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Key Points

• IMiD compounds cause
selective ubiquitination
and degradation of
IKZF1 in CD341 cells by
the CRBN E3 ubiquitin
ligase.

• Loss of IKZF1 is
associated with a
decrease of PU.1, critical
for the development and
maturation of neutrophils.

We have previously shown that immunomodulatory drug (IMiD) compounds induce a shift

into immature myeloid precursors with a maturational arrest and subsequent neutropenia.

The mechanism of action is unknown. Here we found that IMiD compounds cause selective

ubiquitination and degradation of the transcription factor IKZF1 in CD341 cells by the

Cereblon (CRBN) E3 ubiquitin ligase. Loss of IKZF1 is associatedwith a decrease of the IKZF1-

dependent transcription factor PU.1, critical for the development and maturation of

neutrophils. Using a thalidomide analog bead pull-down assay, we showed that IMiD

compounds directly bind CRBN in CD341 cells. Knockdown of CRBN in CD341 cells resulted

in resistance to POM-induced IKZF1 downregulation and reversed the POM-induced lineage

shift in colony-formation assays, suggesting that the POM-induced degradation of IKZF1 in

CD341 cells requires CRBN. Chromatin immunoprecipitation assays revealed that IKZF1

binds to the promoter region of PU.1, suggesting that PU.1 is a direct downstream target of

IKZF1 in CD341 cells. POM failed to induce IKZF1 degradation in IKZF1-Q146H-OE CD341

cells, indicating that CRBN binding to IKZF1 and subsequent IKZF1 ubiquitination is critical

in this process. Using the NOD/SCID/g-c KO mouse model, we confirmed the induction of

myeloid progenitor cells by IMiD compounds at the expense of common lymphoid

progenitors. These results demonstrate a novel mechanism of action of IMiD compounds in

hematopoietic progenitor cells, leading to selective degradation of transcription factors

critical for myeloid maturation, and explain the occurrence of neutropenia associated with

treatment by IMiD compounds.

Introduction

Sixty years ago, thalidomide was used to treat nausea, particularly morning sickness in pregnant women,
but it was subsequently banned because of its teratogenicity. Since then, thalidomide derivatives
including lenalidomide (LEN) and pomalidomide (POM) have been developed and used for the treatment
of multiple myeloma (MM), resulting in significantly improved overall survival in patients with myeloma.1-5

Immunomodulatory drug (IMiD) compounds inhibit myeloma cell growth, block cytokine production,
impair angiogenesis, and enhance T-cell stimulation and proliferation, leading to MM cell death.6

Recently, IMiD compounds were shown to bind to cereblon (CRBN), the substrate recognition
component of cullin-dependent ubiquitin ligases. Treatment of zebrafish with thalidomide results in fin
defects, suggesting that IMiD compounds act by stabilizing CRBN substrates.7-9 In MM, LEN treatment
leads to the selective ubiquitination and degradation of 2 lymphoid transcription factors, IKZF1 and
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IKZF3, by the CRBN-CRL4 ubiquitin ligase.10-12 IKZF1, also known
as Ikaros, is a zinc finger-containing DNA-binding protein that plays
a pivotal role in immune homeostasis via transcriptional regulation of
the earliest stages of lymphocyte ontogeny and differentiation.13

Functional deficiency of IKZF1 has been implicated in the
pathogenesis of acute lymphoblastic leukemia, the most common
form of childhood cancer.13 This finding raises a concern because
long-term follow-up data suggest that IMiD compounds are
associated with an increased risk for secondary hematologic
malignancies. In particular, patients receiving melphalan plus LEN
regimens had a significantly greater risk of developing a second
primary malignancy than those who did not receive LEN (hazard
ratio, 4.41; 95% confidence interval, 2.4-8.1; P , .0001).14

Interestingly, previous studies have shown that in hematopoietic
progenitor cells (HPCs), IMiD compounds do not exhibit direct stem
cell toxicity; instead, these compounds affect lineage commitment and
induce cell expansion.15,16 Treatment with pomalidomide during the
development of primary human erythroid cells induces the suppression
of several known repressors of fetal globin gene expression.17We have
previously shown that IMiD compounds shift hematopoietic lineage
commitment to myeloid colony formation at the expense of erythroid
cell colony formation by downregulation of GATA1.18,19 Other major
adverse effects of IMiD compounds are thrombocytopenia (grade 3/4,
14.7%) and neutropenia (grade 3/4, 41.5%), which often compro-
mise optimal treatment with IMiD compounds.20,21 Our previous
studies have shown that IMiD compounds downregulate PU.1, a
critical transcription factor for myeloid maturation, leading to the
maturational arrest of granulocytes, the accumulation of immature
myeloid precursors, and subsequent neutropenia.16 However, the
precise mechanism involved has not yet been determined.

