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Abstract
To understand immunomodulatory drug (IMiD) resistance in multiple myeloma (MM), we created isogenic human
multiple myeloma cell lines (HMCLs) sensitive and resistant to lenalidomide, respectively. Four HMCLs were
demonstrated to be resistant to all IMiDs including lenalidomide, pomalidomide, and CC-220, but not to Bortezomib.
In three HMLCs (MM.1.SLenRes, KMS11LenRes and OPM2LenRes), CRBN abnormalities were found, including
chromosomal deletion, point mutation, and low CRBN expression. The remaining HMCL, XG1LenRes, showed no
changes in CRBN but exhibited CD147 upregulation and impaired IRF4 downregulation after lenalidomide treatment.
Depletion of CD147 in XG1LenRes and three additional HMCLs had no significant impact on MM viability and
lenalidomide response. Further analysis of XG1LenRes demonstrated increased IL6 expression and constitutive STAT3
activation. Inhibition of STAT3 with a selective compound (PB-1-102) re-sensitized XG1LenRes to lenalidomide. Since
XG1LenRes harbors a truncated IRF4 that is not downregulated by lenalidomide, we targeted IRF4/MYC axis with a
selective inhibitor of the bromodomain of CBP/EP300 (SGC-CBP30), which restored lenalidomide response in
XG1LenRes. This strategy also appeared to be more broadly applicable as SGC-CBP30 could re-sensitize two resistant
HMCLs with low but detectable CRBN expression to lenalidomide, suggesting that targeting CBP/E300 is a promising
approach to restore IMiD sensitivity in MM with detectable CRBN expression.

Introduction
The immunomodulatory drugs (also known as IMiDs)

thalidomide, lenalidomide, pomalidomide, and CC-220,
play a pivotal role in the treatment of multiple myeloma
(MM)1,2. While the majority of newly diagnosed MM
patients respond to IMiDs therapy, most eventually
develop resistance. The underlying mechanisms defining
this non-responsiveness are still incompletely understood.

Cereblon (CRBN) was identified as the primary target of
IMiDs3. CRBN was demonstrated to function as a sub-
strate recognition component in a DCX (DDB1-CUL4-X-
box) E3 protein ligase complex that mediates the ubi-
quitination and subsequent proteasomal degradation of
target proteins. Binding of IMiDs alters the substrate
specificity of CRBN, leading to the recruitment and
degradation of proteins that regulate tumor proliferation,
survival, and immune response4. In myeloma, upon IMiD
treatment, IKZF1 and IKZF3 are recruited to CRBN-
conjugated E3 protein ligase, become ubiquitinated, and
degraded by the proteasome5. Downregulation of IKZF1/3
was demonstrated to induce downregulation of IRF4 and
MYC5–7, two important proteins for myeloma
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proliferation and survival8–10. A recent study also
demonstrated that CRBN promotes maturation of
CD147–MCT1 proteins on MM cells and that IMiDs
outcompete CRBN for binding to CD147 and MCT1,
leading to destabilization of the CD147–MCT1 complex.
The same study further showed that modulating CD147
and MCT1 expression by shRNA or overexpression
affected MM cell viability and therefore proposed that
destabilization of the CD147–MCT1 is associated with
IMiD-mediated anti-myeloma activity11.
We, and others, previously demonstrated that low CRBN

expression is associated with IMiD resistance12–16. Using a
MM-targeting sequence panel, we recently found acquired
mutations of CRBN and other genes in the CRBN E3 ligase
complex or the downstream CRBN pathway in 22% of
MM patients refractory to IMiDs17. This likely continues
to underestimate CRBN pathway disruption in resistant
disease since structural variation was not assessed. Not-
withstanding, it is clear that some IMiDs resistant MM
cases failed to demonstrate any abnormality in CRBN and
its associated or downstream components, implying that
CRBN-independent mechanisms of resistance exist.
Indeed, in addition to CRBN deficiency or dysfunction,
previous studies reported other mechanisms associated
with IMiD resistance in MM cells, such as activation of
Wnt signaling and the ERK pathway18,19. It therefore
appears that multiple mechanisms are involved in IMiD
resistance, but it is still unknown which mechanism is
most prevalent and whether they are related.
In the present study, we established four lenalidomide-

resistant human multiple myeloma cell lines (HMCLs) by
culturing IMiD responsive HMCLs in the presence of
lenalidomide for an extended time. Those resistant cell
lines were studied along with their isogenic-sensitive lines
to identify the genetic pathways underlying changes
associated with resistance.

