BMP pathway, Mad and Medea (21), in bam™*
and udd’ bam™*® double mutants. Disruption of
udd resulted in reduced levels of Mad but not
Medea or histone H2B, indicating that modula-
tion of rRNA transcription affects the expression
of specific proteins that regulate cell-fate deci-
sions within the GSC lineage (Fig. 41 and fig.
S16). Down-regulation of Mad in response to
reduced rRNA transcription likely acts in concert
with other mechanisms that extinguish BMP
signaling in GSC daughters displaced away from
the stem cell niche (22, 23).

Besides TIF-IA and dMyc (19, 24), few reg-
ulators of Drosophila Pol 1 have been character-
ized. The identification of a Drosophila SL1-like
complex provides insights into the mechanisms
that regulate rRNA transcription in a developmen-
tal context (fig. S16D). Seminal work has shown
that specific cellular structures asymmetrically
segregate during stem cell divisions in Drosoph-
ila and mice (18, 25-27). Results presented here
indicate that rRNA transcriptional machinery also
partitions unevenly during certain cell divisions.
These data reveal that distinct levels of ribosome
biogenesis, once considered a generally consti-
tutive process, modulate the expression of spe-
cific proteins that direct cell fate decisions, growth,
and proliferation within an in vivo stem cell lin-
eage more rapidly or to a greater extent than
others. Notably, the direction of asymmetric en-

richment of ribosome biogenesis factors may be
reversed in other lineages, especially in those stem
cells destined to enter a quiescent state. These find-
ings may have important implications for human
ribosome-related diseases (28, 29).
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Lenalidomide Causes Selective
Degradation of IKZF1 and IKZF3 in
Multiple Myeloma Cells
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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
lenalidomide causes selective ubiquitination and degradation of two lymphoid transcription
factors, IKZF1 and IKZF3, by the CRBN-CRL4 ubiquitin ligase. IKZF1 and IKZF3 are essential
transcription factors in multiple myeloma. A single amino acid substitution of IKZF3 conferred
resistance to lenalidomide-induced degradation and rescued lenalidomide-induced inhibition of
cell growth. Similarly, we found that lenalidomide-induced interleukin-2 production in T cells 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.

the treatment of multiple myeloma (/) and
has activity in other B cell lymphomas. In
addition, lenalidomide and its analogs thalidomide

Lenalidomide is a highly effective drug for
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and pomalidomide have multiple additional bio-
logical effects, including teratogenicity, stimula-
tion of interleukin-2 (IL-2) production by T cells
(2), and inhibition of tumor necrosis factor produc-
tion by monocytes (3), but the molecular basis of
these pleiotropic activities is unknown.

Using an immobilized derivative of lenalidomide
in combination with SILAC (stable isotope label-
ing of amino acids in cell culture)-based quan-

titative mass spectrometry (MS), we found that
lenalidomide binds DDB1 and CRBN that, together
with CULA and ROC1, form an E3 ubiquitin ligase
(CRBN-CRLA) (fig. S1). The same target has re-
cently been reported to bind thalidomide and has
been implicated in the teratogenetic effects of tha-
lidomide (4). The finding that CRBN-DDBI binds
both lenalidomide and thalidomide in independent
proteomic studies provides powerful evidence that
this ubiquitin ligase complex is a major direct protein-
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 CRL4 ubiquitin ligase is mediated by an in-
terchangeable substrate receptor, but no targets
have been identified for CRBN, a putative sub-
strate receptor (4—6). To characterize lenalidomide-
induced modulation of CRBN-CRL4 ubiquitin
ligase activity, we used SILAC-based quantita-
tive MS studies to characterize changes in the
ubiquitinome and proteome in the MM1S multi-
ple myeloma cell line. Ubiquitination profiling was
completed through the enrichment of formerly
ubiquitinated peptides with an antibody to K-e-
GG (Fig. 1A) (7, 8). 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 (Fig. 1, B and C).
Lenalidomide decreased the abundance of IKZF3
(log, ratio —2.09) and IKZF1 (log, ratio —1.54).
‘Whereas increased ubiquitination would be expected
to be associated with decreased protein abundance,
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we observed a decrease in ubiquitination of mul-
tiple lysine residues of IKZF1 and IKZF3 after
treating cells with lenalidomide for 12 hours be-
fore addition of the proteasome inhibitor MG132.
A likely interpretation of these results is that IKZF1
and IKZF3 are rapidly ubiquitinated, targeting
them for degradation and resulting in a decrease
in abundance of both ubiquitinated and absolute
levels of these proteins. IKZF1 and IKZF3 also
scored at the top of the list of thalidomide-regulated
proteins, which is consistent with the similar bio-
logical activity of the molecules (fig. S2).