Here, we report that CRBN is expressed in human CD341 cells and
that POM promotes the CRBN-dependent degradation of the
IKZF1 protein in CD341 cells. Knockdown of CRBN in CD341 cells
induces POM resistance, indicating that CRBN is required for the
IMiD compound-induced effects on lineage commitment. Our in
vitro findings showing that IMiD compounds affect lineage
commitment were confirmed in vivo in a humanized NOD/SCID/
g-c KO (NSG) mouse model.

Methods

Isolation and culture of human CD34
1
cells

Primary CD341 cells were isolated from peripheral blood leukaphe-
resis products generated for autologous stem cell transplantation,
according to Institutional Review Board guidelines. The cells were
separated over a Ficoll-Paque PLUS gradient (GE Healthcare), and
CD341 cells were purified via immunomagnetic-positive selection
using CD341 beads (Miltenyi Biotec) according to the manufac-
turer’s instructions. Purified CD341 cells were grown in serum-free
hematopoietic growth medium (HPGM; Lonza) supplemented with
10 ng/mL recombinant human interleukin 3 (rhIL-3), 10 ng/mL rhIL-6,
and 50 ng/mL recombinant human stem cell factor (rhSCF)
(PeproTech). MG132, PS341, MLN4924 (Sigma Aldrich), LEN,
and POM (Celgene) in dimethyl sulfoxide (DMSO) were diluted in
culture medium just before use; 0.01%DMSOwas used as a control.

Western blot analysis

Cells were harvested, washed 3 times with 13 phosphate-buffered
saline (PBS), and lysed with 13 RIPA lysis buffer containing Halt

Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). The proteins were then separated on 4% to 15%
Criterion XT Bis-Tris Gels (Bio-Rad Laboratories) and subsequently
transferred to polyvinyl difluoride membranes (Bio-Rad Laborato-
ries). The following antibodies were used for immunoblotting: anti-
IKZF1, anti-IKZF3 (Abcam), anti-CRBN, and anti-PU.1 (Cell Signaling
Technology). Immunoblotting was performed according to the
manufacturer’s instructions. Immunoreactive bands were visualized
using SuperSignal West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific). We used b-actin (Sigma-Aldrich) to normalize the
protein quantity.

Immunolabeling for fluorescence microscopy

Immunofluorescence staining was performed as previously de-
scribed.22 CD341 cells treated with or without LEN or POM were
attached to poly-L-lysine-coated cover slips via centrifugation at
1000g for 10 minutes, and were subsequently fixed using 4%
paraformaldehyde for 10 minutes at room temperature. For whole-
cell staining, the cells were washed 3 times with PBS, permeabi-
lized with 0.1% Triton X-100, and blocked with 3% bovine serum
albumin in PBST (0.1% Triton X-100 in PBS) for 1 hour. CD341

cells were stained with anti-IKZF1 (Abcam) and anti-green
fluorescent protein (GFP) antibodies (Sigma Aldrich) and counter-
stained with 49,6-diamidino-2-phenylindole (DAPI; Cell Signaling
Technology) for nuclear visualization. Images were captured using a
Leica microscope.

Real-time PCR analysis

Total RNA was isolated using TRIZOL reagent (Invitrogen), and
cDNA was generated using SuperScript III reverse transcriptase
(Invitrogen), followed by SYBR Green (Invitrogen)-based real-time
polymerase chain reaction assays performed as previously
described.23 The following primer pairs were used: human
CRBN, forward (59-TCCCGAATGTGTGTTGCCTT-39) and re-
verse (59-CCAGCGAGGCCATGAAGTTA-39); human PU.1,
forward (59-CAAGCTTCGTGGAACTCTCC-39) and reverse
(59-ACTGACAATCAGGCGCTTCT-39); and human b-actin,
forward (59-CGAGCACAGAGCCTCGCCTTTG-39) and re-
verse (59-CGACGAGCGCGGCGATATCAT-39). Human IKZF1
mRNA was analyzed via TaqMan real-time RT-PCR (Life Technologies).

