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Hematologic Malignancies Gene Regulatory Factor Alterations

Acute Promyelocytic Leukemia  RARa fusions

Myeloid Malignancies TET2, DNMT3A, IDH1/2, ASXL1, Cohesin,
(AML, MPN, MDS) PRC2

T-ALL TAL1, NOTCH1, PRC2

B-ALL CREBBP, CTCF

Mixed Lineage Leukemia MLL rearrangement

Diffuse Large B-Cell Lymphoma MYC, BCL6, ARID1A, MLL3, CREBBP,

EP300
Burkitt ymphoma MYC, ID3, SWI/SNF
Multiple Myeloma MYC, TP53, NSD2, MAF, KDMG6A, IRF4
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RNA Glue | LMIO70 in Spinal Muscular Atrophy
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Thalidomide Therapy for Erythema

Nodosum Leprosum (M. Leprae)

Table 2
Double Blind, Controlled Clinical Trials of Thalidomide in Patients with ENL:
Cutaneous Response

Teference No. of Patlents Tercent Responding -
Tyereinl Thalidomide Aspinn
Bull Workl Health ” 204 75% 25%
Organization 1971;

45:719
Sheskin ev al.” 52 173 Thalidomide Placcho
Lot Lep 1964 37138 H6% 104

WARNING: SEVERE, LIFE-THREATENING HUMAN BIRTH DEFECTS

IF THALIDOMIDE IS TAKEN DURING PREGNANCY, IT CAN CAUSE SEVERE
BIRTH DEFECTS OR DEATH TO AN UNBORN BABY. THALIDOMIDE
SHOULD NEVER BE USED BY WOMEN WHO ARE PREGNANT OR WHO
COULD BECOME PREGNANT WHILE TAKING THE DRUG. EVEN A SINGLE
DOSE [1 CAPSULE (50 mg)] TAKEN BY A PREGNANT WOMAN DURING HER
PREGNANCY CAN CAUSE SEVERE BIRTH DEFECTS.

BECAUSE OF THIS TOXICITY AND IN AN EFFORT TO MAKE THE CHANCE
OF FETAL EXPOSURE TO THALOMID AS NEGLIGIBLE AS POSSIBLE,
THALOMID IS APPROVED FOR MARKETING ONLY UNDER A SPECIAL
RESTRICTED DISTRIBUTION PROGRAM APPROVED BY THE FOOD AND
DRUG ADMINISTRATION. THIS PROGRAM IS CALLED THE "SYSTEM FOR
THALIDOMIDE EDUCATION AND PRESCRIBING SAFETY (S.T.EEP.S.)".

UNDER THIS RESTRICTED DISTRIBUTION PROGRAM, ONLY
PRESCRIBERS AND PHARMACISTS REGISTERED WITH THE PROGRAM
ARE ALLOWED TO PRESCRIBE AND DISPENSE THE PRODUCT. IN
ADDITION, PATIENTS MUST BE ADVISED OF, AGREE TO, AND COMPLY
WITH THE REQUIREMENTS OF THE S.T.E.P.S. PROGRAM IN ORDER TO
RECEIVE PRODUCT.

PLEASE SEE THE FOLLOWING BOXED WARNINGS CONTAINING SPECIAL
INFORMATION FOR PRESCRIBERS, FEMALE PATIENTS, AND MALE
PATIENTS ABOUT THIS RESTRICTED DISTRIBUTION PROGRAM.

Thalidomide Package Insert
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control + thalidomide Antitumor Activity of Thalidomide in
Refractory Multiple Myeloma

Propartion of Patients

Overall survival

Mao. a1 Risk

Owerall survival &4
Event-free survival 84

2 4 & 8 10 12 14 16 18
Manths after the Start of Thalidomide

78 69 64 58 56 51 34
65 39 a2 24 19 18 1

J. Folkman et al PNAS 91:4082- 4085, 1994 Seema Singhal et.al., N Engl J Med 18 November 1999
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Cereblon Substrate Identification - Myeloma
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sisten wih an esenialrle fo tese octos
inlympohid differentiation (24, 25). In T cells,
ablation of mediated r«.m\.\\um of L2
gene expresion provides a mechanism for in

creased 112 production in esponse o lenalidomice.
“The teratogenicity of thalidomide and the cfT

References and Notes
V. Rafkumar et al., Blood 106, 4050-4053 Q095)
2. & Haslet, L G. Corral, M. Aber, G. Kapan,

3E 2 A ol
. Kaplan, ). Exp. Med. 173, 699-103 (1991,
T o't al, Scence 327, 1345-1350 2010
R Grolsran efal, Celf 113, 357-367 (2003,
5. Angers et ol Nature 443, 590-593 (2006
N, D. Udes, P Nertn, T. Svrking, . A G,