In parallel, we examined the landscape of
lenalidomide-dependent CRBN protein interac-
tions (fig. S3). We found that binding of IKZF1
and IKZF3 to the putative CRBN substrate receptor
that was enhanced in the presence of lenalidomide
(Fig. 1D and fig. S3). As expected, we pulled down
all of the members of the CRBN-CRLA ubiquitin
ligase and proteins known to interact with DDB1,
including subunits 1 to 8 of the COP9 signalosome
complex, in both, untreated, or lenalidomide-
treated cells. No other known substrate receptors
for DDB1 were coimmunoprecipitated, indicating
that CRBN is a substrate receptor and precludes
binding of alternative receptors to DDBI1. In aggre-
gate, the proteomic data suggest that lenalidomide
increases the binding of IKZF1 and IKZF3 to
the CRBN-DDB1 ubiquitin ligase complex, lead-
ing to increased ubiquitination and consequent
degradation.

To validate this putative mechanism, we ana-
lyzed whether lenalidomide causes posttranscrip-
tional regulation of IKZF1 and IKZF3 protein
abundance. The cDNAs of candidate genes, fused
to firefly luciferase (FFluc), were expressed in
293T cells (9). IKZF1 and IKZF3 conferred a
lenalidomide-regulated decrease in luciferase ac-
tivity. In contrast, luciferase levels were not al-
tered after lenalidomide treatment when FFluc
was fused to RAB2S, a protein that decreased in
abundance after lenalidomide treatment but did
not bind to CRBN. Similarly, lenalidomide did not
alter the abundance of FFluc fused to three other
transcription factors of the Ikaros family, Helios
(IKZF2), Eos (IKZF4), and Pegasus (IKZF5); IRF4,
a protein implicated in lenalidomide activity (/0);
or the transcription factors HOXA9 and Myc (Fig.
2A). We confirmed that in MM1S cells stably ex-
pressing hemagglutinin (HA}-IKZF1 or HA-IKZF3,
lenalidomide caused a dose-dependent reduction
of both proteins (fig. SS5). Taken together, these re-
sults demonstrate the selective regulation of IKZF1
and IKZF3 levels in response to lenalidomide.

We next examined endogenous protein ex-
pression in response to lenalidomide. Lenalidomide
strongly decreased the abundance of IKZF1 and
IKZF3 in a dose-dependent manner in cell lines
(Fig. 2B and fig. S4A) as well as in primary mul-
tiple myeloma samples (Fig. 2E), as did thalidomide
and pomalidomide (fig. S4C). Depletion of these
proteins was evident in as little as 3 hours after
lenalidomide treatment (Fig. 2C). In contrast, /KZF']
and /KZF3 mRNA levels were not altered by
lenalidomide treatment (Fig. 2D and fig. S4B).

Lenalidomide induced ubiquitination of HA-
tagged IKZF1 and IKZF3 expressed in MM1S
(Fig. 2F) and 293T cells as well as endogenous
IKZF1 and IKZF3 (fig. S6). Cullin-RING ubiquitin
ligase (CRL) activity depends on NEDDylation
(11), and treatment with the Nedd8 enzyme in-
hibitor MLLN-4924 prevented the lenalidomide-
induced decrease of IKZF1 and IKZF3 (fig. S5).
These experiments demonstrate that lenalidomide-
induced degradation of IKZF1 and IKZF3 involves
ubiquitination by a cullin-based E3 ubiquitin ligase.

We next sought to determine whether
lenalidomide-induced ubiquitination of IKZF1
and IKZF3 is caused by altered binding of these
proteins to CRBN, as observed in our proteomic
studies. We confirmed that more IKZF1 and IKZF3
coimmunoprecipitated with endogenous CRBN
in cells treated with lenalidomide (Fig. 3A). If
CRBN is essential for lenalidomide-induced deg-
radation of IKZF1 and IKZF3, then loss or muta-
tion of CRBN would inhibit the effect of the drug.
Knockdown of CRBN by short hairpin RNAs

(shRNAs) as well as expression of the CRBNY VA4
mutant (4) that does not bind lenalidomide
abrogated degradation of IKZF1 and IKZF3 and
conferred lenalidomide resistance to MM1S cells
(fig. S7), which is consistent with previous studies
that have shown CRBN to be essential for
lenalidomide activity in multiple myeloma (12, 13).
IKZF3 was ubiquitinated in vitro when coimmu-
noprecipitated with CRBN from 293T cells, dem-
onstrating that IKZF3 is an enzymatic substrate
of the CRBN complex (Fig. 3B). These studies
demonstrate that lenalidomide causes increased
binding of IKZF1 and IKZF3 to CRBN and pro-
motes their ubiquitination and degradation.

