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Cereblon is a direct protein target for immunomodulatory and
antiproliferative activities of lenalidomide and pomalidomide
This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue.
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Thalidomide and the immunomodulatory drug, lenalidomide, are therapeutically active in hematological malignancies.
The ubiquitously expressed E3 ligase protein cereblon (CRBN) has been identified as the primary teratogenic target of thalidomide.
Our studies demonstrate that thalidomide, lenalidomide and another immunomodulatory drug, pomalidomide, bound
endogenous CRBN and recombinant CRBN–DNA damage binding protein-1 (DDB1) complexes. CRBN mediated antiproliferative
activities of lenalidomide and pomalidomide in myeloma cells, as well as lenalidomide- and pomalidomide-induced cytokine
production in T cells. Lenalidomide and pomalidomide inhibited autoubiquitination of CRBN in HEK293T cells expressing
thalidomide-binding competent wild-type CRBN, but not thalidomide-binding defective CRBNYW/AA. Overexpression of CRBN
wild-type protein, but not CRBNYW/AA mutant protein, in KMS12 myeloma cells, amplified pomalidomide-mediated reductions in
c-myc and IRF4 expression and increases in p21WAF-1 expression. Long-term selection for lenalidomide resistance in H929 myeloma
cell lines was accompanied by a reduction in CRBN, while in DF15R myeloma cells resistant to both pomalidomide and
lenalidomide, CRBN protein was undetectable. Our biophysical, biochemical and gene silencing studies show that CRBN is a
proximate, therapeutically important molecular target of lenalidomide and pomalidomide.
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INTRODUCTION
In multiple myeloma, myelodysplastic syndrome and lymphomas,
thalidomide and/or the structurally analogous compound lenalido-
mide, are antiproliferative, increase immune surveillance and decrease
stromal cell support.1–4 Lenalidomide has a different spectrum of
preclinical and clinical activities from thalidomide, including increased
efficacy in tumor and immune cells.5,6 The chemically related immuno-
modulatory drug candidate, pomalidomide, has a distinct and height-
ened antiproliferative potency compared with lenalidomide and
demonstrates clinical efficacy in settings of lenalidomide resistance.7,8

The mechanism of action of lenalidomide has been explored in
tumor cells, myeloid cells and stromal cells.9–11 In myeloma lines,
lenalidomide has cell-type and cell-context dependent pleiotropic
effects.1–4,12–15 These include G0/G1 arrest associated with the up-
regulation of the cyclin-dependent kinase inhibitor p21WAF-1, and
downregulation of the expression of interferon regulatory factor 4
(IRF4) in both multiple myeloma lines and bone marrow samples from
lenalidomide-treated myeloma patients.12–14 Lenalidomide decreases
the expression of anti-apoptotic and translation checkpoint proteins
Bcl2 and eIF4E15 and modulates activation of RhoGTPases in T cells,16

an effect critical for actin hyperpolymerization and immune synapse
formation.17 In addition, lenalidomide co-stimulates T cell proliferation
and cytokine production3 and inhibits angiogenesis and bone
marrow stromal cell growth factor production.18,19

Following more than a decade of research on the mechanism of
action of thalidomide, preclinical studies identified E3 ligase protein
cereblon (CRBN) as a direct molecular target for the teratogenecity of

thalidomide. CRBN binds directly to thalidomide analog affinity beads
and is linked to the teratogenic effects of thalidomide in zebrafish and
chicks.20 CRBN is highly conserved from plants to mammals and the
mRNA for human, rat and mouse is ubiquitously expressed.21 A
truncating mutation at R419, deleting the C terminus results in a
familial syndrome of mild mental retardation.22,23 CRBN binds to a
calcium-activated potassium channel in the brain, a chloride channel
in the retina,24–26 and to AMP kinase, a critical sensor/transducer
protein regulating metabolic pathways in eukaryotic cells.27 CRBN and
DNA damage binding protein-1 (DDB1) form a functional E3 ligase
complex with Cul4A and Roc1. The CRBN autoubiquitination activity
of this complex was inhibited by thalidomide.20

The current study, undertaken to explore the potential role of
CRBN as a therapeutic target, provides biophysical, biochemical
and additional functional evidence that human CRBN is a direct
target of lenalidomide and pomalidomide.