Materials and methods
Cells and reagents
All HMCLs used in this study were provided by Dr. Leif

Bergsagel’s laboratory. All cell lines were fingerprinted
using CNV analysis to confirm their identity as descri-
bed20. Cells were maintained in RPMI-1640 media, sup-
plemented with 5% fetal calf serum and antibiotics. All
HMCLs tested negative for mycoplasma at the beginning
and during the experiments (using mycoplasma detection
kit from Lonza, Rockland, ME). XG1 was originally
reported as an IL-6-dependent cell line21, however, the
strain that we worked with also grew well in its absence.
Antibodies against IRF4 (#4964), PARP (#9542), BIM
(#2819), p-STAT3 (#9145), STAT3 (#9139), p-ERK1/2
(#9101), and ERK1/2 (#4695) were from Cell Signaling
Technology (Danvers, MA). Anti-MYC (#ab32072) anti-
body was from Epitomics (Burlingame, CA). Anti-CRBN

(#HPA045910) antibody was from Sigma-Aldrich (St.
Louis, MO). Anti-IKZF3 (#img-6283a) was from Imgenex
(Littleton, CO). Anti-IKZF1 (#sc-13039), Anti-CD147
(8D6) (#sc-21746), and MCT1 (H70) (#sc-50324) anti-
bodies were from Santa Cruz Biotechnology (Dallas, TX).
Lenalidomide (Len) and bortezomib (Bor) were from LC
Laboratories (Woburn, MA). PB-1-102 (PB) was from
Selleckchem (Houston, TX). CC-220 and SGC-CPB30
(SGC) was from MedChem Express (Monmouth junction,
NJ). Human IL6 ELISA MAXTM Deluxe set was from
Biolegend (San Diego, CA).

Establishment of lenalidomide-resistant HMCLs
Four lenalidomide-resistant HMCLs were generated in

our laboratory by culturing lenalidomide-sensitive cell
lines, MM.1S, KMS11, XG1, and OPM2, in the presence
of lenalidomide for an extended period of time. Briefly,
MM cells were cultured in the medium with a gradually
increasing doses of lenalidomide (usually starting from
5 μM, up to 50 μM) until the stable resistant cells were
generated. The identities of all resistant HMCLs gener-
ated were validated by fingerprint, showing identical fin-
gerprints to their isogenic-sensitive cell lines. They also
tested negative for mycoplasma.

Knockout of CD147 (BSG) and CRBN using CRISPR-Cas9
technology
Lentiviral constructs expressing CRISPR-associated

protein 9 (Cas9) and guide RNAs (gRNAs) originally
generated from Feng Zhang’s lab22 were obtained from
Addgene (Cambridge, MA). We first established the
HMCLs stably expressing Cas9 by infection of HMCLs
with lentivirus-expressing Cas923. A total of four gRNAs
targeting CD147 and CRBN, were selected from CRISPR
pooled libraries generated from Dr. Fang Zhang’s and Dr.
Jason Moffat’s labs, including: CD147 #3 TTCACTA
CCGTAGAAGACCT; CD147 #5 TGGAGCTGGTTGCC
GTTGCAC; CD147 #6 CGTCAGAACACATCAACGAG;
CRBN #2 CCTTTGCTGTTCTTGCATAC. They were
synthesized and cloned into the BbsI-digested plasmid
containing the entire guide RNA scaffold. Lentivirus
harboring non-targeting vector (Vec) and all gRNA
expression constructs were generated and used to infect
HMCLs. At day 3 after infection, puromycin was added to
the media (5 μg/ml) in order to select infected cells. At
days 7–14 after infection, cells infected with virus
expressing CD147 gRNAs were stained with anti-CD147
antibody, followed by sorting of CD147-negative cells (BD
Biosciences FACS Aria III SORP Cell Sorter). The
expression of CD147 in sorted cells was further evaluated
by immunoblotting assay. For CRBN gRNA-transduced
cells, the single clone that had no CRBN expression
(validated by immunoblotting assay) was selected and
expanded.
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Preparation of lentiviral virus expressing CRBN and
infection of myeloma cells
The cDNA lentiviral constructs expressing human wild-

type CRBN has been previously described7. The lentivirus
harboring control vector and all expression constructs
were generated to infect HMCLs. CRBN overexpression
was confirmed by immunoblotting assay.

Mate-pair sequencing
The high throughput genomic mate pair libraries from

HMCLs were prepared by the Mayo Clinic Genome Core
Facilities using the Illumina Mate Pair protocols and their
available kit (Nextera Mate Pair Sample Preparation kit,
Illumina)10,24, Then, two samples were run on one lane of
an Illumina HiSeq2000 with 50 bp reads. The sequences
were aligned to hg19 using BWA, and a BAM file con-
taining only the clustered discordant reads with clustered
mates was created. Breakpoints in the IRF4 locus with
discordant reads were identified in the BAM file by visual
inspection.

Immunoblotting analysis
Western blot was performed according to the manu-

facturer’s protocol. Equal amounts of protein were sub-
jected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS–PAGE) gels followed by transfer to
PVDF membranes. Membranes were probed with primary
antibodies overnight and then washed and incubated with
horseradish peroxidase (HRP)-conjugated-secondary
antibodies. Detection was performed by the enhanced
chemical luminescence (ECL) method.

IL-6 ELISA assay
IL6 in the cell cure media was measured by ELISA assay

(Human IL-6 ELISA kit was from Biolegend). Briefly, MM
cells were cultured with or without lenalidomide treatment
for 48 h. The cell culture media was harvested, diluted, and
measured according to the manufacture’s instruction.

Cell viability assay
Cell viability or cell growth was measured by 3-(4,5-

dimethylthiazol)-2,5-diphenyl tetrazolium (MTT) dye
absorbance according to the manufacturer’s instructions
(Boehringer Mannheim). Each experimental condition
was performed in triplicate and was repeated at least
twice.

