (1M acetic acid/sodium acetate pH 4.0, 0.5 M NaCl). The CRBN-DDBI solution was
prepared in coupling buffer (0.1 M NaHCO3, 0.5 M NaCL, pH 8.3) with 3-13 mg of protein per
1 mg of swollen CnBr sepharose resin. The solution was incubated with the resin for 1 hr at
room temperature with end-over-end rotation. After incubation, the resin was washed with five
column volumes of coupling buffer and remaining active groups were blocked by incubation
with 0.1 M Tris-HCI pH 8.0 for two hours. The resin was then washed with at least three cycles
of alternating pH (at least 5 column volumes each) with 0.1 M acetic acid/sodium acetate pH 4.0
with 0.5 M NaCl and 0.1 M Tris-HCI pH 8.0, 0.5 M NaCl. The resin was sorted in a buffer
containing 0.005% sodium azide.

To bind metabolites, CRBN-DDBI1 resin was loaded onto a column. eLen was
resuspended in TBS and bound to the column for 1 hr with end-over-end rotation at room
temperature or 4°C. The column was washed three times in TBS and the protein was denatured

and eLen eluted with methanol.
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Time-resolved fluorescence resonance energy transfer

The TR-FRET assay was as described (25, 26) and used recombinant IKZF1 or CK1la
and DDBI1-CRBN. Activity was quenched with unlabeled wild-type CRBN, unlabeled CRBN
IMiD-binding mutant (P352G W386A) or buffer (negative control). eLen used in this assay was

HPLC fractionated.
In vitro ubiquitination

IKZF1 fluorescent ubiquitination was performed by mixing the biotinylated IKZF1
(isolated degron, A1-82, A198-239, A256-519, 0.5 uM), E3 (CRBN-DDB1-CUL4-RBX1, 0.1
uM), E2 (UbcHS5a, 1 uM), E1 (UBA1, 0.05 uM), ubiquitin (10 pM), ubiquitin-fluorescin (0.2
uM), terbium-coupled streptavidin (2 nM) in the reaction buffer (B-71, Boston Biochem)
supplemented with ATP (1 uM). After dispensing the assay mixture (15 pL volume), increasing
concentration of lenalidomide or single concentration of cell extract was dispensed. The negative
control was prepared by not including the E2 enzyme in the assay mixture.

After excitation of terbium fluorescence at 337 nm, emission at 490 nm (terbium) and
520 nm (fluorescin) were recorded with a 70 ps delay over 600 ps to reduce background
fluorescence, and the reaction was followed over 60 cycles of each data point using a
PHER Astar FS microplate reader (BMG Labtech). The TR-FRET signal of each data point was

extracted by calculating the 520/490 nm ratio.
Solid phase extraction

Multiple solid phase extraction methods were evaluated using Waters Oasis and
Phenomenex products. The optimized protocol involved HLB Prime columns (Waters). Samples

were resuspended in water with 2% formic acid, loaded onto the columns and drawn through
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using a vacuum manifold box. Samples were washed in water (1 mL for a 1 cc column) and
samples were eluted with 90% acetonitrile/10% methanol and dried down in a speedvac

overnight at room temperature.
High performance liquid chromatography-mass spectrometry (HPLC-MS)

Multiple HPLC methods were attempted using columns including Atlantis T3, Chiralpak
AD-RH, Luna Phenyl Hexyl, Hydro, HILIC, and Gemini. The data shown here were generated
on an Atlantis T3 column (100 A, 3 um, 3 x 150 mm). Figures 6a-b was generated using the
following protocol: eLen was resuspended in 80% water, 20% acetonitrile, 0.08% formic acid
and 0.02% acetic acid. The method was as follows with buffer A= H>0 + 0.01% Formic acid and
buffer B= ACN + 0.01% Acetic acid. The percent buffer B is given. The percent buffer A was

100-percent buffer B.

Time @ %Buffer Flow

(min) B (ml/min)
0 20 0.45

3 20 0.45

15 100 0.45

18 100 0.45

19 20 0.45

27 Stop

Data shown in Figure 6¢ were generated with the following protocol. eLen was
resuspended in 80% H20 + 0.01% formic acid , 20% ACN +0.01% Acetic acid. The method was
as follows with buffer A= H>0 + 0.01% Formic acid and buffer B= ACN + 0.01% Acetic acid.

The percent buffer B is given. The percent buffer A was 100-percent buffer B.