In order to identify a degron sequence in IKZF3
responsible for lenalidomide sensitivity, we gen-
erated a series of deletion mutants and identified
a 59-amino acid sequence that is sufficient for
lenalidomide sensitivity, of which 30 amino acids
are essential (Fig. 3, C and D, and fig. S8). The
critical amino acid sequence lies within zinc fin-
ger domain 2, which is highly homologous be-
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Fig. 3. CRBN is a substrate receptor for IKZF1 and IKZF3. (A) Immuno-
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precipitated with FLAG-CRBN from 293T cells and incubated in the presence or
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degron that confers lenalidomide sensitivity. Blue boxes in the IKZF3 pro-
tein represent zinc finger domains. (D) Sequence alignment of the core
lenalidomide degron between the five Ikaros proteins. Western blots of 293T
cells lysates 48 hours after cotransfection of FLAG-tagged IKZF3 or IKZF4 with
HA-tagged CRBN and 24 hours of drug treatment.
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Q, Gln.) In the mutants, other amino acids were sub-
stituted at certain locations; for example, Q147H
indicates that glutamine at position 147 was re-
placed by histidine. Conversely, when the cor-
responding histidine (H188) in IKZF4 was changed
to glutamine (IKZF4""%¥Q), IKZF4 was degraded
after lenalidomide treatment (Fig. 3D). Binding
to CRBN in the presence of lenalidomide is de-
creased for IKZF32"™M as compared with wild-
type IKZF3 (fig. S8C). This domain is therefore
necessary and sufficient for lenalidomide-induced
binding to CRBN and subsequent protein deg-
radation, and amino acid changes in this region
provide the basis for differential sensitivity to
lenalidomide between Ikaros family members.
Having demonstrated that lenalidomide regu-
lates IKZF1 and IKZF3 ubiquitination and abun-
dance, we next sought to determine whether these
proteins mediate specific biological and thera-
peutic effects of lenalidomide. IKZF1 and IKZF3
are essential transcription factors for terminal dif-
ferentiation of B and T cell lineages (/4, 15).
Whereas IKZF1 is highly expressed in early lym-
phoid progenitors, IKZF3 is expressed at high
levels in more mature B cell neoplasms (16, 17),
and mouse studies have demonstrated that IKZF3
is required for the generation of plasma cells, which
are the physiologic counterparts of multiple mye-
loma cells (/8). Therefore, we examined the depen-
dence of multiple myeloma cells on /KZF1 and
IKZF3 expression by genetic silencing of these
proteins using RNA interference. IKZF] and IKZF3
shRNAs that effectively decrease expression of

Fig. 4. Biological role of IKZF1 and IKZF3 in
multiple myeloma cell lines and T cells. (A)
Lenalidomide-sensitive and -insensitive cell lines
were infected with lentivirus-expressing /KZF1 or
IKZF3 shRNAs and green fluorescent protein (GFP).
Relative depletion was assessed by means of flow
cytometry and normalized to day 2 after infection.
(B) MM1S cells were transduced with retrovirus
expressing GFP and wild-type /KZF3 or a dominant
negative /KZF3 isoform, with deletion of the com-
plete DNA binding region. (C) MM1S cells were
infected with retrovirus expressing IKZF3%*4"/GFP
or IKZF3"/dTomato and competed against each
other in media containing DMSO or lenalidomide.
(D) Human CD3* T cells were stimulated with plate-
bound antibody to CD3 and antibody to CD28 and
treated with different concentrations of lenalidomide
for 24 hours. (E and F) T cells were infected with
lentiviral vectors expressing shRNAs targeting the
indicated genes. After selection with puromycin,
T cells were stimulated with antibody to CD3/CD28
Dynabeads and treated with DMSO or 1 uM
lenalidomide for 12 hours before lysis. /-2 RNA
expression levels were analyzed by quantitative
reverse transcription polymerase chain reaction by
using glyceraldehyde-3-phosphate dehydrogenase
expression as an internal control.
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the target proteins (fig. S11) inhibited growth of
lenalidomide-sensitive multiple myeloma cell
lines, whereas lenalidomide-insensitive cell lines
were unaffected (Fig. 4A and fig. S9). Similarly,
expression of a dominant negative IKZF3 iso-
form that lacks the complete DNA binding region
resulted in depletion of MMLS cells (Fig. 4B). Over-
expression of /KZF3 conferred relative lenalidomide-
resistance to MMIS cells when competed with
MMIS cells infected with a control retrovirus
(fig. S9B). Moreover, MM1S cells expressing the
lenalidomide-resistant JKZF32*” mutation were
relatively resistant toward lenalidomide when com-
peted against MMIS cells expressing wild-type
IKZF3 (Fig. 4B). These studies indicate that the
antiproliferative effect of lenalidomide in multi-
ple myeloma cells is mediated by depletion of
IKZF1 and IKZF3.