Array-based Comparative Genomic Hybridization (aCGH)
DNA was extracted from mononuclear cells using

Puregene kit (Qiagen) and the manufacturer’s recom-
mended protocol. All HMCLs were run using the Human
400K microarray (Agilent Technologies). The digestion,
labeling, and hybridization steps were performed as pre-
viously described with minor modifications25. Copy

number abnormalities (CNA) were calculated using two-
probe and 0.2 log2 filters and aberration detection module
(ADM)-1 algorithm26 with a threshold of 9.0.

Targeted DNA sequencing
Targeted sequencing was performed on the Ion Torrent

semiconductor sequencing platform (PGM, Life Tech-
nologies, Carlsbad, CA) and analyzed as described pre-
viously23,27. Overall, we obtained an average coverage
depth of ×500. Variants with a mapping quality <20 or
read depth <10X were removed. Variants of significant
interest were visually inspected using the Integrative
Genomics Viewer28.

mRNA sequencing (mRNA-seq)
MM cells were harvested and total RNA was prepared

using RNeasy plus kit under the protocols of the manu-
facturer (Qiagen, Valencia). mRNA-seq experiment was
performed and analyzed as described previously23 at the
medical genome facility in Mayo Clinic, Rochester.
RNAseq data was processed using Mayo RNA-Seq
Bioinformatics workflow MAP-RSeq29, including read
alignment against human hg19 genome build (by TopHat
v2.0.12) and read count quantification for genes (by fea-
tureCount v1.4.4). Differential expression analysis was
then performed with edgeR v2.6.230 to identify genes with
altered expression between XG1 and XG1res. Genes were
determined as differentially expressed based on the cri-
teria (FDR <= 0.05). Up-regulated and down-regulated
genes were then separately submitted to Ingenuity Path-
way Analysis (http://www.ingenuity.com/) for identifying
enriched pathways.

Results
Resistance to IMiDs in MM cell lines is usually associated
with CRBN abnormalities
Four HMCLs with acquired resistance to lenalidomide

were established in this study by culturing their isogenic
lenalidomide-responsive HMCLs (MM.1S, KMS11, XG1,
and OPM2), in the presence of lenalidomide for an
extended period of time. After fingerprinting confirma-
tion of cell line origin, responses of the derived cell lines
to more potent IMiDs (pomalidomide and CC-220) and
proteasome inhibition (bortezomib, as a control) were
tested. All four isogenic resistant lines were resistant to
each of the IMiDs (Fig. 1a–c), but not to Bortezomib
(supplementary Figure 1).
To identify the underlying mechanisms for resistance,

immunoblotting assay was initially performed to evaluate
the proteins that have been previously reported to be
associated with either IMiD response or resistance,
including CRBN, IKZF1/3, IRF4, MYC, CD147, MCT1,
CTNNB1, and ERK1/2. Three of the four resistant
HMCLs (MM.1SLenRes, KMS11LenRes, and
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OPM2LenRes) were identified with a significant decrease
or absence of CRBN protein expression when compared
to their isogenic IMiD-sensitive lines (Fig. 2a). Accord-
ingly, CRBN-mediated degradation of IKZF1 and IKZF3
and down-regulation of IRF4 and MYC upon lenalido-
mide treatment in those cells was abrogated or sub-
stantially reduced. Consistent with a previous study, an
increased activation of ERK was detected in
MM.1SLenRes19. When wild type-CRBN was re-
introduced into the three resistant cell lines, the sensi-
tivity to lenalidomide was completely restored (Fig. 2b, c).
Two of those resistant cells were further analyzed by
aCGH and targeted DNA sequencing, demonstrating that
MM.1SLenRes carries both a deletion and a mutation in
the remaining copy of CRBN, while KMS11LenRes has a
CRBN deletion (Table 1, supplementary Figures 2–3). No
other mutations were detected in genes that encode
CRBN-binding proteins or downstream components.

XG1LenRes has altered CD147 expression but depletion of
CD147 had no significant impact on MM viability and
lenalidomide response
Compared with the other three resistant HMCLs,

XG1LenRes still has abundant CRBN expression after
acquiring lenalidomide resistance (Fig. 3a). Consistently,
lenalidomide-induced IKZF1/IKZF3 degradation in
XG1LenRes is identical to its isogenic line, XG1, and
introduction of exogenous CRBN failed to restore lenali-
domide sensitivity (Fig. 3b, c), suggesting that lenalido-
mide resistance is mediated downstream of CRBN or
through CRBN-independent mechanism. In addition to a
full-length of IRF4, a short IRF4 protein was also detected
from both sensitive and resistant XG1 cells by immuno-
blotting (Fig. 3d). By analysis of mate pair whole genome
sequencing of XG1, we identified that one allele of IRF4
gene is inverted, which is likely producing a short, c-
terminal-truncated IRF4 protein (Fig. 3e and
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Fig. 1 IMiD-resistant HMCLs were generated after prolonged lenalidomide exposure. Four IMiD-resistant HMCLs were generated from parental
MM1.S, KMS11, OPM2, and XG1 after prolonged lenalidomide exposure and each was demonstrated to be resistant to all IMiDs including (a)
lenalidomide (Len), (b) Pomalidomide (Pom) and (c) CC-220 in a representative MTT assay (day 5 after treatment)
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Fig. 2 Acquired resistance to IMiDs in three of four resistant HMCLs is associated with reduced CRBN expression and dysfunction. a
Compared to their isogenic-sensitive lines, three resistant HMCLs (MM.1SLenRes, KMS11LenRes, and OPM2LenRes) show reduced CRBN expression
and impaired IKZF1/3, IRF4, and MYC downregulation after lenalidomide treatment on immunoblotting. b and c Introduction of exogenous CRBN
into those resistant HMCLs restored their sensitivity to lenalidomide. Briefly, each resistant line was infected by lentivirus harboring control vector
(Vec) or CRBN-expressing cassette, followed by MTT assay of lenalidomide response (b) and immunoblotting assays of CRBN expression (c)