Thalidomide analog bead pull-down assay

Thalidomide-immobilized beads (structure shown in Figure 1) were
synthesized as previously described.7 To measure the binding of
IMiD compounds to endogenous CRBN in CD341 cells, human
CD341 cell extracts were prepared as previously described.8

Aliquots of 0.5 mL (5 mg protein) of the resulting extracts were
preincubated (15 minutes, room temperature) with 5 mL DMSO
(control) or 5 mL solutions containing LEN or POM in DMSO.
Thalidomide analog-coupled beads (0.5 mg) were then added to
the protein extracts, and the samples were rotated (2 hours, 4°C).
Next, the beads were washed 3 times with 0.5 mL NP40 lysis buffer,
and the bound proteins were eluted with sodium dodecyl sulfate–
polyacrylamide gel electrophoresis sample buffer. Finally, immuno-
blot analysis was performed using an anti-CRBN Ab for all
experiments.

Flow cytometry

For flow cytometry analysis, cultured CD341 cells were harves-
ted, washed once with fluorescence-activated cell sorter buffer
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Figure 1. IMiD compounds downregulate the IKZF1 protein in human CD341 cells. (A) The protein expression of CRBN, IKZF1, and IKZF3 was analyzed in human

myeloma cell lines (RPMI-8226, H929, and MM.1S) and human CD341 cells (Patients 1 and 2) by western blotting. (B) CD341 cells were cultured with either LEN or POM at

the indicated concentrations for 24 hours (upper) or for a short period (1-24 hours at 1 mM; bottom) or (C) a long period (1-9 days at 1 mM). Drugs were added every 2 days.

The cell lysates were analyzed for IKZF1 and CRBN expression by western blotting. b-Actin was used as a loading control. (D) CD341 cells were treated with DMSO (0.01%),

LEN, or POM (1 mM) for 6 hours. The cells were then fixed and stained for IKZF1 (red color), and nuclear counterstaining was performed with DAPI (blue color). The

localization of IKZF1 was observed using a Leica microscope (403). (E) CD341 cells were treated with DMSO (0.01%), LEN, or POM (1 mM) for the indicated times. IKZF1

mRNA levels were compared using qRT-PCR. (F) For thalidomide analog bead pull-down assays, we used a thalidomide analog coupled with FG beads (high-performance

magnetic nanoparticles) to pull down the bound protein, followed by immunoblot detection of CRBN. Input, 5% of total protein from CD341 cells before affinity bead binding;

DMSO, LEN, or POM, pull-down complex from CD341 cell extracts preincubated with DMSO (0.01%), lenalidomide, or pomalidomide (10 mM) for 15 minutes at room

temperature.
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(Hanks balanced salt solution buffer supplemented with 0.5%
bovine serum albumin and 0.1% NaN3), and incubated with
fluorochrome-labeled monoclonal antibodies, such as anti-human
CD45, anti-human CD34, anti-human CD33, anti-human CD45RA,
and anti-human CD38, as well as isotype control monoclonal
antibodies (BD Pharmingen). Flow cytometry analysis was per-
formed with LSRII (BD Pharmingen) using FlowJo software (FlowJo,
LLC). Dead cells were excluded from the analysis by gating out low
forward scatter and high DAPI-retaining cells.

Colony-formation assay

Colony-formation assays were performed as previously described.24

In brief, CD341 cells were seeded in serum-free HPGM hemato-
poietic growth medium (Lonza) and plated in MethoCult H4434
media (STEMCELL Technologies) for 14 days (with DMSO, LEN,
or POM). The resulting colonies were counted using a Leica
microscope (253).