MATERIALS AND METHODS
Cell culture
Cell lines NCI-H929 and U266 were obtained from ATCC (American
Type Culture Collection, Manassas, VA, USA). DF15 cells were obtained
from John Shaughnessy (University of Arkansas, Little Rock, AR, USA). Cells
were grown in RPMI-I640 medium containing 10% (V/V) heat-inactivated
fetal bovine serum (Gibco, Grand Island, NY, USA) supplemented with 2mM

glutamine. To produce lenalidomide resistant cell lines, NCI-H929 cells
were treated continuously (fresh lenalidomide was added every 3–4 days)
with control (final 0.1% dimethyl sulfoxide (DMSO)) or low-dose
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lenalidomide (1mM) for 2 months until the proliferation of cells was no
longer inhibited by lenalidomide (1 mM), as determined by cell viability
(Vi-cell XR cell viability analyzer, Beckman Coulter, Indianapolis, IN, USA),
cell proliferation by flow cytometry and cell cycle analysis (propidium
iodide staining). After acquisition of resistance to 1 mM, the resistant H929
cell lines were treated with lenalidomide (10mM) for a further 4 months.
After this period of time, the cell cultures achieved fully establish resistance
up to high-dose lenalidomide (30mM). Prior to the experiments described
here, H929 lenalidomide-resistant cells were taken out of culture with
compounds for 5–7 days before use. DF15 cells were made resistant to
pomalidomide by continuous culture in the presence of increasing
concentrations of pomalidomide (0.1–100mM) for at least 5 months to
achieve stable pomalidomide resistance. Prior to the experiments
described here, DF15R pomalidomide-resistant cells were taken out of
culture with compounds for 5–7 days before use.

CRBN anti-sera production, validation, immunoblot and
immunofluorescence analyses
See online Supplemental Methods section.

Cloning, expression and purification of human CRBN and DDB1
See online Supplemental Methods section.

Fluorescence thermal melt assay to measure binding of
compounds to recombinant CRBN
Thermal stabilities of CRBN–DDB1 in the presence or absence of phthalimide,
thalidomide, lenalidomide and pomalidomide were done in the presence of
Sypro Orange in a microplate format according to Pantoliano et al.28 Two mg
of protein in 20ml of assay buffer (25mM Tris HCl, pH 8.0, 150mM NaCl, 2mM
Sypro Orange) were subjected to stepwise increase of temperature from 20
to 70 1C and the fluorescence was read at every 1 1C on an ABIPrism 7900HT
(Applied Biosystems, Carlsbad, CA, USA). Compounds were dissolved in
DMSO (1% final in assay) and tested in quadruplicate at a concentration
range between 30 nM to 1000mM; controls contained 1% DMSO only.

Thalidomide analog bead assay to measure compound
binding to endogenous CRBN
Coupling of thalidomide analog to FG-magnetic nanoparticle beads (structure
shown in Figure 1b) from Tamagawa Seiko Co. Tokyo, Japan was carried
out as described20 and myeloma extract binding assays to these beads
were performed with minor modifications. U266, DF15 or DF15R myeloma
cell extracts or HEK293T extracts were prepared in NP 40 lysis buffer
(0.5% NP40, 50mM Tris HCl (pH 8.0)), 150mM NaCl, 0.5mM dithiothreitol,
0.25mM phenylmethanesulfonylfluoride, 1x protease inhibitor mix (Roche,
Indianapolis, IN, USA) at approximately 2� 108 cells perml (20mgprotein/ml).
Cell debris and nucleic acids were cleared by centrifugation (14000 r.p.m.
30min 4 1C). In competition experiments 0.5ml (3–5mg protein) aliquots of
the resulting extracts were preincubated (15min room temperature) with
5 ml DMSO (control) or 5 ml compound at varying concentrations in DMSO.
Thalidomide analog-coupled beads (0.3–0.5mg) were added to protein
extracts and samples rotated (2 h, 4 1C). Beads were washed three times
with 0.5ml NP40 buffer and then bound proteins were eluted with sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) sample
buffer. In bead elution experiments, HEK293T extracts were not preincu-
bated with compounds but final elution was with 1mM phthalimide,
1mM glutarimide (final 1% DMSO) or 1% DMSO in NP40 lysis buffer.
Samples were subjected to SDS–PAGE and immunoblot analysis performed
(as described in Supplementary Methods) using anti-CRBN 65–76 (1:10 000
dilution) for all studies except HEK293T and KMS12-PE studies in which a
mouse monoclonal anti-CRBN 1–18 was utilized; other antisera dilutions
were DDB1 (1:2000 dilution) or b-actin (1:10 000 dilution). In thalidomide
affinity bead competition assays, a LI-COR Odessey system was used to
quantify CRBN band density and relative amounts of CRBN were
determined by averaging at least three DMSO controls and expressing
CRBN in each competition sample as percent inhibition of CRBN protein
relative to the averaged controls as 100% binding. Approximate IC50 values
were determined by GraFit (Erithacus software, Surrey, UK).