17



Time @ %Buffer Flow

(min) B (ml/min)
0 5 0.45

3 5 0.45

15 100 0.45

18 100 0.45

19 20 0.45

27 Stop

Data shown in Figure 6d were generated with the following protocol. eLen was resuspended in
80% H20 + 0.01% formic acid , 20% ACN +0.01% Acetic acid. Buffer A= 95% H20 + 5% ACN
with 10 mM ammonium formate, pH 3.5 and Buffer B=ACN. The method was as follows:

Time %Buffer Flow

(min) B (mL/min)
0 0 0.8
25 0 0.8
35 10 0.8
40 100 0.8
45 0 0.8
55 0 0.8

Results
IKZF1 is endogenous degraded in T-ALL cell lines and is stabilized by treatment with

glutarimide

We hypothesized that an endogenous lenalidomide-like activity might be present in
hematopoietic cell lines. We were particularly interested in T acute lymphoblastic leukemia cell
lines given a prior report (38) that a human T-ALL cell line, Molt-4, and a mouse thymocyte
leukemia cell line, VL3-3M2, have endogenous ubiquitination and proteasomal degradation of

IKZF1. To test whether hematopoietic cells endogenously degrade IKZF1 and IKZF3, we
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obtained the cell lines shown in Table 1, which represent several different hematopoietic
diseases.

We treated these cells with the proteasome inhibitors MG-132 and epoxomicin for 6
hours (Figure 2a-b). Treatment with proteasome inhibitors increased the stability of IKZF1 in
Molt-4 and Reh cells. We infected these cells with the IKZF3-Artichoke reporter (25) (Figure
2¢), which provides a measure of the post-translational stability of proteins based on the
fluorescence of enhanced green fluorescent protein (eGFP) tagged with the IZKF3-IMiD degron
compared to an untagged mCherry. Treatment with high doses of glutarimide increased the post-
translational stability of the [ZKF3 degron in Molt-4 and Jurkat T-ALL cells (Figure 2d).
Glutarimide also increased the protein levels of endogenous IKZF1 in Molt-4 cells (Figure 2e).
Taken together, these results suggest that endogenous IKZF1 and IKZF3 are degraded by the
proteasome in T-ALL cell lines and this process can be blocked by competitive inhibition of the

lenalidomide-binding pocket of CRBN.

Metabolite extracts from T-ALL cells can induce CRBN-dependent degradation of IKZF1 and

IKZF3 in reporter cell lines

We next asked whether the endogenous IKZF1- and IKZF3-degrading activity of T-ALL
cell lines might derive from a small molecule, rather than a post-translational modification or
recruitment of an additional binding partner. We treated 293T reporter cell lines with conditioned
media from T-ALL cell lines, but this did not induce degradation of the IKZF3 degron reporter
(data not shown). Next, we extracted whole cell metabolites from Jurkat and Molt-4 cells (Figure
3a). After drying and resuspension in media, these metabolites induced the degradation of the
IKZF3 degron reporter in 293T with wild-type CRBN, but not 293T cells with biallelic

disruption of CRBN via CRISPR Cas9 genome editing (25)(CRBN KO, Figure S1). Similarly,
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the extracted metabolites did not induce significant degradation of an IKZF3-Q147H mutant
reporter which disrupts recognition of the IKZF3 degron by CRBN (13). Similar results were
seen with a reporter containing full length IKZF3 (Figure 3b). The observed IKZF3-degrading
activity was not affected by treatment with Proteinase K, consistent with activity due to a
metabolite rather than a protein or peptide (Figure 3c). These results suggest that T-ALL cells
contain an extractable intracellular metabolite that induce CRBN-dependent degradation of the

IKZF3-degron. We hereafter refer to this activity as endogenous lenalidomide (eLen).

IKZF1 and IKZF3-degrading activity immunoprecipitates with CRBN and can induce

ubiquitination and degradation of IZKF1 in vitro

If there exists an endogenous metabolite that acts as a molecular glue between CRBN and
IKZF1/IKZF3, we hypothesized that we could recover this activity through immunoprecipitation
of CRBN in cells expressing IKZF3.

We expressed FLAG-CRBN and the IKZF3 degron in Molt-4 cells (Figure 3d). We
immunoprecipitated CRBN from these cells with anti-FLAG beads, denatured the
immunoprecipitates with methanol, and filtered through a 2 kDa filter to remove residual protein.
The resulting metabolites induced CRBN-dependent degradation of the IKZF3 reporter in 293T
cells, which was not seen in with bead-only mock immunoprecipitates (Figure 3e). Treatment of
the cells with glutarimide before and during immunoprecipitation decreased the amount of eLen
activity recovered, as expected if glutarimide is a competitive binding inhibitor of eLen.