Lentiviral shRNA silencing of CRBN and IKZF1

To silence CRBN and IKZF1 expression, CD341 cells were trans-
duced using pGreenpuro (System Biosciences) lentiviral particles
containing CRBN- or IKZF1-targeting shRNAs expressing GFP as a
selection marker. Stable shRNA transfectants were obtained via cell
sorting based on GFP expression. The following target sequences
were used: CRBN shRNA #1 (59-GGAAAGGGAAGCACAGTTT-39),
CRBN shRNA #3 (59-GAAGACCAATGTTCATATAAA-39), IKZF1
shRNA #1 (59-CCGCTTCCACATGAGCTAAAG-39), and IKZF1
shRNA #2 (59- GCATTTGGAAACGGGAATAAA-39). CRBN and
IKZF1 protein and mRNA levels were determined in control and
silenced cells by western blotting and quantitative reverse
transcription polymerase chain reaction (qRT-PCR), respectively.
IKZF1 and CRBN protein levels were determined in control and
silenced cells by western blotting.

Expression constructs and site-directed mutagenesis

The full-length human IKZF1 cDNA clone with an N-terminal FLAG
tag was purchased from Genecopoeia (Rockville, MD) and
subsequently subcloned into the pCDH-CMV-MCS-EF1-copGFP
lentiviral vector (System Biosciences). The IKZF1 Q146H point
mutation construct was generated by mutagenesis PCR, using the
Q5 Site-Directed Mutagenesis Kit. The following primers were
employed for mutagenesis: forward (59-CCATTGCAATCAGTG-
CGGGGCC-39) and reverse (59-AACGGCCGTTCTCCAGTGTG-
GCTTC-39). The constructs were verified by sequencing, and
protein expression was subsequently confirmed by western blotting.

Lentiviral production and gene transduction

The viral product was concentrated 100 times, using PEG-it TM
Virus Precipitation Solution (System Biosciences), and the titers
were subsequently determined. Approximately 43 106 viral particles
were preloaded onto RetroNectin-coated plates (Takara Shuzo),
followed by centrifugation for 2 hours at 32°C. Before infection, the
viral supernatant was discarded. Approximately 4 3 105 purified
CD341 cells were grown in serum-free HPGM supplemented with
10 ng/mL rhIL-3, 10 ng/mL rhIL-6, and 50 ng/mL rhSCF for 2 days
and then added to the virus-preloaded plate, followed by culture
for 3 days. Subsequently, gene-transduced CD341 cells were
reseeded onto HPGM containing 10 ng/mL rhTPO, 10 ng/mL
rhIL-3, 10 ng/mL rhIL-6, and 50 ng/mL rhSCF. IMiD compounds
(or the control vehicle) were added daily, as previously described.

The cells were finally harvested for colony assays and western blot
analysis.

Chromatin immunoprecipitation assay

Approximately 2 3 107 CD341 cells were treated with 1 mM POM
or the control vehicle for 24 hours. The cells were then collected,
and chromatin immunoprecipitation assays were performed using
the Pierce Agarose ChIP kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The following antibodies were used
for IP: anti-IgG and anti-IKZF1 (Santa Cruz Biotechnology, Inc.).
EBF1B was employed as positive control for the qRT-PCR
analysis.25 The specific pairs of primers used for quantitative
chromatin immunoprecipitation were as follows: PU.1 promoter #1,
forward (59-AGTGAATGCATGGTGGGCTT-39) and reverse
(59-ACCTTTCTTGCCTATCCACCATT-39); PU.1 promoter
#2, forward (59-CATTGCCAAGGGATGGGGAA-39) and re-
verse (59-TTATACCCTCCCCTCCCAGC-39); PU.1 promoter
#3, forward (59-GTGTGGCAGAGCTACACGTT-39) and reverse
(59-CCCCAACCCGTTTGCATAAA-39); and EBF1 B promoter,
forward (59-GGGTTAGTGTGCCTGTGTTTAG-39) and reverse
(59-CCCTGCTG-GATGGAGATTCTG-39).