Table 1 Genomic analysis of IMiDs-resistant HMCL

HMCLs aCGH Targeted DNA sequencing

MM.1S parental 1 copy CRBN on a 2N karyotype Negative

MM.1SLenRes 1 copy CRBN on a 2N karyotype CRBN Mutation

SNV: Ser 271 Phe (24%)

Truncation: Trp399 (8%)

Splice mutation (24%)

KMS11 parental 1 copy CRBN on a 2N karyotype (subclonal), 3 copy on a 4N karyotype Negative

KMS11LenRes 0 copy CRBN on a 2N karyotype (subclonal), 1 copy on a 4N karyotype Negative
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supplementary Figure 4). Accordingly, the short IRF4
protein was not detected by an antibody targeting the C-
terminal region of IRF4 (supplementary Figure 5). Upon
lenalidomide treatment, both full length and truncated
IRF4 were substantially downregulated in XG1 cells
whereas only full- length of IRF4 was substantially
downregulated in XG1LenRes (Fig. 3d). To understand
whether this truncated IRF4 contributed to IMiDs resis-
tance, we cloned the cDNA of this truncated IRF4 and
expressed it in an IMiD-sensitive cell line (KMS11) that
only has a full length of IRF4 expression. It demonstrated
that truncated IRF4 significantly reduced the sensitivity of
KMS11 to lenalidomide, but it did not completely block
lenalidomide activity (supplementary Figure 6).
In addition to the short form of IRF4, CD147 was also

upregulated in XG1LenRes. We investigated if increased
CD147 expression contributes to the acquired resistance
in XG1LenRes. CRISPR-cas9 technology was used to
knockout the endogenous CD147 in XG1LenRes. As
shown in Fig. 4a, depletion of CD147 with three different
gRNAs did not reduce cell proliferation nor did it restore

lenalidomide sensitivity. Consistent with a previous study
which demonstrated that CD147 regulates MCT1
expression31, CD147 depletion induced a substantial
reduction of MCT1 expression in XG1LenRes. We further
expanded our work to three additional HMLCs including
two IMiDs sensitive cell lines (KMS11 and MM.1 S) and
one resistant cell line (RPMI8226). Depletion of CD147 in
those three HMCLs also failed to significantly affect MM
cell viability and sensitivity to lenalidomide (Fig. 4b–d).

IL6 upregulation and STAT3 activation is identified as a
resistance mechanism to IMiDs
To further explore the underlying mechanisms med-

iating IMiD resistance in XG1LenRes, mRNAseq was
performed in sensitive and resistant cells. Compared with
parental XG1, the expression of 4764 genes was sub-
stantially altered (at least 1.5-fold change) in resistant cells
including 1297 upregulated and 3467 downregulated
genes (supplementary table 1). Pathway analysis indicated
that JAK/ STAT signaling was one of the top canonical
pathways enriched with up-regulated genes
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a Immunoblotting of XG1 and XG1LenRes demonstrated that XG1LenRes has normal CRBN expression and has an altered CD147 expression
compared with XG1. b Introduction of exogenous CRBN into XG1LenRes did not restore its sensitivity. c In addition to a full-length (f) IRF4, a short (s)
IRF4 protein was detected from both XG1 and XG1LenRes. Upon lenalidomide treatment, shorted IRF4 in XG1LenRes was not downregulated as well
as in XG1. d Mate pair sequencing data suggested that the IRF4 gene in both XG1 and XG1LenRes has an inversion mutation, which is likely to
produce a short C-terminal-truncated IRF4 protein
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(supplementary table 2). Among the most up-regulated
genes we identified interleukin 6 (IL6) and STAT3. To
assess whether autocrine production of IL6 and activated
STAT3 is associated with IMiD resistance, we performed
ELISA and immunoblotting assays to measure
IL6 secretion and STAT3 activation in XG1LenRes cells.
As shown in Fig. 5a, an increase in IL6 was detected in the
culture media of XG1LenRes compared to XG1. Sur-
prisingly, lenalidomide treatment further enhanced IL6
production in XG1LenRes (Fig. 5b). Consistent with
mRNAseq data, STAT3 and its downstream genes (PIM2
and BIRC5) expression were increased in XG1LenRes). A
highly activated STAT3 was detected in XG1LenRes but
not in XG1 (Fig. 5c). Similarly, when IL6 was supple-
mented in the culture media of isogenic parental sensitive
XG1, XG1 became resistant to lenalidomide (Fig. 5d) with
an activated STAT3 and increased downstream gene
expression (Fig. 5e). To further determine if activation of