Similarly, whole cell metabolite extracts were applied to a column containing
recombinant CRBN-DDBI resin (Figure 3f). eLen activity bound to this column through three

washes, with the majority of activity eluting once the CRBN-DDBI1 complexes were denatured
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with methanol (Figure 3g). These data again suggest that eLen has direct affinity for CRBN-
DDBI.

We next asked whether the extracted eLen could induce the recruitment of IMiD-induced
substrates to CRBN in vitro. To evaluate this, we used a time-resolved fluorescence resonance
energy transfer assay (26) diagrammed in Figure 4a. We observed that eLen induced recruitment
of IKZF1 to CRBN as shown by an increase in the A530/A490 ratio (Figure 4b). This effect was
blocked by the addition of excess untagged wild-type CRBN but not by the addition of untagged
mutant CRBN that is unable to bind IMiDs, suggesting that eLen exerts its action through the
IMiD binding site. Similar results were observed with CK1a (Figure 4c). Furthermore, eLen
increased the ubiquitination of IKZF1 in a fluorescence-based assay (Figure 4d). Taken together,
these results demonstrate that eLen induces the recruitment of [ZKF1 and CK1la to CRBN and

enhances their ubiquitination by CRL4REN,

Endogenous IKZF3-degrading activity can be recovered and purified using biochemical

methods

We sought to use biochemical fractionation methods and high performance liquid
chromatography-mass spectrometry (HPLC-MS) to identify the m/z ratio and chemical structure
of eLen. Since these methods require large input amounts, we first optimized extraction of eLen
activity from Molt-4 cells. Comparison of a number of published methods (36, 37) for the
extraction of metabolites from cell lines suggested that methods involving freezing, which had
previously been used, decreased the extraction of eLen activity (Figure 5a). Freezing after
extraction also significantly decreased eLen activity (Figure 5b). Subsequent work was
conducted using hot ethanol or water extraction of eLen and extraction efficiency was dependent

on solvent volume (Figure 5c).
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We used solid phase extraction (SPE) to broadly fractionate eLen activity before high
performance liquid chromatography. Multiple sorbents were tested, include Oasis and
Phenomenex products (data not shown). eLen activity was best-retained on an HLB Prime
column (Figure 5d), with maximal elution in 22.5% acetonitrile, 2.5% methanol and 75% water
(Figure Se).

SPE-purified eLen was used to develop a number of HPLC-based purification methods.
eLen from whole cell extracts and CRBN immunoprecipitation had identical retention times,
again suggesting that both extraction methods capture the same molecule (Figure 6a). A small
change in the starting organic solvent concentration led to a large shift in the retention time of
eLen activity, allowing comparison of the m/z ratios observed in the active peak of two different
protocols (Figure 6b-c). Some HPLC methods produced peaks of eLen activity at two different
retention times, although repeat chromatography of the active fractions demonstrated conversion
from a long-retention form to a short-retention form consistent with interconversion between two
forms or a parent molecule and active degradation product (Figure 6d).

There was significant loss of activity throughout the purification and no UV signature or
m/z ratio could be found that correlated with activity, consistent with eLen’s poor stability. A
targeted search for the m/z ratio of lenalidomide (260.103) identified this m/z at the limit of
detection in the active fractions from some runs, raising concern that the activity observed could
be due to lenalidomide contamination. However, eLen activity was still observed when the
extraction protocol was performed by a contract research organization (Figure 6¢). Ultimately,
the identification of the m/z responsible for the eLen activity observed will require the ability to

increase the production and stability of the endogenous activity.
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Endogenous degradation of other IMiD protein targets

Given recent findings regarding the differing substrate specificities of IMiD derivatives,
we asked whether the eLen might also induce the degradation of additional proteins recently
identified as IMiD targets (25, 39). Using Artichoke flow-cytometry based post-translational
protein stability reporters, we found that Molt-4 cell extracts induced degradation of ZNF692 and
RNF166 in a CRBN-dependent manner (Figure 7a).