The transcription factor IRF4 was previously
reported to be an essential gene in multiple myeloma
and was implicated in the activity of lenalidomide
in this disease (10, 19). Although IRF4 protein
levels were only slightly decreased in our protoemic
analysis after 12 hours of treatment, we ob-
served a decrease of /RF4 mRNA and protein
when cells were treated for 24 hours and longer.
Knockdown of /KZF3 also suppressed /RF4
mRNA levels, suggesting that IRF4 is a transcrip-
tional target of IKZF3 (fig. S10).

IKZF3 binds the /L2 gene promoter and re-
presses /L2 transcription in T cells (20, 21). We there-
fore sought to determine whether lenalidomide
regulates IL-2 levels by modulating IKZF3 expres-

sion. Both IKZF1 and IKZF3 protein levels de-
crease markedly in primary human T cells treated
with lenalidomide (Fig. 4D). Lenalidomide induced
IL2 mRNA expression by 3.3-fold in T cells ex-
pressing a control shRNA. shRNA-mediated
knockdown of IKZF3 or IKZFI induced IL-2
expression and repressed further response to
lenalidomide (Fig. 4E). Similarly, the effect of
lenalidomide on /L2 expression was abrogated
by shRNA knockdown of CRBN (Fig. 4F). These
studies demonstrate that induction of IL-2 is me-
diated by derepression of the IL-2 promoter by
depletion of IKZF3.

In aggregate, our studies demonstrate that
lenalidomide acts via a previously unknown mech-
anism of drug activity—enforced binding of the
substrate receptor CRBN to IKZF1 and IKZF3—
resulting in selective ubiquitination and degrada-
tion of the target proteins. IKZF1 and IKZF3 play
central roles in the biology of B and T cells, and
ablation of protein expression for these transcrip-
tion factors explains the activity of lenalidomide
in lymphoid cells. In particular, IKZF3 is critical
for plasma cell development, and our data indi-
cate that IKZF3 is essential in multiple myeloma,
a plasma cell malignancy, providing a mechanis-
tic basis for therapeutic efficacy in this disorder
(18). Moreover, the activity of lenalidomide in
other B cell neoplasms, including mantle cell lym-
phoma (22) and chronic lymphocytic leukemia
(23), may be explained by high IKZF3 expres-
sion in these disorders (/6). Somatic inactivation
of IKZF1 and IKZF3 occurs in acute lympho-
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blastic leukemia, resulting in an accumulation of
immature lymphoid progenitor cells, which is con-
sistent with an essential role for these factors
in lympohid differentiation (24, 25). In T cells,
ablation of IKZF3-mediated repression of IL-2
gene expression provides a mechanism for in-
creased IL-2 production in response to lenalidomide.
The teratogenicity of thalidomide and the effica-
cy of lenalidomide in myelodysplastic syndrome
may be mediated by alternative substrates in dif-
ferent cellular lineages.

RING-based E3 ubiquitin 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
to increase ubiquitination of two transcription
factors, IKZF1 and IKZF3, which would other-
wise be considered “undruggable.” A plant hor-
mone, auxin, appears to act similarly, increasing
the interaction between a ubiquitin ligase and a
specific substrate, suggesting that this mechanism
might be operative in additional biological con-
texts (27). Selective ubiquitination and degradation
of specific targets provides a previously uniden-
tified mechanism of therapeutic activity for proteins
that are not otherwise amenable to small-molecule
inhibition.
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The Myeloma Drug Lenalidomide
Promotes the Cereblon-Dependent
Destruction of lkaros Proteins

Gang Lu,* Richard E. Middleton,** Huahang Sun,™? MarkVic Naniong,™? Christopher ]. Ott,*
Constantine S. Mitsiades,> Kwok-Kin Wong,"? James E. Bradner,* William G. Kaelin Jr.*-3*