Cellular ubiquitination assay
HEK293T cells stably expressing FLAG-HA-tagged (FH)-CRBN or FH-CRBNYW/AA

were treated for 3h before harvest with the proteasome inhibitor MG132
(10mM) or left untreated. Lysates were prepared as described20 and incubated

with anti-FLAG (M2, Sigma, St Louis, MO, USA) agarose beads. FH-CRBN was
eluted with SDS–PAGE buffer and SDS–PAGE separated proteins immuno-
blotted with anti-HA antibody (3F10, Roche). Unless otherwise indicated,
compounds were added to cells 3h before addition of MG132.

Short hairpin RNA of CRBN knockdown studies
See online Supplemental Methods section.

T cell isolation and activity assays
T cells were isolated from human leukocytes (Blood Center of New Jersey,
East Orange, NJ, USA) by centrifugation through Ficoll following the
‘RosetteSep’ protocol (Stem Cell Technologies, Vancouver, BC, Canada).
Purified T cells were treated with 1 mg/ml PHA-L at 371C for 24 h and then
subjected to small interfering RNA (siRNA) transfection (300 nM siRNA of
CRBN (siCRBN-1)/100 ml/ 2� 106 cells/cuvette) using Amaxa Human T-cell
Nucleofector kit (Lonza, Basel, Switzerland) with T-20 program. Control low
GC content negative siRNA was also transfected. Transfected cells were
cultured in RPMI containing 10% fetal bovine serum at 37 1C for 24 h.
Cells (1� 106) were collected for measuring knockdown efficiency by
quantitative reverse transcription-PCR. The remaining transfected cells
were seeded on prebound OKT3 (3mg/ml) 96-well TC plates at 1.25�
106 cells/200ml per well and treated with DMSO or compounds in duplicate
at 37 1C for 48 h. After 48 h the supernatants of drug-treated cells were
collected and interleukin-2 or tumor necrosis factor-a production measured
by enzyme-linked immunosorbent assay (Thermo Scientific, Rockford, IL, USA)
according to the manufacturer’s directions. The siCRBN 1-transfected T cells
were harvested at 72 h post transfection and CRBN protein reduction was
determined by immunoblot analysis using the CRBN 65–76 antisera.
Low GC siRNA-transfected cells were used as a negative control.

Statistical analyses
Analyses for the multiple group comparisons were performed with 1-way
analysis of variance followed Dunnett’s posttest. Po0.05 was considered
significant.

RESULTS
Thalidomide, lenalidomide and pomalidomide bind to
CRBN in vitro
Recombinant human ZZ-tagged CRBN and full length DDB1
expression plasmids were co-expressed in Sf9 cells. A complex
containing both CRBN and DDB1 was purified from these cells
(Supplementary Figure S1) and fluorescent thermal melt shift
studies were performed on the purified complex in the presence
of thalidomide, lenalidomide, the functionally related compound
pomalidomide or phthalimide (a fragment of thalidomide
not containing glutarimide) (Figures 1a and b). The purified
ZZ-CRBN-DDB1 complex had greater stability and solubility than
CRBN alone. Dose-dependent interaction with the CRBN-DDB1
complex was observed with thalidomide, lenalidomide and
pomalidomide, with IC50 values of B30 mM, B3 mM and B3 mM,
respectively (Figure 1a), while phthalimide (inactive in immuno-
modulatory and antiproliferative assays) showed no appreciable
thermal melt shift with the CRBN–DDB1 complex.
To study lenalidomide and pomalidomide binding to CRBN in