ZNF692 and RNF166 are more strongly degraded by pomalidomide than lenalidomide
(25, 39). We wondered whether Molt-4-extract-induced degradation of IKZF3, ZNF692, and
RNF166 could result from different compounds within the complex cellular extract. To evaluate
this, we began with solid phase extraction of the Molt-4 extract and measured the relative
activity of each fraction in the three different reporter systems (Figure 7b). These data suggested
subtle differences in the distribution of activity among the fractions, with RNF166 and ZNF692-
degrading activity primarily in the flow through and the IKZF3-degrading activity split between
flow through and elution. This suggested that the zinc finger-degrading activities present in
Molt-4 cell extract might be due to multiple compounds that differ in their relative polarity. This
hypothesis was further supported by the analysis of HPLC fractions (Figure 7c-¢), which showed
a distinct pattern of degrading activity for the IKZF3 and RNF166 reporters. These data are
consistent with either activity due to multiple distinct compounds present in Molt-4 cellular
extracts or different substrate specificities of the long and short retention forms of eLen observed
on HPLC, which may represent structural interconversion or degradation of a parent molecule
(Figure 6d). However, further confirmation of these findings awaits the identification of the

chemical structure of eLen and RNF166 and ZNF692-degrading activities.
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Screen of cell line pools to identify additional cell lines producing eLen

Given difficulties with producing sufficient quantities of stable eLen, we sought to
identify additional cell lines with eLen activity, again using increased IKZF3 post-translational
stability following glutarimide treatment as a proxy for endogenous degradation mediated
through CRBN’s IMiD-binding pocket. To approach this question in an unbiased manner we
took advantage of the pools of tumor cell lines created by the PRISM project (40) and adapted to
grow together. We obtained 27 pools of suspension cell lines (average 5 cell lines/pool) and
infected these cell pools with the IKZF3 degron reporter (Figure 8a). Following infection, we
treated the pools with glutarimide and analyzed the mean fluorescence intensity of GFP/mCherry
in pooled infected cells. An initial screen identified four cell pools with GFP/mCherry ratios >1
following treatment with both 10 uM and 100 uM glutarimide. Initial cell line pool hits
(Supplementary Fig S2) were re-screened with both the wild-type and IKZF3 Q147H reporter,
although one pool could not be recovered. For the three remaining pools, glutarimide treatment
resulted in an increase in the GFP/mCherry ratio of the wild-type IKZF3 reporter but not the
Q147H IKZF3 mutant reporter, suggesting endogenous degradation of the degron region of
IKZF3 which depends on similar structural integrity of the zinc finger as is required for
lenalidomide-induced degradation. Of the three re-tested pools, we noted that one of the pools
contained a rhabdoid cancer cell line, BT-12, and another contained PedsO05T Susp, a novel
renal medullary carcinoma cell line (41). Both rhabdoid tumors and renal medullary carcinomas
depend on loss of the tumor suppressor SMARCBI (42), a core member of the SWI/SNF
complex that is frequently disrupted in human cancer. Given the availability of inducible
SMARCBI re-expression models, we pursued the PedsO05TSusp cell line as another potential

source of eLen.
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Peds005TSusp cells have endogenous CRBN-dependent degradation of the IKZF3 degron and

produce eLen

We confirmed that glutarimide treatment increased the post-translational stability of the
IKZF3 degron, but not a similar zinc finger, ZFP91, in Peds005TSusp cell line (Figure 8d-e).
This correlated with endogenous proteasomal degradation of the IZKF3 degron, but not ZFP91,
in the Peds005TSusp cell line (Figure 8f). At least some of this degradation occurred through
CRBN, as CRISPR-Cas9 mediated gene editing of CRBN resulted in an increase in the post-
translational stability of the IKZF3 degron reporter in cells infected with gRNA targeting CRBN
but not non-targeting guides (Figure 8g). A statistically-significant increase in the post-
translational stability of the IKZF3 degron reporter with CRBN knockout was not seen following
treatment with glutarimide, as expected if glutarimide stabilizes endogenous IKZF3 by
competitively inhibiting its interaction with CRBN. As in Molt-4 cells, this endogenous and
glutarimide-sensitive proteasomal degradation of the IKZF3 degron was associated with the
presence of extractable metabolites which induced CRBN-dependent degradation of the IKZF3
degron in 293T reporter cells (Figure 8h).

Peds005TSusp cells are dependent on heterozygous loss of SMARCBI and enforced
expression of SMARCBI results in cellular senescence (41). Thus, we asked whether the
endogenous degradation of the IZKF3 degron is dependent on inactivation of SMARCBI. We
obtained Peds005TSusp cells expressing a doxycycline-inducible SMARBI1 expression construct
(kind gift of A. Hong) and infected these cells with the IKZF3 degron reporter. Expression of
SMARCBI in Ped005TSusp cells increased the post-translational stability of the IKZF3 degron,
but this effect was not seen when cells were also treated with glutarimide, consistent with a

CRBN-mediated effect (Figure 81). Taken together, these results suggest that loss of SMARCBI1
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creates a cellular state associated with increased proteasomal degradation of the IKZF3 degron

through CRBN.
Discussion, Conclusions, and Suggestions for Future Work

This work identified cell lines that produce an extractable small molecule that can induce
the ubiquitination and degradation of the lenalidomide-responsive region of [ZKF3 in a CRBN-
dependent manner. Although structural details of the eLen-CRBN interaction remain to be
determined, several pieces of evidence suggest that this molecule depends on the same structural
motifs in IZKF3 as lenalidomide and functions to recruit IZKF1 and CK1a to CRBN, consistent
with the “molecular glue” mechanism common to both lenalidomide and plant hormones.