In vivo expansion of human CD341 cells

All animal procedures were approved by the Institutional Animal
Care and Use Committee of Columbia University, New York, NY.
Humanized mice were generated by transplanting human CD341

fetal liver cells pretreated with DMSO (0.1%) or POM 1 mM for
16 hours into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The
Jackson Laboratory). All recipients received total body irradiation
(2 Gy) 4 to 8 hours before intravenous injection of 1 3 105

CD341 cells. One day after the injection of human CD341 cells,
the mice were IV injected with DMSO (0.1%, 100 mL) or POM
(300 mg/kg) every 2 days. Three weeks later, bone marrow cells
were subjected to flow cytometry for the detection of human
progenitor cells. Cells were gated for human CD451CD341 and
analyzed using anti-human CD45RA, CD38, CD10 antibodies.
Murine erythroid cells and nucleated cells were excluded by gating
out mouse Ter1191 and Ly51 cells. Partial bone marrow cells
were sorted using human CD341 MACS beads. The sorted
CD341 cells were used for colony-formation assays. After 14
days, the colonies were counted using a Leica microscope (253).

Statistical analyses

Quantitative data are presented as the means 6 SDs or SEMs, as
indicated. Statistical significance was assessed using Student t test
or Wilcoxon’s rank sum test, as appropriate for comparisons
between the 2 groups.

Results

IMiD compounds downregulate the IKZF1 protein in

human CD341 cells

To identify the roles of CRBN, IKZF1, and IKZF3 in IMiD compound-
treated HPCs, we analyzed their expression in human CD341 cells
isolated from peripheral blood. CRBN and IKZF1 protein and mRNA
were expressed in CD341 cells (Figure 1A; supplemental Figure 1).
In contrast, no IKZF3 expression could be detected in human
CD341 cells, consistent with a previous report that IKZF3 is highly
expressed in human B cells but not in CD341 progenitors.26

Consistent with the finding that IKZF1 is a downstream target of
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CRBN in MM cells, we found that in CD341 cells, both POM and
LEN treatment decreased IKZF1 protein levels in a dose- and time-
dependent manner in vitro (Figure 1B). Importantly, we observed
sustained downregulation of IKZF1 over the course of at least 9
days with LEN and POM treatment every 2 days in serum-free
hematopoietic growth medium supplemented with rhIL-3, rhIL-6,
and rhSCF (Figure 1C). Immunofluorescence staining of CD341

cells confirmed that both POM and LEN decreased the cellular
IKZF1 protein level (Figure 1D). However, quantitative RT-PCR
revealed that the IKZF1 mRNA level was not affected by IMiD
compounds (Figure 1E), suggesting that in human CD341 cells,
IMiD compounds promote IKZF1 protein degradation but do not
affect its transcript levels. Interestingly, 1-time treatment of CD341

cells with IMiD compounds led to irreversible loss of the IKZF1
protein, without recovery within the observation period of 9 days
(supplemental Figure 2). To address the question of whether the
IMiD-induced loss of IKZF1 in the early phases of HPC develop-
ment is critical in further lineage commitment, CD341 cells were
pretreated with DMSO or POM for 4, 8, or 24 hours and subjected
to colony-formation assays without POM. After IMiD compounds
were pulse treated for as little as 4 hours and washed, followed by
14 days of colony formation in culture, the number of BFU-E
colonies was significantly decreased (P , .05), whereas that of
colony-forming unit granulocyte (CFU-G) colonies was significantly
increased (P , .05; supplemental Figure 3), demonstrating the
potent effect of IMiD compounds on the induction and expansion of
myeloid lineages. Using pull-down assays with thalidomide analog-
coupled beads, we next confirmed that CRBN is a direct protein
target of IMiD compounds in CD341 cells. LEN and POM
competitively inhibited the binding of thalidomide analog-coupled
beads to CRBN, suggesting that CRBN directly binds to IMiD
compounds in CD341 cells (Figure 1F).

IMiD compounds promote the CRBN-dependent

degradation of the IKZF1 protein in

human CD341 cells

We next evaluated whether IMiD compounds decrease IKZF1
protein levels by promoting IKZF1 protein ubiquitination and
degradation. Pulse-chase assays performed in the presence of
cycloheximide demonstrated that POM accelerated IKZF1 protein
degradation (Figure 2A). Treatment with the proteasome inhibi-
tors MG132 and PS341 or the cullin-dependent ubiquitin ligase
inhibitor MLN4924 blocked LEN- and POM-induced IKZF1
degradation (Figure 2B-D). Ubiquitination assays confirmed that
both LEN and POM increased IKZF1 protein poly-ubiquitination,
resulting in proteasomal-dependent degradation (Figure 2E). Taken
together, these data indicate that IMiD compounds decrease IKZF1
protein levels in human CD341 cells by promoting protein
degradation without altering IKZF1 mRNA expression.