extracts from myeloma cells, we used thalidomide analog-coupled
affinity beads prepared as previously described.20 Preincubation of
U266 myeloma cell extracts with either lenalidomide (100 mM) or
pomalidomide (100 mM) (Figure 1c) prevented CRBN and DDB1
binding to the thalidomide analog-coupled beads, as determined
by immunoblot analysis of proteins selectively bound to the beads
(CRBN antibody validation in Supplementary Figure S2). The U266
extract input appeared to express more DDB1 than CRBN,
but CRBN protein was concentrated on the beads as observed
in control (DMSO preincubation) eluates. To complement these
competitive binding studies HEK293T CRBN prebound to the
affinity beads was eluted with compounds thalidomide and
glutarimide but not phthalimide (Figures 1b and d). Preincubation
of HEK293T cell extracts with lenalidomide or pomalidomide,
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inhibited CRBN binding to the affinity beads with similar apparent
potency, and both showed greater potency than thalidomide
(Figure 1e). Thalidomide analog bead binding to endogenous
CRBN in U266 myeloma extracts was dose-dependently inhibited
by preincubation with either lenalidomide or pomalidomide with
IC50 values of B2mM (Figures 1f and g). Thus in two different cell lines,
CRBN binding to thalidomide analog affinity beads were competitively
inhibited by lenalidomide and pomalidomide. Notably glutarimide,
but not phthalimide eluted CRBN from affinity beads.

CRBN short hairpin RNA reduces the effects of lenalidomide and
pomalidomide in myeloma cells
Lentiviral vectors expressing CRBN short hairpin RNAs generated
stably-transduced U266 cell lines with either 60 or 75% reduced

expression of CRBN protein (insert Figure 2a) compared with
the parental U266 line. These reduced CRBN expression cells
(U266-CRBN60 and U266-CRBN75) were less responsive than the
parental cells to antiproliferative effects lenalidomide across a
dose–response range of 0.01 to 10 mM, and the reduction
in response related directly to the level of reduction of CRBN
(Figure 2a). The U266 cell lines with stably reduced CRBN
expression (U266-CRBN60 and U266-CRBN75) retained greater
sensitivity to inhibition of proliferation by pomalidomide but
required higher concentrations for inhibition than the parental
cells (Figure 2b). Expression of the tumor suppressor p21WAF-1 was
increased in the parental U266 cells approximately threefold, by
incubation with lenalidomide or pomalidomide for 48 h, but these
increases were attenuated approximately 35% in U266-CRBN75

cells (Figures 2c and d). In contrast, abundance of IRF4, a protein
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Figure 1. Binding of lenalidomide and pomalidomide to CRBN within the CRBN–DDB1 complex. (a) Fluorescence-based thermal shift assay of
binding of lenalidomide (’), pomalidomide (m) and thalidomide (J) but not pthalimide (K) to a recombinant human CRBN–DDB1 complex.
Representative curves from one of two independent experiments with similar results. (b) Structures of compounds utilized in these studies
and thalidomide analog magnetic affinity beads (FG beads). The glutarimide moiety in each compound is highlighted in red. (c) Immunoblot
analyses of rabbit anti-hCRBN and mouse anti-hDDB1 from U266 myeloma cell extract bound to thalidomide analog beads; In¼U266 total
protein input before affinity bead binding; DMSO¼U266 extract control (1% DMSO preincubation); Len¼U266 extract preincubated with
lenalidomide (100 mM), Pom¼U266 extract preincubated with pomalidomide (100 mM). Fluorescent labeled donkey anti-mouse antisera (green,
DDB1) and goat anti-rabbit (red, CRBN) were used to identify proteins. Representative immunoblot from at least five independent
experiments with similar results. (d) Immunoblot analysis of HEK293T extracts incubated with thalidomide analog affinity beads and eluted
with 1mM of thalidomide, phthalimide or glutarimide. Input extract before bead purification ¼ In. (e) Immunoblot analysis of HEK293T
extracts pre-incubated with thalidomide (Thal), lenalidomide (Len) or pomalidomide (Pom) at indicated concentrations and bound to
thalidomide analog affinity beads, washed and eluted with SDS buffer as described in Materials and Methods. Input extract before bead
purification (In) also shown in the immunoblot. (f ) CRBN binding dose–response to lenalidomide in U266 extracts; Insert shows immunoblot
of CRBN of dose–response competition of U266 extract CRBN by preincubation of varying concentrations of lenalidomide. (g) U266 extract
CRBN binding dose–response of pomalidomide. Insert shows immunoblot of CRBN of dose–response competition of U266 extract CRBN by
preincubation with varying concentrations of pomalidomide. Data for Figure 1f and g are representative of two similar dose–response
experiments with IC50 values of B1 and B2mM, respectively.
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critical for myeloma proliferation, was decreased approximately
1.7 fold by lenalidomide or pomalidomide in the parental U266
cells and compound-induced decreases were attenuated approxi-
mately 30% in U266-CRBN75 cells (Figures 2c and d).