Unfortunately, this work was unable to identify the endogenously produced compound
responsible for CRBN-dependent IZKF3 degradation, for which there are several potential
explanations. It remains formally possible that the CRBN-dependent degradation of IKZF3
observed in reporter cells is driven by a factor other than an endogenous metabolite produced by
Molt-4 or PedsO05TSusp cells. For example, metabolite extracts could trigger state changes in
293T reporter cells which result in degradation of the IKZF3 degron through a post-translational
modification. Alternatively, Molt-4 cells could produce an endogenous compound that alters the
fluorescence of mCherry or GFP. However, these explanations are unlikely given that the effect
is dependent on CRBN, is not observed with similar GFP/mCherry reporters with a mutant
IKZF3 degron, and persists after metabolite purification by SPE and HPLC. Additionally, the
metabolite extracts can be isolated via affinity purification with CRBN and induce interactions
between [ZKF1, CK1a, and CRBN in fully in vitro systems, suggesting a directly-interacting

small molecule rather than a post-translational modification.
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The most likely explanation for the failure of compound identification by mass
spectrometry is a mismatch between the sensitivity of the flow-cytometry-based IKZF3 reporter
system and biochemical methods, coupled with poor stability of an endogenous metabolite. The
IKZF3-Artichoke reporter has picomolar sensitivity but identification of an unknown by HPLC-
MS requires greater quantities of the active compound, which was limited by the need for
cellular extracts. Successful biochemical purification often require large volumes of input
material, as in the identification of the most common form of auxin, 3-indole acetic acid (IAA),
from human urine (43). Multiple studies with eLen also demonstrated that the endogenous
activity is unstable over time, further complicating our ability to generate the large amount of
activity required for biochemical purification through sequential steps. Additionally, the ability
to distinguish the active compound from the many inactive compounds in a complex cellular
extract is limited by the lack of clear trigger for eLen production in the tested cell lines.

Contamination with known IMiD compounds provides another explanation for these
results. However, while lenalidomide was detected in some MS samples, activity persisted with
compound was produced by a CRO without prior IMiD work. Additionally, the extracted
metabolites seem to have a slightly different pattern of activity than lenalidomide, with more
potent degradation of RNF166 and ZNF692 relative to IKZF3 than is seen with lenalidomide.
Overall, it is difficult to reconcile the multiple independent lines of evidence implicating Molt-4
and Peds005TSusp cells, including endogenous proteasomal degradation of IKZF1 which is
blocked by glutarimide and the effects of CRBN knockout and SMARCBI re-expression, with
contamination by lenalidomide.

If we were to continue to pursue a biochemical fractionation approach, the next steps to

identify the chemical structure of eLen would be to scale up extract production, identify an m/z
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ratio by HPLC-MS, and use nuclear magnetic resonance to further delineate the chemical
structure. However, it is unclear if we will be able to generate the large amount of pure material
required for this approach using cellular extracts. Hopefully, technical advances in HPLC-MS
will enable identification of an m/z with lower amounts of activity. Alternatively, crystallization
of the CRBN-eLen-IKZF1/3 complex may be possible at lower eLen concentrations, which
would help to both further delineate eLen’s chemical structure and biochemical mechanism.

Another potential approach would be to try to determine the metabolic pathways
controlling eLen production in order to gain insight into both its regulation and metabolic
pathway, which may in turn shed light on its chemical structure. While induction of SMARCB1
has some effect on eLen production, the effect size is small and it is unclear whether this effect is
specific or is related to the induction of cellular senescence. Ideally, we would want to identify a
single perturbation that induces large changes in eLen production. While such a perturbation may
provide insight into the metabolic or cellular pathways involved in eLen production, it would
also provide an essential comparator in biochemical fractionation and could potentially allow us
to more easily identify the active metabolite by comparing the relative abundances of each m/z
ratio present in extracts from perturbed and un-perturbed cells.