CRBN mediates the IMiD-induced degradation of

IKZF1, resulting in induction of myelopoiesis

To confirm that POM-induced IKZF1 protein degradation is
mediated by CRBN in human CD341 cells, CRBN expression
was silenced in CD341 cells via shRNA lentivirus transduction
(supplemental Figure 4). The knockdown of CRBN in CD341 cells
decreased POM-induced IKZF1 protein degradation (Figure 3A)
without affecting IKZF1 mRNA levels (Figure 3B). Immunofluores-
cence assays also showed that the IKZF1 protein level was stable in

CRBN-knockdown CD341 cells (shCRBN CD341) after POM
treatment (Figure 3C). In prior studies, we demonstrated that IMiD
compounds affect stem cell fate by induction of myeloid progen-
itors.16 Hence, we investigated the role of CRBN in the POM-
induced differentiation of HSCs. Flow cytometric analysis showed
that in contrast to shCNTL-CD341 cells, POM failed to induce
myeloid precursor formation in shCRBN-CD341 cells, as measured
on the basis of CD331 expression (Figure 3D). In colony formation
assays, POM-induced CD341 cell lineage commitment to CFU-G
at the expense of BFU-E. This effect was blocked in CRBN
knockdown cells (Figure 3E). These data suggest that CRBN is
critical for mediating the effects of IMiD compounds, which promote
the degradation of IKZF1 and a subsequent shift in lineage
commitment.

IKZF1 mediates the IMiD-induced CD341 cell

lineage shift

Next, we examined the role of IKZF1 in POM-induced cell lineage
commitment. First, the nuclear localization of IKZF1 in CD341

cells was verified by western blotting (supplemental Figure 5).
To address the role of IKZF1 in the IMiD-induced CD341 cell
lineage shift, IKZF1 expression was knocked down in CD341

cells via lentiviral shRNA infection (Figure 4A-B). In colony-
formation assays, IKZF1 silencing induced the formation of CFU-G
colonies, which was similar to the effects of POM (Figure 4C),
suggesting that IKZF1 downregulation is critical for the POM-
induced shift of CD341 cells to the myeloid lineage. Next, we
generated an IKZF1 mutant by substituting Q146 with histi-
dine, which abrogates the CRBN-induced ubiquitination of IKZF1.
CD341 cells were transduced with lentiviral constructs for the
overexpression of IKZF1-WT or IKZF1-Q146H. POM failed to
induce complete IKZF1 degradation in IKZF1-Q146H CD341

cells, indicating that IMiD-induced IKZF1 degradation is mediated
by CRBN binding and the subsequent ubiquitination of IKZF1
(Figure 4D). Functional assays further confirmed that IKZF1-Q146H
CD341 cells were resistant to the POM-induced shift in line-
age commitment from BFU-E to CFU-G (Figure 4E) and myeloid
expansion, measured according toCD331expression by flow cytometry
(Figure 4F).

PU.1 is downregulated by IMiD compounds treatment

in CD341 cells

Previously, we showed that IMiD compounds induce a myeloid shift
in which PU.1 plays a pivotal role in mediating the effects of IMiD
compounds on hematopoietic differentiation.16,18 PU.1 is down-
regulated by POM at both the protein and mRNA levels (Figure 5A-B).
To understand the underlying mechanism, PU.1 promoter se-
quences were analyzed, and several potential IKZF1 binding sites
identified (Figure 5C, top). Potential IKZF1 binding sites were
confirmed by CHIP assays. Treatment of CD341 cells with POM
resulted in IKZF1 degradation, thereby blocking the binding of
IKZF1 to PU.1 sequences (Figure 5C, bottom). We further
examined whether IKZF1 regulates PU.1 expression in CD341

cells by knocking down IKZF1. Indeed, IKZF1 knockdown de-
creased the protein levels of PU.1, but not those of CRBN,
suggesting that PU.1 expression is regulated by IKZF1 (Figure 5D).
Consistent with this hypothesis, the POM-induced downregulation
of PU.1 was blocked by CRBN knockdown (Figure 5E), further
confirming that the ubiquitination of CRBN by IMiD compounds