STAT3 is involved in resistance to IMiDs in this cell line,
a selective STAT3 inhibitor (PB-1-102) was then
employed which re-sensitized XG1LenRes to lenalido-
mide and induced a synergistic anti-myeloma activity and
downregulation of IRF4 (both full length and short form)
and MYC expression (Fig. 5f, g).
We explored the role of STAT3/IL-6 in a broader array

of MM cell lines. Three of seven HMCLs with primary
IMiD resistance were demonstrated to have activated
STAT3 (supplementary Figure 7). Synergistic anti-
myeloma activity was also achieved with lenalidomide
and PB-1-102 co-treatment in one representative tested
cell line (Fig. 5h). To determine clinical relevance as to
whether upregulation of IL6 or STAT3 was clinically
significant, we used the MMRF coMMpass data and noted
that MM samples with IL6 expression and, or, high
STAT3 expression were associated with a shorter
response (supplementary Figure 8).
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Targeting IRF4 by inhibition of the bromodomain (BRD) of
CBP/EP300 re-sensitizes IMiD-resistant HMCLs to
lenalidomide
Since IRF4, especially the truncated IRF4, was not

substantially downregulated in XG1LenRes compared
with sensitive XG1 after lenalidomide treatment, we
decided to look at whether targeting IRF4 could also re-
sensitize XG1LenRes to lenalidomide. The small molecule
(SGC-CBP30) has a selective affinity for the BRD of CBP/
EP30032 and has recently been demonstrated to target the
IRF4 network in MM33. As shown in Fig. 6a, the combi-
nation of SGC-CBP30 and lenalidomide generated a
substantial synergy in reducing myeloma cell viability.
Consistent with a previous report33, SGC-CBP30

downregulated IRF4 in a dose-dependent manner (Fig. 6b).
XG1LenRes co-treatment with lenalidomide and SGC-
CBP30 induced the most effective downregulation of IRF4
(especially truncated IRF4) and MYC (Fig. 6b). In order to
know whether SGC-CBP30 treatment has an effect on IL6
autocrine secretion in XG1LenRes cells, we measured IL6 in
the culture media of XG1LenRes in the absence and pre-
sence of drug treatment. As shown in Fig. 6c, SGC-CBP30
treatment also reduced IL6 autocrine production from
XG1LenRes in either the absence or presence of lenalido-
mide. Accordingly, STAT3 activation was inhibited by SGC-
CBP30 treatment (Fig. 6b).
In order to generalize applicability of SGC-CBP30 we

treated another six IMiD-resistant HMCLs, including the
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three CRBN-deficient resistant lines generated in this
study (MM.1SLenRes, KMS11LenRes, and OPM2-
LenRes), two intrinsically resistant HMCLs (JJN3 and
OCI-MY5) and one resistant cell line we had generated in
house by CRBN knockout (MM1.R CRBN−). In the
HMCL that expresses the most abundant CRBN (JJN3),
co-treatment with lenalidomide and SGC-CBP30 induced
a significantly synergistic anti-myeloma activity (Fig. 6d).
In contrast, in the HMCLs that have an absence of CRBN
expression and have CRBN mutation (MM.1R CRBN−

and MM.1SLenRes) no significant synergies were detected
(supplementary Figure 9A and Fig. 6e). In three resistant
HMCLs with low but measureable CRBN expression
(KMS11LenRes, OPM2LenRes, and OCIMY5),
KMS11LenRes and OPM2LenRes regained responsive-
ness to lenalidomide after co-treatment with SGC-CPB30
(Fig. 6f and supplementary Figure 9B–C). The lenalido-
mide resensitization is not related to an increase of CRBN
expression in KMS11LenRes (Fig. 6g), but appears to be
associated with IKZF1/IKZF3, IRF4, and MYC down-
regulation. Finally, we demonstrated that SGC-CBP30

also increased the sensitivity to lenalidomide in three
IMiD-sensitive HMCLs (supplementary Figure 9D–F).

Discussion
In order to better elucidate the underlying mechan-

isms by which myeloma cells develop IMiD resistance,
we established four resistant HMCLs by culturing their
isogenic sensitive cell lines in the presence of lenalido-
mide for an extended period of time. Consistent with
our recent clinical data that showed CRBN mutations in
relapsed patient samples17, we demonstrated that 3 of 4
resistant HMCLs have reduced or absent CRBN
expression after acquiring resistance to IMiDs and two
tested cell lines have either CRBN deletion or mutations.
Although we also detected activation of ERK and WNT
signaling in some resistant cell lines that have reduced
CRBN expression, introduction of exogenous wild-type
CRBN into those cell lines restored their sensitivity to
lenalidomide, suggesting that CRBN deficiency and
dysfunction remains the major source of resistance in
MM.
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The outlier was the cell line XG1LenRes which harbored
no CRBN deficiency or dysfunction, suggesting that resis-
tance in this cell line is mediated by a CRBN-independent
mechanism. Although we found that lenalidomide-induced
CD147downregulation in IMiD-sensitive cell lines, deple-
tion of CD147 in XG1LenRes and three additional HMCLs
did not change MM viability and IMiD response. Moreover,
CD147 depletion was demonstrated to substantially
decrease MCT1 expression in those MM cells, suggesting
that lenalidomide-mediated anti-myeloma activity detected
from the in vitro model is not associated with disruption of
CRBN-CD147-MCT1 axis.
By performing mRNAseq analysis, we identified upre-