A genome-wide screen is one unbiased approach to determine which metabolic and
cellular pathways might influence eLen production. An open-reading-frame (ORF)-
overexpression screen (44) provides the opportunity to enhance the activity of specific metabolic
pathways which may be involved in eLen production, and thus potentially increase eLen activity
yields. Such a screen could be conducted in CRBN™* and CRBN™" cells expressing the IZKF3-
wild-type or IZKF3 Q147H reporter, thus limiting hits to ORFs that alter CRBN-dependent

degradation of the lenalidomide-responsive region of IKZF3.
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The cellular system reported here may represent the first example of an endogenous
compound in mammalian cells that regulates transcription factors through induced recruitment to
E3 ligases and subsequent ubiquitination and degradation. If small-molecule regulation of E3
ubiquitin ligases can be confirmed in human cells, it will provide essential insight into the
regulation of protein levels in both health and disease. Understanding endogenous regulatory
mechanisms may also enable pharmacological modulation of ubiquitin ligase activity for novel
substrates, ligases, and clinical conditions. Additionally, mimics of endogenous compounds may
provide fruitful areas for novel drug development and may be especially suited to degrade

transcription factors, which have proved challenging drug targets.

Summary:

This thesis sought to identify an endogenous metabolite in human cells that binds to the
E3 ubiquitin ligase CRBN and induces the recruitment and ubiquitination of the lymphoid
transcription factor IKZF3, analogous to the mechanism of thalidomide derivatives. This would
represent a completely novel mechanism of regulation in mammalian cells, but is analogous to
several important classes of plant hormones. Several cellular contexts were identified in which
IZKF1 and IZKF3 are degraded by the proteasome. Degradation was reduced by treatment with
glutarimide, a small molecule competitive inhibitor of the CRBN IMiD-binding pocket.
Metabolites extracted from these cell lines induced CRBN-dependent degradation of IKZF3 in
reporter cell lines, suggesting activity due to a small molecule rather than a post-translational
modification. Several biochemical assays confirmed direct interaction between the metabolites
and CRBN and extracted metabolites induced the recruitment and ubiquitination of IKZF1 in
vitro. Extracted metabolites also induced the degradation of additional recently described IMiD

substrates. Extraction and purification methods were developed to isolate this activity, dubbed
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eLen. Although HPLC-MS identification of an m/z ratio was ultimately unsuccessful due to low
input amounts and poor stability of the compound, it is hoped that technological develops in
mass spectrometry will allow identification of this activity in the future. Finally, an unbiased
screen of cell lines was undertaken to identify additional cellular contexts in which this activity

could be identified, providing an avenue for further study.
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Tables and Figures:

Figure 1: IMiDs and CRL4CRBN, a, Chemical structures of thalidomide, lenalidomide,
pomalidomide and glutarimide with the glutarimide and pthaloyl rings of the IMiDs indicated. b,
Diagram of the CRL4“REN complex bound to lenalidomide and inducing the recruitment and

ubiquitination of IKZF1.

Table 1
Disease Cell Line
B-Acute Lymphoblastic Leukemia
RS4;11
697
Reh
T-Acute Lymphoblastic Leukemia
Molt-4
Jurkat
B Lymphoma
RI-1
MCI116
Acute Myeloid Leukemia
KG-1
Nomo-1
HL-60
Monocytic
THP-1

Figure 2: Proteasomal degradation of IKZF1 in T-ALL cells is blocked by treatment with
CRBN-binder glutarimide. a, The indicated cell lines were treated with DMSO (D), 10 uM
glutarimide (G), 2 uM epoxomicin (E), 10 uM MG-132 (M), or 10 uM lenalidomide (L) for 6
hours, followed by immunoblotting for IKZF1, IKZF3, and actin as a loading control. The
relative area of the IKZF1 band to the actin band in the same lane is quantitated in b. ¢, Diagram

of the Artichoke IKZF3-degron post-translational stability reporter, which contains a 60 amino
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acid region of IKZF3 that is sufficient for IMiD-induced degradation fused to enhanced green
fluorescence protein (¢GFP). An internal ribosome entry site (IRES) separates this fusion
construct from mCherry, which is used as a normalization control. A decrease in the
GFP/mCherry ratio indicates a decrease in the post-translational stability of the fused protein. d,
The indicated cell lines were infected with the reporter shown in ¢. Cells were treated with
DMSO, 10 puM glutarimide, 100 uM glutarimide, or 1 uM lenalidomide for 24 hours. Data are
reported relative to the DMSO condition for each cell line. T cell acute lymphoblastic leukemia
cell lines (T-ALL) are indicated. e, Immunoblot of endogenous IKZF1, IKZF3, and Actin in

Molt-4 cells treated with DMSO (D) or Glutarimide 100 uM (G) for 24 hours.