Thalidomide-like drugs such as lenalidomide are clinically important treatments for multiple
myeloma and show promise for other B cell malignancies. The biochemical mechanisms
underlying their antitumor activity are unknown. Thalidomide was recently shown to bind to,

and inhibit, the cereblon ubiquitin ligase. Cereblon loss in zebrafish causes fin defects reminiscent
of the limb defects seen in children exposed to thalidomide in utero. Here we show that
lenalidomide-bound cereblon acquires the ability to target for proteasomal degradation two
specific B cell transcription factors, lkaros family zinc finger proteins 1 and 3 (IKZF1 and IKZF3).
Analysis of myeloma cell lines revealed that loss of IKZF1 and IKZF3 is both necessary and
sufficient for lenalidomide’s therapeutic effect, suggesting that the antitumor and teratogenic
activities of thalidomide-like drugs are dissociable.

somnia and morming sickness but was later
banned because of its teratogenicity, man-
ifest as profound limb defects. Thalidomide and
the related drugs lenalidomide and pomalidomide
(IMiDs) have regained interest, however, as im-

F ifty years ago, thalidomide was used for in-
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munomodulators and antineoplastics, especially
for multiple myeloma and other B cell malignancies
(1-3). Nonetheless, the biochemical mechanisms
underlying their teratogenic and therapeutic activi-
ties, and whether they are linked, are unknown.
In this regard, thalidomide was recently shown
to bind to cereblon, which is the substrate-
recognition component of a cullin-dependent
ubiquitin ligase, and to inhibit its autoubiquitina-
tion activity (4). Treatment of zebrafish with
cereblon morpholinos or thalidomide caused fin
defects (4), suggesting that IMiDs act by sta-
bilizing cereblon substrates. However, myeloma

cells rendered IMiDs-resistant have frequently
down-regulated cereblon (5—8). Conversely, high
cereblon concentrations in myeloma cells are as-
sociated with increased responsiveness to IMiDs
(9, 10). Collectively, these observations suggest
that IMiDs are not simply cereblon antagonists
but, instead, alter the substrate specificity of cereblon
to include proteins important in myeloma.

To look for such proteins, we made a plasmid
library encoding 15,483 open reading frames
(ORFs) fused to firefly luciferase (Fluc), know-
ing that the stabilities of such fusions are usual-
ly influenced by the ubiquitin ligase(s) for the
corresponding unfused ORF (//-13). Indeed,
Elledge and co-workers used a green fluorescence
protein (GFP)-ORF library to monitor the sta-
bilities of thousands of ORFs after specific pertur-
bations (/3). Partly on the basis of their work, we
inserted a renilla luciferase (Rluc) reporter into
each ORF-luciferase cDNA for normalization
purposes and placed both reporters under internal
ribosome entry site (IRES) control (Fig. 1A and
fig. S1).

In pilot experiments 293FT embryonic kidney
cells grown in multiwell plates were transfected
with the ORF-luciferase library (one ORF per well)
and treated with the proteasome inhibitor MG132,
the hydroxylase inhibitor dimethyloxalylglycine
(DMOG), or vehicle. Fluc/Rluc values measured
36 to 48 hours later were stable over a wide range
of input plasmid concentrations (fig. S2). As ex-
pected, MG132 stabilized many proteasomal
substrates and DMOG stabilized HIF1a, which
is rapidly degraded when prolyl hydroxylated
(fig. S3).
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Lenalidomide Causes Selective Degradation of IKZF1 and IKZF3 in Multiple Myeloma Cells

Jan Kronke, Namrata D. 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 and Benjamin L. Ebert

Science 343 (6168), 301-305.
DOI: 10.1126/science.1244851originally published online November 29, 2013

Drug With a (Re)Purpose

Thalidomide, once infamous for its deleterious effects on fetal development, has re-emerged as a drug of great
interest because of its beneficial immunomodulatory effects. A derivative drug called lenalidomide significantly extends
the survival of patients with multiple myeloma, but the molecular mechanisms underlying its efficacy remain unclear (see
the Perspective by Stewart). Building on a previous observation that thalidomide binds to cereblon, a ubiquitin ligase, Lu
et al. (p. 305, published online 28 November) and Kronke et al. (p. 301, published online 28 November) show that in the
presence of lenalidomide, cereblon selectively targets two B cell transcription factors (Ikaros family members, IKZF1 and
IKZF3) for degradation. In myeloma cell lines and patient cells, down-regulation of IKZF1 and IKZF3 was necessary and
sufficient for the drug's anticancer activity. Thus, lenalidomide may act, at least in part, by "grepurposing” a ubiquitin

ligase.
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