gulation of both IL6 and STAT3 in XG1LenRes when
compared with parental cells, correlating with a highly
activated STAT3/JAK signaling. We further demonstrated
that XG1LenRes has IL6 autocrine production, which was
surprisingly enhanced by lenalidomide treatment. Inhibi-
tion of STAT3 sensitized XG1LenRes to lenalidomide
whereas adding IL6 to the wild type XG1 induced lena-
lidomide resistance, indicating that IL6 autocrine and
STAT3 activation are the source of lenalidomide resis-
tance in XG1LenRes. We went on to show that some
HMCLs with intrinsic resistance to IMiDs also have

activated STAT3, including JJN3. STAT3 inhibition in
JJN3 enhanced its response to lenalidomide. Downstream
genes activated by STAT3 have been associated with
tumor proliferation and survival, including PIM1/PIM2,
MYC, BIRC5 and BCL2L134–39. Accordingly, mRNAseq
data or immunoassay indicated that BIRC5, PIM2, and
BCL2L1 were elevated in XG1LenRes (when compared
with XG1). We assume that those anti-apoptotic mole-
cules induced by STAT3 activation may antagonize the
apoptotic signals induced by IMiD-mediated IKZF1/
IKZF3 and IRF4 downregulation (Fig. 7). A recently
published study demonstrated that activated STAT3 is
involved in IRF4 regulation to support the survival of
anaplastic large cell lymphomas40, implying that STAT3
may also regulate IRF4 expression in other tumor cells. In
XG1LenRes, IRF4, especially truncated IRF4, was not
downregulated in XG1 cells after lenalidomide treatment,
suggesting that resistance to IMIDs in XG1LenRes could
also be a result from STAT3-mediated IRF4 dysregulation
(Fig. 7).
Using a small compound (SGC-CBP30) that selectively

targets the IRF4 network in MM cells, we demonstrated
that the resistance to lenalidomide could be overcome
after co-treatment of XG1LenRes with SGC-CBP30 and
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the apoptotic signals induced by IMiD-mediated IKZF1/IKZF3 and IRF4 downregulation. STAT3 may also regulate IRF4, MYC, and other gene
expression in tumor cells to support MM growth and survival

Zhu et al. Blood Cancer Journal            (2019) 9:19 Page 10 of 12    19 

Blood Cancer Journal



lenalidomide. SGC-CBP30 is an inhibitor of the BRD-
containing transcription factors CREBBP (CBP) and
EP300. CBP and EP300 function as transcriptional co-
activators via acetylation of histones and transcription
factors41. Inhibition of CBP/EP300 has been demon-
strated recently to target the IRF4 super enhancer and
MYC regulatory region in MM cells33. Consistent with
this result, we found that IRF4 (both full-length and short
form) and MYC were downregulated after inhibition of
CBP/EP300 by SGC-CBP30 in XG1LenRes. Interestingly,
we found that SGC-CBP30 also inhibits IL6 autocrine
production and STAT3 activation in XG1LenRes, sug-
gesting that the SGC-CBP30-induced recovery of IMiD
sensitivity might be mediated not only by direct inhibition
of CBP/EP300 in IRF4/MYC regulatory region, but also by
indirectly inhibiting IL6 expression and STAT3 activation.
By further expanding the SGC-CBP30 study to other

HMCLs, we demonstrated that SGC-CBP30 also
increased IMiDs sensitivity in three sensitive cell lines and
re-sensitized several IMiD-resistant HMCLs to lenalido-
mide. Although we demonstrated that CRBN is required
for SGC-CBP30-mediated resensitization, for some
resistant HMCLs with a low but detectable CRBN
expression, SGC-CBP30-exposed cells regained response
to lenalidomide through a non-CRBN-related mechanism.
One possible explanation is that inhibition of CBP/EP300
results in IRF4/MYC downregulation which synergizes
with IMiDs action in the same cells. Another possibility is
that SGC-CBP30 treatment would change the chromatin
structure in the IRF4 and MYC regulatory regions or
regulate other genes in IMiDs-mediated activity, therefore
inducing increased sensitivity to IMiD-induced signals
(such as downregulation of IKZF1/IKZF3).
In summary, we demonstrated that CRBN deficiency

and mutation remains the most common mechanism
associated with acquired resistance to IMiDs in MM. We
also identified a novel mechanism of resistance associated
with IL6 and activation of STAT3. Our study further
demonstrated inhibition of CBP/EP300 and IRF4 as a
promising strategy to overcome IMiD resistance.