Figure 3: Molt-4 cells contain metabolites that bind CRBN and induce CRBN-dependent
degradation of the IKZF3 degron in reporter cells. a, Whole cell extracts were isolated from
Jurkat or Molt-4 cells, dried down and applied to CRBN*"* or CRBN”~293T cells expressing the
wild-type IKZF3 degron reporter or a Q147H mutant reporter which is resistant to lenalidomide-
induced degradation. Data are normalized to DMSO. b, Cell extracts from a were applied to
CRBN™* or CRBN™" cells expressing a full-length IKZF3 reporter. Data are normalized to
DMSO. ¢, Treatment with Proteinase K does not diminish CRBN-dependent degradation of the
IKZF3 degron reporter induced by cell extracts. Data are normalized to DMSO. d, Schema of
isolation of eLen activity via co-immunoprecipitation of CRBN and IKZF3 from Molt-4 cells. e,
FLAG-CRBN was immunoprecipitated with anti-FLAG beads from Molt-4 cells treated with
DMSO or glutarimide as depicted in d. FLAG-CRBN was eluted with FLAG peptide, crashed in
80% methanol, and a 2 kD filter was used to remove residual protein. Dried down extracts were
applied to CRBN™* or CRBN”-293T reporter cells expressing the wild-type IKZF3 degron. Also

shown is the bead-only control. f, Schema of isolation of eLen activity using whole cell extracts
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applied to a recombinant column of CRBN-DDBI protein produced in insect cells. Tris buffered
saline, TBS. g, IKZF3-degrading activity present in first TBS washes and two methanol elutions

when Molt-4 cell extract was applied to the CRBN column. *** p<0.001

Figure 4: eLen induces the recruitment of IKZF1 and CK1a to CRBN and the
ubiqutination of IKZF1. a, Design of FRET assay. CRBN mutant is P352G W386A. b, Results
of TR-FRET assay with IKZF1 using eLen purified from Molt-4 cells. Error bars are standard
deviation of ten measurements of the same sample. ¢, TR-FRET assay with CK1a. d,

Fluorescent IKZF1 ubiquitination assay with eLen. Negative control is lacking E2 enzyme.

Figure 5: Optimization of eLen extraction and creation of solid phase extraction
purification methods. a, A number of different metabolite extraction methods from Dietmair et
al. (37) and were attempted on two different Molt-4 samples. Standard refers to initial method
from Sellick et al (36). The resulting metabolites were dried down and applied to CRBN** 293T
reporter cells expressing the IKZF3 degron. Data are reported as the ratio of GFP/mCherry
normalized to the DMSO condition. b, Stability of eLen when subjected to freezing at -80°C or
heating to 95°C. Data are normalized to DMSO. ¢, Effect of different extraction volume on eLen
yield, reported in lenalidomide-equivalent picomoles. d, Lenalidomide-equivalent picomoles of
activity present in flow, wash, and elution following SPE purification on an HLB Prime column.
e, GFP/mCherry ratio in IKZF3 reporter cells treated with eLen eluted from an HLB Prime
column using varying percentage of organic solvent (90% acetonitrile (ACN), 10% methanol

(MeOH)).

Figure 6: Development of HPLC purification methods for eLen. a, eLen purified from Molt-

4 cells by co-immunoprecipitation of CRBN (IP) or three different whole cell extracts (WCE)
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have identical retention times. Data are given as the ratio of GFP/mCherry with the DMSO
condition normalized to 1. b-¢, Retention of eLen on an Atlantis T3 column is significantly
dependent on the initial solvent conditions. The starting conditions in b were 20% acetonitrile,
while the starting conditions in ¢ were 5% acetonitrile. d, Fractionation of eLen with an
ammonium formate-based protocol generates two different peaks of eLen activity. These early
and late fractions were collected and fractionated again using the same method. e, CRBN-
dependent IKZF3-degrading activity in eLen produced by a contract research organization

(CRO). *** p<0.0001. ns, not significant.

Figure 7: Metabolite extracts from Molt-4 cells reduce the post-translational stability of
other zinc fingers and have distinct biochemical properties. a, Metabolite extracts from Molt-
4 cells were applied to CRBN"* or CRBN™"293T cells expressing the ZNF692 or RNF166 flow-
cytometry based reporter. A pomalidomide dose curve is shown for comparison. b, Molt-4 cell
extracts were subjected to solid phase extraction using an HLB Prime column. The resulting
fractions were applied to the indicated reporter cell lines and the relative activity in each fraction
was calculated by comparison to a pomalidomide dose curve. Data are shown as the percent of
total picomoles of pomalidomide-equivalent activity in each fraction. c-e HPLC fractionation of
Molt-4 cell extracts demonstrates IKZF3 and RNF166-degrading activity in distinct fractions.