Binding incompetent CRBN abrogates thalidomide, lenalidomide
and pomalidomide effects on autoubiquitination and prevents
pomalidomide effects on protein abundance
As thalidomide was previously shown to inhibit autoubiquitination
of CRBN,20 we evaluated the ability of lenalidomide and
pomalidomide to inhibit CRBN autoubiquitination in HEK293T
cells transfected with either FH-CRBN, or a mutant FH-CRBNYW/AA

incompetent in its ability to bind thalidomide.20 HEK293T cells
stably expressing wild-type FH-CRBN or FH-CRBNYW/AA were
preincubated with compounds before the addition of the
proteasome inhibitor MG132 to facilitate accumulation of
ubiquitinated proteins20 (Figures 3a and b). While thalidomide,
lenalidomide and pomalidomide were all effective dose-
dependent inhibitors of wild-type FH-CRBN autoubiquitination
(Figure 3a), they were unable to inhibit autoubiquitination of the
binding defective mutant (Figure 3b).
The model cartoon of the CRBN E3 ligase complex in Figure 3c

shows CRBN bound to the adaptor protein DDB1 linking to
Cul4A, Roc1 and an E2 ubiquitin-conjugating enzyme. E2 ligase

adds ubiquitin either to CRBN itself (autoubiquitination) or to a
substrate protein (S) that binds CRBN. The inhibition of
autoubiquitination of CRBN by thalidomide, lenalidomide or
pomalidomide is indicated by an X. Other substrates ubiquitinated
by the CRBN E3 ligase are not yet reported. It has not been
clarified if these compounds’ effects are antagonistic or agonistic
to the E3 ligase ubiquitination of putative additional substrates.
We also investigated effects of expression of the wild-type

FH-CRBN versus the binding incompetent FH-CRBNYW/AA mutant
in KMS12 myeloma cells. The expression levels of wild-type
FH-CRBN and FH-CRBNYW/AA were determined to be approxi-
mately twofold and fourfold higher than endogenous CRBN,
respectively (Figure 3d). Treatment ofwild-type FH-CRBN KMS12
cells with pomalidomide resulted in measurable decreases in
c-myc and IRF4 namely, 57 and 45% (signal change by 100 nM
pomalidomide relative to non-treated parental non-transfected
KMS12 corrected for actin) (Figure 3e) and an increase in p21WAF-1

(Figure 3f) in parental cells namely 77% (signal change by 10 nM
pomalidomide relative to non-treated parental non-transfected
KMS12 corrected for actin) consistent with previous reports in
other myeloma lines.12–14 In cells expressing the binding incompe-
tent CRBN, pomalidomide-induced decreases in c-myc and IRF4,
namely 13 and 6%, (signal change by 100 nM pomalidomide
relative to non-treated parental non-transfected KMS12 corrected
for actin) (Figure 3e) and increase in p21WAF-1 (Figure 3f), namely
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� 3% (signal change by 10 nM pomalidomide relative to non-
treated parental non-transfected KMS12 corrected for actin) were
highly attenuated.

CRBN expression level modulates T-cell response to lenalidomide
and pomalidomide
The stimulation of interleukin-2 production in activated T cells
was much greater with the S- compared with the R-enantiomer of
methyl-pomalidomide (Figure 4a), with IC50 values of 0.02 and
410mM, respectively (Figure 4b). Competition of these methyl-
pomalidomide enantiomers for CRBN binding to the thalidomide
analog affinity beads correlated with the rank order of functional
difference; IC50 values were B10mM for the active S enantiomer
and 4300mM for the inactive R enantiomer (Figure 4c).
To complement the findings in multiple myeloma lines, we
investigated the impact of reducing CRBN in activated human
T cells by siCRBN treatment and confirmed a significant decrease
in CRBN protein by immunoblot analysis (Figure 4d). Effects
of lenalidomide or pomalidomide to induce T-cell production
of interleukin-2 (5–23-fold) (Figure 4e) and tumor necrosis factor-a
(a 5–10-fold) (Figure 4f) were significantly reduced by siCRBN.