H
H

cy of lenalidomide in y
may be mediated by alternative substrates i dif-
ferent cellular lineage

RING-based E3 ubiquitn ligases are charac-
terized by a high specificity for their substrates
and therefore represent promising drug targets
(26). Our studies reveal that lenalidomide mod-
ulates the activity of the CRL4-CRBN complex
o increase ubiquitination of two tr
factors, IKZF1 and IKZF3, whi
wise be considered “undruggable.” A pl
mone, auxin, appears to act similarly,
the interaction between a ubiquitin ligase
spifc ubsie, suggsing it hismeconim
Taght b aperive I addons biokog
tes (27 Sl ubiquigon &;rmdulum
of specific targets provides a previously uniden-
g mechuni ofthaapeut vy o procins
thatare nototherwise amenable to small-molecule
inhibition.

g

con-

The Myeloma Drug

Nat. rooc. 8,
8 N. D, Udshi et a, ol Cll.Proteomics 12, 825-831

5. 7. K et al., Nature 483, 484-488 2012)

A Soucy ef al., Noture 458, 732736 (2009,
12, A Loper Grona et o, eukemia 26, 2326-2335 Q012),
VX Zh et o, Boad 118, 4171-4779 2011

Gur. Opin. i 199).
16. . Nickel et al. 87 . Haematol. 184, 268-270
(2009,

17. 8. Morgan et ol £480 ). 16, 2004-2013 1997),

18. M. Corts K. Georgopoulos, . Exp. Med. 199, 209-219
(200)

19, AL Shafer e o, Nature 454, 226-231 (2008

20, R Gonci t af, ot immmol 12, 846-853 (2010,

21, F.). Quinana et al, Nat. Immnol 13, 770-77 Q012).

2. T.W. Haberman et al, B, . Hoemalol. 145, 344-349
(2009,

23 A Chanan-Khan et l, ) Cln. Oncol. 24, 5343-5349
(2006)

24, C.G. Mullghan t L, Nature 446, 758-764 2007

Lenalidomide

Promotes the Cereblon-Dependent
Destruction of lkaros Proteins

Gang Lu," Richard E. Middleton,' Huahang Sun,™* Markic Naniong, ? Christopher J, Ott*
Constantine S. Mitsiades," Kwok-Kin Wong,* James E. Bradner," William G. Kaelin Jr."

Thalidomide-tike drugs such as lenalidomide are clinically important treatments for multiple

‘myeloma and show promise for other B cell malignanc;

The biochemical mechanisms

underlying their antitumor activity are unknown. Thalidomide was recently shown to bind to,

and inhibit, the cereblon ubiquitin ligase. Cereblon loss

zebrafish causes fin defects reminiscent

of the limb defects seen in children exposed to thalidomide in utero. Here we show that
tenalidomide-bound cereblon acquires the ability to target for proteasomal degradation two
specific B cel transcription factors, Ikaros family zinc finger proteins 1 and 3 (KZF1 and IKZF3).
Analysis of myeloma cel lines revealed that loss of IKZF1 and IKZF3 s both necessary and

sufficient for lenalidomide’s therapeutic effect, suggesting that the ai

imor and teratogenic

activities of thalidomide-like drugs are dissociable.
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cells rendered IMiDs-resistant have frequently
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cereblon concentrations in myeloma cells are as-
sociated with increased responsiven IMiDs
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but, instead, atr the subsrate specificity o cereblon
1o include proteins important in myeloma.
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(ORF) fused 10 firefly luciferase (Fluc), know-
ing that the stabilities of such fusions arc usual-
ly influenced by the ubiquitin ligase(s) for the
comesponding unfused ORF (/7-13). Indeed,
dge A\nd co- w.mn used a green fluorescence
protein (GF] ary to monitor the sta-
i o hoants of O e specific pertur-
bations (1), Purtly on the basis of their work, we
inserted a renilla luciferase (Rluc) reporter
cach ORF-luciferase cDNA for nomalization
purposes and placed both reporters under infernal
ibosome entry site (IRES) control (Fig. 1A and
fig. S1).
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tion activity (4). Treatment of zebrafish with
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puh,d MG132 stabilized many proteasomal
substrates and DMOG stabilized HIF1a, which
rapidly degraded when prolyl hydroxylated
s3).
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Lenalidomide Causes Selective
Degradation of IKZF1 and IKZF3 in
Multiple Myeloma Cells

Jan Krinke,! Namrata . Udeshi,” Anupama Narla, Peter Grauman, Slater N. Hurst!
Marie McConkey," Tanya Svinkina," Dirk Heckl," Eamon Comer,” Xiaoyu Li