Acknowledgements
We like to thank Dr. Panwen Wang for helping us to analyze IL6 and STAT3 in a
clinical data set. This work was supported by the Mayo Clinic (A.K.S.), National
Institutes of Health (grant RO1CA183968-01A).

Author details
1Division of Hematology, Mayo Clinic, Scottsdale, AZ, USA. 2Division of
Biomedical Statistics and Informatics, Department of Health Sciences Research,
Mayo Clinic, Rochester, MN, USA. 3Center for Individualized Medicine, Mayo
Clinic, Rochester, MN, USA

Authors contribution
Y.X.Z. and A.K.S. contributed to conception. Y.X.Z., C.X.S., and A.K.S. contributed
to the design of the study. Y.X.Z., C.X.S., L.A.B., X.W., D.L.R., B.P., J.M.A., C.B.C. and
E.B. contributed to acquisition of data and analysis of the data. All authors
contributed to interpretation of data. Y.X.Z., A.K.S., C.B.C. and E.B. contributed to

manuscript writing. All authors read, revised the article critically for important
intellectual content, and gave final approval of the version to be published.

Conflict of interest
A.K.S. was consultant for Bristol-Myers Squibb, Celgene, Amgen, Janssen,
Takeda, and Roche. The remaining authors declare that they have no conflict
of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at (https://doi.org/
10.1038/s41408-019-0173-0).

Received: 10 July 2018 Revised: 16 November 2018 Accepted: 21
November 2018

References
1. Lacy, M. Q. New immunomodulatory drugs in myeloma. Curr. Hematol. Malig.

Rep. 6, 120–125 (2011).
2. Raza, S., Safyan, R. A. & Lentzsch, S. Immunomodulatory drugs (IMiDs) in

multiple myeloma. Curr. Cancer Drug Targets 17, 846–857 (2017).
3. Ito, T. et al. Identification of a primary target of thalidomide teratogenicity.

Science 327, 1345–1350 (2010).
4. Ito, T. & Handa, H. Cereblon and its downstream substrates as molecular

targets of immunomodulatory drugs. Int. J. Hematol. 104, 293–299 (2016).
5. Kronke, J. et al. Lenalidomide causes selective degradation of IKZF1 and IKZF3

in multiple myeloma cells. Science 343, 301–305 (2014).
6. Lu, G. et al. The myeloma drug lenalidomide promotes the cereblon-

dependent destruction of Ikaros proteins. Science 343, 305–309 (2014).
7. Zhu, Y. X. et al. Identification of cereblon-binding proteins and relationship

with response and survival after IMiDs in multiple myeloma. Blood 124,
536–545 (2014).

8. Shaffer, A. L. et al. IRF4 addiction in multiple myeloma. Nature 454, 226–231
(2008).

9. Kuehl, W. M. & Bergsagel, P. L. MYC addiction: a potential therapeutic target in
MM. Blood 120, 2351–2352 (2012).

10. Affer, M. et al. Promiscuous MYC locus rearrangements hijack enhancers but
mostly super-enhancers to dysregulate MYC expression in multiple myeloma.
Leukemia 28, 1725–1735 (2014).

11. Eichner, R. et al. Immunomodulatory drugs disrupt the cereblon-CD147-MCT1
axis to exert antitumor activity and teratogenicity. Nat. Med. 22, 735–743
(2016).

12. Zhu, Y. X. et al. Cereblon expression is required for the antimyeloma activity of
lenalidomide and pomalidomide. Blood 118, 4771–4779 (2011).

13. Schuster, S. R. et al. The clinical significance of cereblon expression in multiple
myeloma. Leuk. Res. 38, 23–28 (2014).

14. Lopez-Girona, A. et al. Cereblon is a direct protein target for immunomodu-
latory and antiproliferative activities of lenalidomide and pomalidomide.
Leukemia 26, 2326–2335 (2012).

15. Huang, S. Y. et al. Expression of cereblon protein assessed by immunohisto-
chemicalstaining in myeloma cells is associated with superior response of
thalidomide- and lenalidomide-based treatment, but not bortezomib-based
treatment, in patients with multiple myeloma. Ann. Hematol. 93, 1371–1380
(2014).

16. Franssen, L. E. et al. Cereblon loss and up-regulation of c-Myc are associated
with lenalidomide resistance in multiple myeloma patients. Haematologica.
103, 368–371 (2018).

17. Kortum, K. M. et al. Targeted sequencing of refractory myeloma reveals a high
incidence of mutations in CRBN and Ras pathway genes. Blood 128,
1226–1233 (2016).

18. Bjorklund, C. C. et al. Evidence of a role for activation of Wnt/beta-catenin
signaling in the resistance of plasma cells to lenalidomide. J. Biol. Chem. 286,
11009–11020 (2011).

Zhu et al. Blood Cancer Journal            (2019) 9:19 Page 11 of 12    19 

Blood Cancer Journal

https://doi.org/10.1038/s41408-019-0173-0
https://doi.org/10.1038/s41408-019-0173-0


19. Ocio, E. M. et al. In vivo murine model of acquired resistance in myeloma
reveals differential mechanisms for lenalidomide and pomalidomide in
combination with dexamethasone. Leukemia 29, 705–714 (2015).