496 LI et al 13 MARCH 2018 x VOLUME 2, NUMBER 5



induces the degradation of IKZF1 and that PU.1 is not under CRBN
control. We examined whether CRBN knock-down restores IKZF1
binding to PU.1 promoter after treatment with POM. CHIP assays
analysis showed that in contrast to shCNTL-CD341 cells, POM
failed to block the binding of IKZF1 to PU.1 promoter in shCRBN-
CD341 cells (Figure 5F).

POM affects lineage commitment in a human immune

system mouse model

Reflecting the difference between the mouse and human CRBN
gene sequences, IMiD compounds do not bind to mouse CRBN;
hence, POM treatment of mice had no effect on IKZF1 levels in mice
hematopoietic progenitor cells (supplemental Figure 6), and IMiD
compounds cannot be studied in currently established mouse
models.27 To overcome this hurdle, we generated a humanized
NSG mouse model by establishing a functional human hematopoi-
etic system in mice. This model offers a robust in vivo platform
to study stem cell engraftment, to observe the effects of IMiD
compounds on the proliferation that allows improved analysis of the

shift of lineage commitment of human hematopoietic progenitors.
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice received 105 human
CD341 fetal liver cells (Figure 6A) and were treated with DMSO or
POM every 2 days for 3 weeks, and bone marrow mononuclear cells
were subsequently analyzed using flow cytometry. POM treatment
significantly decreased the number of common lymphoid progenitor
Lin-CD341CD101 cells (DMSO 78.8% vs POM 44.2%), but
significantly increased the number of common myeloid progeni-
tor Lin-CD341CD381CD45RA2 cells (DMSO 19.7% vs POM
53.7%). The common lymphoid progenitor/common myeloid pro-
genitor ratio decreased from 2 to 0.4 (P , .05; Figure 6B).This is
consistent with the in vitro finding that IMiD compounds induce
myeloid lineage commitment at the expense of erythroid progenitors
such as BFU-E.16,18 To further analyze the effects of IMiD
compounds on hematopoietic progenitors in vivo, CD341 MACS
bead-selected mouse bone marrow cells were used for colony-
formation assays. The CD341 cells of POM-treated mice exhibited
reduced erythroid cell colony formation (BFU-E: DMSO, 74 vs
POM, 50; P, .05) and an increased frequency of myeloid colonies
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(CFU-G, 84 vs POM, 146; P , .05), confirming in vivo that
IMiD compounds shift the lineage commitment from BFU-E
to CFU-G (Figure 6C). Taken together, these data indicate
that IMiD compounds directly bind to CRBN in human CD341

cells, which leads to IKZF1 ubiquitination and subsequent
degradation. The loss of IKZF1 decreases PU.1 expression in
human CD341 cells and is associated with a myeloid lineage

commitment shift concomitant with the inhibition of myeloid
maturation (Figure 6D).

Discussion

HPCs have the ability to undergo self-renewal and differentiate
into various lineages of hematopoietic cells. The balance between
protein synthesis and protein degradation is likely vital for both processes.
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Here, we showed that the E3 ligase CRBN is an important regulator of
the development and lineage commitment of CD341 cells. These
findings indicated that IMiD compounds promote the CRBN-dependent

degradation of the IKZF1 protein in CD341 cells, and consequently
decrease the levels of transcription factors such as PU.1, which is critical
for the development and maturation of neutrophils.
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Several E3 ubiquitin ligases have been demonstrated to be critical
for HSCs differentiation. Deficiency of the E3 ubiquitin ligase Itch in
HSCs induces accelerated proliferation and progenitor cell expansion,
reflecting the accumulation of activated Notch1.28 Other E3 ubiquitin
ligases, such as the RING finger ligase c-Cbl, have been shown to control
the development and function of HSCs,29 highlighting the important role
of E3 ubiquitin ligases and their potential function in the self-renewal and
differentiation of HSCs. The E3 ligase protein CRBN is a direct molecular
target that mediates the toxicity of thalidomide.7 Human CRBN was
originally identified as a novel adenosine triphosphate-dependent Lon
protease that is highly conserved from plants to humans.30 However, little
is known about the expression and function of CRBN in human CD341