Christie Ciarlo,” Emily Hartman,? Nikhil Munshi,* Monica Schenone, Stuart L. Schreiber,
Steven A. Carr,” Benjamin L. Ebert

Lenalidomide is a drug with clinical efficacy in multiple myeloma and other B cell neoplasms,
but its mechanism of action is unknown. Using quantitative proteomics, we found that
enalidomide causes selective ubiguitination and degradation of two lymphoid transcription
factors, IKZF1 and IKZF3, by the CRBN-CRL4 ubiquitin ligase. IKZF1 and IKZF3 are essential
tiple myeloma. A single amino acid substitution of IKZF3 conferred
induced degradation and rescued lenalidomide-induced inhibition of
cell growth. Similarly, we found that lenalidomide-induced interleukin-2 production in T cels is
due to depletion of IKZF1 and IKZF3. These findings reveal a previously unknown mechanism of
action for a therapeutic agent: alteration of the activity of an E3 ubiquitin ligase, leading to
selective degradation of specific targets.
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titative mass spectrometry (MS), we found that
enalidomide binds DDBI and CRBN that, together
with CULA and ROC, form an I3 ubiquitn ligase:
1 ). The same target has re-

ported to bind thalidomide and has

omide () The
both leralidomide an in independent
proomic s providespowertl evdence that
this ubiquitnligase complex s a major direct protin-
binding partner for this class of molecules.

We hypothesized that the pleiotropic effects
of lenalidomide might be caused by altered
ubiquitination of target proteins, Specificity of
the CRLA ubiquitin ligase is mediated by an in-
terchangeable substrae receptor, but no targets

¢ been identified for CRBN, a putative sub-
strate receptor (4-6). To characteize lenalidomide-

studies to characterize changes in the
ubiquitinome and proteome in the MMIS multi-
ple mycloma cellne. Uh\qmulmlmm profiling was
completed through the enrichment of form
uicimied pepides with n antbody o K.
GG (Fig. 1A) (7, ). Two proteins, Ikaros (IKZF1)
and Aiolos (IKZF3), scored at the top of the lists
of proteins regulated by lenalidomide at both the
protein and ubiquitin-site level Band O)
Lenalidomide decreased the abundance of IKZF3
(logs ratio ~2.09) and IKZF1 (log; ratio ~1.54).

naFarbes Cancer Insitte, Boston, WA 02115, USA SILAC e label-
'Lumponmng author. E-mait beberi@partners org ing of amino acids in cell culture)-based quan- 1o be associated with decreased protein abundance,
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Cereblon Substrate Identification - Phocomelia
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Cereblon Substrate Identification - Phocomelia

410 420 430
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Affinity purification
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Ub

Therapeutic

Ub

Target
rationale for targeted protein degradation Ub
targeting entire protein vs. single domain E2
the addressable domain may not be active
pairs well with shRNA and CRISPR validation
improved Emax
kinetic advantage: prolonged duration of effect
catalytic turnover feasible
overcome mechanisms of resistance
a new path to the waterfall CRBN
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technological challenges
engineered approaches predominated
peptide synthesis challenging

limited biochemical characterization
absent mechanistic controls

low intracellular permeability

poor potency

poorly reproducible

inactive in vivo

not extensible to diverse targets
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degradation to overcome resistance to BET bromodomain inhibition
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an all-chemical solution for targeted protein degradation
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emerging themes in targeted protein degradation
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Target Potency Reveals Catalytic Activity
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Target Inhibition # Target Degradation

¢c-MYC transcript levels
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Ligand Specificity # Degrader Selectivity
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Useful in Target Validation
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Useful in Target In-Validation
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Useful in Target Identification
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Useful for Fast Biology
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Ligases Have Preferences
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Ligases Degrade Ligases
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Reproducible & Extensible
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Reproducible & Extensible
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Protacs: Chimeric molecules that target Bradner Lab
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for in vivo target protein degradation
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FKBP12:FK506:Calcineurin FRB:Rapamycin:FKBP12 Cyclophilin:Cyclosporine A:Calcineurin
Kissinger, Nature 1995 Schreiber & Clardy, Science 1996 Ke , PNAS 2002
Griffith, Cell 1995
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Tanokura, Nature 2009 Zheng, Nature 2007 Zheng, Nature 2010
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Molecular Glues

Protein:RNA Protein:Protein Conformational Glues
LMIO70 dBET1 SHP099
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Undruggable-targets will be drugged
Elusive pathophysiology will be explained

Sciences and medicine will converge
Disease will be treated pre-emptively
Humanity will be quantified

Patients will drive healthcare
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