Acquired resistance to lenalidomide is accompanied by
decreased CRBN
H929 myeloma cells were treated in cell culture with increasing
concentrations of lenalidomide (L) or control vehicle DMSO (D) for
extended durations to select for resistance to the antiproliferative
effects of lenalidomide. CRBN mRNA expression was observed
to decrease in cultures exposed continuously (6 months) to
lenalidomide 1 mM, and also in cultures sequentially treated with
1 mM (2 months) followed by 10mM lenalidomide for 4 months
(Figure 5a; data for H929 R10-4 cells). CRBN protein was shown to

be decreased in our independently generated lenalidomide-
resistant H929 cell lines compared with the parental H929 cell
line (Figure 5b). All these lenalidomide-resistant H929 cell lines
had a 50% CRBN gene copy reduction (data not shown). These
CRBN-reduced cell lines showed marked resistance to the
antiproliferative effects of lenalidomide (Figure 5c), yet remained
sensitive to inhibition of proliferation by pomalidomide, although
higher concentrations of compound are required than for parental
H929 cells (Figure 5d).

Acquired resistance to pomalidomide is accompanied by major
decrease of CRBN protein
DF15 myeloma cells sensitive to proliferation inhibition by
lenalidomide and pomalidomide (Figure 6a), expressed CRBN
protein (Figure 6A, insert). DF15R cells made resistant to
antiproliferative effects of pomalidomide and lenalidomide by
continuous culture in increasing concentration of pomalidomide
(up to100 mM) had minimal detectable CRBN protein (Figure 6A,
insert). CRBN was shown to be distributed predominantly in
the cytoplasm of DF15 cells (Figure 6B). Consistent with the
immunoblot data, DF15 cells showed CRBN immunofluorescence
in both the cytoplasm and the nucleus, while minimal CRBN
immunofluorescence was observed in DF15R cells (Figure 6B).
Preincubation of DF15 myeloma cell extracts with excess
lenalidomide (100mM) prevented CRBN and DDB1 binding to
thalidomide analog affinity beads (Figure 6C). Protein extracts
from DF15R cells had abundant DDB1 but undetectable CRBN (In)
(Figure 6C). Despite the potential for CRBN to be concentrated by
thalidomide analog bead binding, as observed in DF15 extracts
(Figure 6C; DF15, DMSO lane), no CRBN was observed in bead
eluates from DF15R extracts preincubated with DMSO. Although
DDB1 was abundant in the DF15R input extract (In), DDB1 did not
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bind to the affinity beads, confirming the previous observation
that binding is dependent on CRBN (Figure 6C).20 We investigated
the possibility that CRBN was mutated or CRBN gene copy number
was decreased in DF15R cells. There was no evidence of mutation
or change in copy number of the CRBN gene in DF15R cells
relative to parental DF15 (data not shown).

DISCUSSION
The immunomodulatory drug lenalidomide has pleiotropic
activities in distinct cell types and temporal contexts, which result
in direct antitumor effects on cancer cells, inhibition of stromal
growth factor support and enhancement of host anticancer
immunity.5–7 This broad range of activities has historically
challenged the concept of a single target for these compounds,
raising possibilities for either promiscuous interactions with a
number of targets, or, as supported by the findings presented
here, direct interaction with a specific target that has a central
role in orchestrating a range of subsequent cellular events. The
observation that CRBN, which is part of an E3 ligase complex with
DDB1, is the target for thalidomide-based teratogenicity led us to

formally evaluate the role of CRBN as a target for the known
clinical activities of lenalidomide and pomalidomide.
Using complementary and independent biophysical methods,