cells. Here, we showed that CRBN is expressed in CD341 cells at a
similar level to that in MM cell lines (Figure 1A). Moreover, the E3 ligase
CRBN plays a critical role in the control of HPC development, as
demonstrated by the fact that CRBN-knockdown cells become resistant
to POM-induced IKZF1 degradation and the subsequent induction of
myelopoiesis (Figure 3), further suggesting that CRBN is required for
POM-induced cell lineage commitment. Previous study also showed
ubiquitinated IKZF1 is required for proteasome-mediated degradation.31

IKZF1 plays a pivotal role in immune homeostasis via transcriptional
regulation of the earliest stages of lymphocyte ontogeny and
differentiation.13 IKZF1 is widely expressed in the hematopoietic system,
including in multipotent, self-renewing hematopoietic stem cells and their
committed progenitors. Functional deficiency of IKZF1 has been
implicated in the pathogenesis of acute lymphoblastic leukemia, the
most common form of childhood cancer.32 Previous studies have shown
that IKZF12/2mice exhibit severe defects in lymphocyte function,
including an absence of B and T cells.33 In addition, these mice display
defects in stem cells and in formation of BFU-E, a measure of early
erythroid activity.34 These findings are consistent with the results
showing that IKZF1 downregulation contributes to the POM-induced
cell lineage shift toward myelopoiesis (Figure 4). Therefore, inhibition of
IKZF1 expression by IMiD compounds might also promote leukemo-
genesis in pre-B cells and subsequently contribute to second primary
malignancy. Indeed, there is a slightly higher risk for leukemias and B-cell
malignancies in patients treated with IMiD compounds, particularly in
combination with melphalan.20

PU.1 is a critical transcription factor that regulates granulopoiesis. PU.1-
deficient hematopoietic progenitors show a perturbation in neutrophil
maturation. Anderson et al verified that PU.12/2mice develop neutrophils,
but these neutrophils fail to achieve functional competence.35 Dakic et al
showed that in contrast to wild-type controls, PU.12/2 granulocytes
maintained c-kit expression and displayed some (but not complete)
maturation, according to morphological criteria.36 The results of the
present study demonstrated that IMiD compounds promote the CRBN-
dependent degradation of the IKZF1 protein in human CD341 cells and
the subsequent decrease in the levels of the transcription factor PU.1
(Figure 5), which is critical for the development and maturation of
neutrophils. Chromatin immune precipitation analysis showed that IKZF1
can directly repress or activate Sfpi1 transcription via different PU.1
cis-elements.37 Considering that PU.1 is critically involved in the IMiD-
induced lineage shift in CD341 cells, we verified that IKZF1 binds to the
promoter regions of PU.1, using chromatin immunoprecipitation assays,

which suggested that PU.1 is a direct downstream target of IKZF1 in
CD341 cells.

To investigate the in vivo effects of IMiD compounds, we developed a
humanized mouse model by establishing a functional human im-
mune system in NSG mice.38 Bone marrow analysis revealed that
POM treatment significantly induced the formation of granulocyte/
macrophage progenitor cells (CD341CD381CD45RA1 cells) at the
expense of common lymphoid progenitors (CD341CD101 cells;
Figure 6). The shift to myelopoiesis observed in vivo is consistent with
the in vitro finding that IMiD compounds affect lineage commitment. In
mice, the most salient phenotype associated with the loss of IKZF1
is early and complete blockade of B-cell development.39,40 A de-
crease in or loss of IKZF1 expression leads to T-cell hyperproliferation and
lymphomagenesis, indicating that IKZF1 functions as a tumor suppres-
sor41 and increases the production of HSCs or myeloid progenitors.42

Examining the roles of CRBN and IKZF1 in IMiD-induced effects on
CD341 cells provides the first evidence of the pathomechanism
underlying the effects of LEN and POM on hematopoiesis and their
induction of neutropenia, thrombocytopenia, and anemia, which will
lead to the development of novel therapeutic strategies.
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