20. Keats, J. J., Chesi, M., Kuehl, W. M. & Leif Bergsagel, P. et al. A simple and reliable
method to verify the authenticity and purity of human myeloma cell lines.
Blood 110, 2485 (2007).

21. Zhang, X. G. et al. Reproducible obtaining of human myeloma cell lines as a
model for tumor stem cell study in human multiple myeloma. Blood 83,
3654–3663 (1994).

22. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 8, 2281–2308 (2013).

23. Zhu, Y. X. et al. Loss of FAM46C promotes cell survival in myeloma. Cancer Res.
77, 4317–4327 (2017).

24. Gao, G. & Smith, D. I. Mate-pair sequencing as a powerful clinical tool for the
characterization of cancers with a DNA viral etiology. Viruses 7, 4507–4528
(2015).

25. Braggio, E. et al. Identification of copy number abnormalities and inactivating
mutations in two negative regulators of nuclear factor-kappaB signaling
pathways in Waldenstrom’s macroglobulinemia. Cancer Res. 69, 3579–3588
(2009).

26. Lipson, D., Aumann, Y., Ben-Dor, A., Linial, N. & Yakhini, Z. Efficient calculation of
interval scores for DNA copy number data analysis. J. Comput. Biol. 13,
215–228 (2006).

27. Kortum, K. M. et al. Targeted sequencing using a 47 gene multiple myeloma
mutation panel (M(3) P) in -17p high risk disease. Br. J. Haematol. 168, 507–510
(2015).

28. Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24–26
(2011).

29. Kalari, K. R. et al. MAP-RSeq: Mayo analysis pipeline for RNA sequencing. BMC
Bioinforma. 15, 224 (2014).

30. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a bioconductor package
for differential expression analysis of digital gene expression data. Bioinfor-
matics 26, 139–140 (2010).

31. Walters, D. K., Arendt, B. K. & Jelinek, D. F. CD147 regulates the expression of
MCT1 and lactate export in multiple myeloma cells. Cell Cycle 12, 3175–3183
(2013).

32. Hammitzsch, A. et al. CBP30, a selective CBP/p300 bromodomain inhibitor,
suppresses human Th17 responses. Proc. Natl Acad. Sci. USA 112, 10768–10773
(2015).

33. Conery, A. R. et al. Bromodomain inhibition of the transcriptional coactivators
CBP/EP300 as a therapeutic strategy to target the IRF4 network in multiple
myeloma. Elife 5, e10483, 1–17 (2016).

34. Bromberg, J. F. et al. Stat3 as an oncogene. Cell 98, 295–303 (1999).
35. Catlett-Falcone, R. et al. Constitutive activation of Stat3 signaling confers

resistance to apoptosis in human U266 myeloma cells. Immunity 10, 105–115
(1999).

36. Shirogane, T. et al. Synergistic roles for Pim-1 and c-Myc in STAT3-mediated
cell cycle progression and antiapoptosis. Immunity 11, 709–719 (1999).

37. Aoki, Y., Feldman, G. M. & Tosato, G. Inhibition of STAT3 signaling induces
apoptosis and decreases survivin expression in primary effusion lymphoma.
Blood 101, 1535–1542 (2003).

38. Kanda, N. et al. STAT3 is constitutively activated and supports cell survival in
association with survivin expression in gastric cancer cells. Oncogene 23,
4921–4929 (2004).

39. Asano, J. et al. The serine/threonine kinase Pim-2 is a novel anti-apoptotic
mediator in myeloma cells. Leukemia 25, 1182–1188 (2011).

40. Bandini, C. et al. IRF4 Mediates the oncogenic effects of STAT3 in anaplastic
large cell lymphomas. Cancers 10, 21 (2018).

41. Goodman, RH. & Smolik, S. CBP/p300 in cell growth, transformation, and
development. Genes Dev 14, 1553–1577 (2000).

Zhu et al. Blood Cancer Journal            (2019) 9:19 Page 12 of 12    19 

Blood Cancer Journal


	Identification of lenalidomide resistance pathways in myeloma and targeted resensitization using cereblon replacement, inhibition of STAT3 or targeting of IRF4
	Introduction
	Materials and methods
	Cells and reagents
	Establishment of lenalidomide-resistant HMCLs
	Knockout of CD147 (BSG) and CRBN using CRISPR-Cas9 technology
	Preparation of lentiviral virus expressing CRBN and infection of myeloma cells
	Mate-pair sequencing
	Immunoblotting analysis
	IL-6 ELISA assay
	Cell viability assay
	Array-based Comparative Genomic Hybridization (aCGH)
	Targeted DNA sequencing
	mRNA sequencing (mRNA-seq)

	Results
	Resistance to IMiDs in MM cell lines is usually associated with CRBN abnormalities
	XG1LenRes has altered CD147 expression but depletion of CD147 had no significant impact on MM viability and lenalidomide response
	IL6 upregulation and STAT3 activation is identified as a resistance mechanism to IMiDs
	Targeting IRF4 by inhibition of the bromodomain (BRD) of CBP/EP300 re-sensitizes IMiD-resistant HMCLs to lenalidomide

	Discussion
	ACKNOWLEDGMENTS