we show that in addition to thalidomide, both lenalidomide and
pomalidomide bind human CRBN and that these compounds also
inhibit the autoubiquitination of CRBN. The binding and expres-
sion of CRBN in myeloma cell lines were shown to be functionally
linked to well-known clinically relevant cellular activities of these
compounds. All observations are consistent with direct interaction
between these immunomodulatory compounds and CRBN within
the DDB1-containing E3 ligase complex. Notably, elution studies
using thalidomide analog beads demonstrated that CRBN binds to
the glutarimide moiety of these compounds, but not to the
phthalimide moiety. Additionally, inhibition of CRBN autoubiqui-
tination by thalidomide, lenalidomide or pomalidomide was
abrogated in a binding defective mutant CRBN (FH-CRBNYW/AA).
The functional consequences of the binding of the immuno-
modulatory compounds to CRBN were investigated in U266 cells
in which CRBN had been reduced either 60 or 75% by lentivial
transduction. CRBN reduction decreased the antiproliferative
potency of both lenalidomide and pomalidomide and significantly
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prevented compound-mediated induction of the cell cycle
progression inhibitor p21WAF-1 and the suppression of IRF4, a
gene critical for myeloma cell growth. A similar effect
on pomalidomide-induced protein changes was seen in
KSM12 myeloma cells, by the presence of the CRBN mutant
(FH-CRBNYW/AA).
To determine the role of CRBN in acquired resistance to

lenalidomide, H929 resistant cell lines were selected by prolonged
exposure to increasing doses of lenalidomide. The final concen-
tration of 10 mM lenalidomide was higher than maximum clinically
achievable plasma concentrations of lenalidomide.29 CRBN mRNA
expression decreased concurrently with increased antiproliferative
resistance to lenalidomide; pomalidomide maintained efficacy,
albeit at higher concentrations, in these lenalidomide-resistant
cells. The observation of decreased CRBN expression correlating
with acquisition of lenalidomide resistance in cells was consistent
with published data30 showing a reduction in CRBN mRNA
(20–90%) in eight out of nine multiple myeloma patients with
clinically-acquired lenalidomide resistance.
Differential potency and resistance of myeloma cells lines to

lenalidomide and pomalidomide led us to address whether CRBN
binding affinity of these compounds could explain their different
spectra of activity. Pomalidomide shows approximately 10-fold

higher potency than lenalidomide in a number of cellular systems,
activity in lenalidomide-resistant preclinical models31 and also
myeloma patients refractory and resistant to lenalidomide show
clinical responses to pomalidomide.7–9 In addition, our results
show that reduction of CRBN expression was associated with a
greater loss of the antiproliferative potency of lenalidomide
than that of pomalidomide. Apparent CRBN-binding affinities of
lenalidomide and pomalidomide were similar in myeloma cell
lysates and in fluorescent thermal melt assays performed with the
recombinant CRBN–DDB1 complexes. In these studies, the cellular
context, such as organelle localization (nuclear versus cytoplasmic)
or peripheral membrane association, is lost. Such context may
alter apparent potency of these compounds against the CRBN
complex. In the affinity binding experiments, we coupled the
beads through the phthalimide portion and this might affect the
interaction of lenalidomide and pomalidomide with the CRBN
complex. Indeed, the fact that the potency of lenalidomide is
more shifted than that of pomalidomide in CRBN-reduced cells
suggests that there may be other proteins that modulate the
effects of pomalidomide. The clinical potency of these compounds
reflects their cellular potencies where pomalidomide is more
potent than lenalidomide, which in turn is more potent than
thalidomide. In vivo other aspects including metabolism,

0

2

4

6

8

10

12

14

16a b

c d

2 3 65

A
m

ou
nt

 o
f C

R
B

N
 m

R
N

A
re

la
tiv

e 
to

 c
on

tr
ol

D DL1 L10 D L10D L10 Treatment

Months

CRBN

β-actin

0.01 0.1 1 10
0

50

Lenalidomide (μM) Pomalidomide (μM)