Data are shown for several different HPLC methods.

Figure 8: PRISM screen to identify additional cell lines. a, Design of PRISM screen b,
Results of PRISM screen, expressed as GFP/mCherry ratio of glutarimide 100 uM vs.
glutarimide 10 pM treated cells, both normalized to DMSO. Cell pools shown in red were

retested. ¢, Results of retest of three of the cell lines. Blue points are results for wild-type IKZF3
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degron reporter. Black squares are results for IKZF3-Q147H degron reporter. d, Peds005TSusp
cells were infected with post-translational stability reporters for the IKZF3 degron or ZFP91 zinc
finger 4 and treated with DMSO, glutarimide, or lenalidomide for 18 hours. * p<0.05 Histogram
from IKZF3 reporter data is shown in e. Blue histogram is DMSO treated and red is glutarimide
100 uM. f, Effect of 5 hour proteasome inhibitor treatment on post-translational stability of
IKZF3 degron and ZFP91 reporters in Peds005TSusp cells. g, Peds005TSusp cells expressing
Cas9 and the IKZF3 degron reporter were infected at approximately 0.5 multiplicity of infection
with BFP" vectors containing either a validated CRBN gRNA or a non-targeting guide. After
allowing for CRISPR-Cas9 editing, cells were treated with glutarimide or lenalidomide. The
GFP/mCherry ratio was compared between the BFP* CRISPR-infected cells and the BFP"
CRISPR uninfected cells in each well. h, Peds005TSusp cell extracts induce degradation of the
IZKF3 degron reporter in CRBN** but not CRBN™~ 293T reporter cells. i, Peds005TSusp cells
expressing a doxycline-inducible SMARCBI construct and the IKZF3 degron reporter were
treated with doxycycline (2 pg/mL) or vehicle and DMSO or glutarimide and the ratio of

GFP/mCherry was measured by flow cytometry.

Figure S1: Effect of lenalidomide treatment on CRBN"* or CRBN"-293T cells infected with the

60 amino acid IKZF3 degron reporter.

Figure S2: Names and disease entity of cell lines in re-tested PRISM cell line pools. SCLC,

small cell lung cancer. ALL, acute lymphoid leukemia. AML, acute myeloid leukemia.
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Figure 3
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Figure 4
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Figure 5

0Q

a 2 Extraction methods o /i sample 1 _
Z 1.5 == Molt-4 Sample 2 ‘E' Extraction volume
3 60% MeOH/AMBIC quench cold saline quench "3 801
] <
8 c
2 1.0 5 0
S 60-
E s
) 5
£ g
? 0.5 ‘q.:, 40
2 3
cé G 20
T 0.0- 3
™ O & 9 o4 o S R & 5
SR & & & o
O o,vz"' 019*' < é‘é Q\‘?‘ Qeo 4\’5‘ € 0 T T T T 1
9\0 %\'D & & \Q} Q\o( . {&\\ \\q} Q&' S 0 2 4 6 8 10
o &8 3 s
S TE &S o ml EtOH for 2.5 million cells
AN NI
Q«K Q,} 00 vs’ dz‘?
S L ~ AL
@ QN
o\e Q’s\o ‘JQ
b Method d e
HLB Prime Elution Optimization
1.5 S
0.5- £ 1.0 .
> mm CRBN WT IKZF3 Degron — 2 -o- Replicate 1
5 == CRBN KO IKZF3 Degron 2 04 Q o3 - Replicate 2
= o .
€ 1.0 £ o £
x g 0. © 0.6-
] $ 5
f e 2 041
= 0.5 o
5 E, 0.1 5 0.2
S £ 25% ACN/MeOH
=z 0.0- £ 0.0
0.0 &'E & o 50 100 150
& & & & < %organic elution (% of 90%ACN/10%MeOH with remainder as H,0)
N ng)o «° &



Figure 6
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Figure 7
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Figure 8
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Figure S1
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Figure S2

Pool 125 Pool 119
Peds005T Susp Kidney Cancer GDM-1 AML
COR-L88 SCLC OCI-AML5 AML
NCI-H1092 SCLC PL-21 AML
NCI-H1341 SCLC SKM-1 AML
NCI-H2171 SCLC THP-1 AML
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C8166 ALL ECC10 Gastric Cancer
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