%
 P

ro
lif

er
at

io
n 

re
la

tiv
e 

to
co

nt
ro

l

100

0.01 0.1 1 10
0

50

100

%
 P

ro
lif

er
at

io
n 

re
la

tiv
e 

to
co

nt
ro

l

R
10

-4

R
10

-3

R
10

-2

R
10

-1

H
92

9/
D

1

Figure 5. Prolonged exposure of myeloma cells in culture to high-dose lenalidomide induces resistance to antiproliferative effect of
lenalidomide correlating with decreases in CRBN. (a) Time course of acquisition of lenalidomide resistance in H929 cells and concurrent
reduction in CRBN mRNA determined by reverse transcription--PCR (data for one clone R10-4 is shown, representative of generation of four
independent lenalidomide resistant cells lines, H929 R10-1, R10-2, R10-3 and R10-4 ). H929 cells were treated with control (final 0.1% DMSO)
(D) or lenalidomide (1mM) (L1) for 2 months until the proliferation of cells was no longer inhibited by 1mM lenalidomide. The lenalidomide
treated cultures were subsequently treated with 10 mM lenalidomide for a further 4 months to fully establish resistance to high-dose
lenalidomide (30mM). Arbitary units for CRBN mRNA are shown. (b) Immunoblot of CRBN in H929 cells treated with DMSO for 6 months
(H929/D1) and H929 lenalidomide-resistant cells lines (R10-1, R 10-2, R 10-3 and R 10-4). (c) Dose-dependent inhibition of proliferation of
parental H929 cells (K) and H929/D1 cells grown continuously in 0.1% DMSO (’) cells by lenalidomide. Lack of inhibition of proliferation by
lenalidomide, up to 10 mM concentration, of four H929 cell lines (R10-1, R10-2, R10-3, R10-4; J, &,r, B) made resistant to high-dose
lenalidomide over 6 months in culture. (d) Dose-dependent inhibition of proliferation of parental H929 cells (K) and H929/D1 cells grown
continuously in 0.1% DMSO (’) cells by pomalidomide. Dose-dependent inhibition of proliferation by pomalidomide of four H929 cell lines
made resistant to high-dose lenalidomide over 6 months in culture.

Lenalidomide and pomalidomide target cereblon
A Lopez-Girona et al

2332

Leukemia (2012) 2326 – 2335 & 2012 Macmillan Publishers Limited



distribution and bioavailability may also affect the relative efficacy
of these compounds in patients.
Extending beyond roles in multiple myeloma, CRBN was shown

to be required for lenalidomide- and pomalidomide-mediated
induction of the cytokines, interleukin-2 and tumor necrosis
factor-a, in human T cells. Knockdown of CRBN expression by
siCRBN treatment of activated T cells resulted in decreased
compound-induced cytokines. Inhibition of T cell cytokine

production and CRBN binding to thalidomide analog affinity
beads showed strong enantiomeric selectivity for S-methyl-
pomalidomide over the R isomer. This is consistent with the
thesis that binding of immunomodulatory compounds to CRBN is
a proximal event in subsequent functional outcomes.
There are some species differences in teratogenicity between

thalidomide, lenalidomide and pomalidomide. Thalidomide does
not cause limb malformations in rodents but does in rabbits.32
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There are reports of other types of developmental defects, for
example, vertebral column, rib and eye malformations, when
thalidomide was given to pregnant rats.33 Lenalidomide did not
have teratogenic effects in rats or rabbits, but produced limb
malformations in fetuses of cynomolgus monkeys (lenalidomide
food and drug administration product label and Celgene
unpublished data). Pomalidomide was teratogenic to both rats
and rabbits, with limb malformations observed in rabbits and
visceral defects in rats (Celgene, unpublished data). There is very
strong conservation of the CRBN sequence between these species
and both mouse and human CRBN bind selectively to thalidomide
analog affinity beads and binding is competed by thalidomide,20

lenalidomide or pomalidomide. It is possible that there may
be differences between rodents, rabbits and primates in the
importance of CRBN and/or protein substrates modified by CRBN
activity during embryonic development.
Our characterization of CRBN as the target of lenalidomide and

pomalidomide, in addition to thalidomide, leaves a number of
important questions unanswered. These include the cellular
importance of compound-modulation of CRBN autoubiquitination,
compound effects on ubiquitination of physiological substrates of
the CRBN- E3 ligase, and how these compounds may modify the
abundance, localization and activity of CRBN E3 ligase substrate
proteins. In addition, we need to understand what other factors
influence the cellular and functional differentiation of the
antitumor effects of thalidomide, lenalidomide and pomalido-
mide. Our data linking CRBN expression to response and
resistance to immunomodulatory compounds in myeloma
cells provide a firm basis for future studies to define the role of
the CRBN E3 ligase complex and downstream substrates in
the pleiotropic effects of these compounds. Further dissection of
the mechanism of action of immunomodulatory compounds at
the molecular level, may not only result in discovery of novel
antitumor protein targets within the CRBN pathway, but also pave
the way for new approaches to other E3 ubiquitin ligase systems
as therapeutic targets.
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