
Cereblon loss and up-regulation of c-Myc are 
associated with lenalidomide resistance in multiple
myeloma patients

Multiple myeloma (MM) patients who become refrac-
tory to anti-MM drugs have a very poor prognosis.
Therefore, it is important to gain insight into the mecha-
nisms of resistance to these drugs. Immunomodulatory
drugs (IMiDs) have immune-stimulatory and anti-angio-
genic properties as well as direct anti-MM activity.
Binding of IMiDs to Cereblon promotes ubiquitination
and subsequent proteasomal degradation of the substrate
proteins IKZF1 (Ikaros) and IKZF3 (Aiolos), which is fol-
lowed by downregulation of interferon regulatory factor
4 (IRF-4) and c-Myc leading to growth inhibition and
apoptosis of MM cells.1,2 A low expression of Cereblon at
baseline is associated with a decreased response to IMiD
therapy.3 Furthermore, in MM cell lines, acquired resist-
ance to IMiDs is accompanied by a decrease in Cereblon
expression.4 

To gain insight into the expression levels of lenalido-
mide targets in lenalidomide-refractory patients, we ana-
lyzed the protein expression of Cereblon and down-
stream targets in BM-localized plasma cells using
immunohistochemistry (Figure 1 and Online
Supplementary Figure S1). BM samples from 55 patients
were obtained at the time of diagnosis and at the time of
development of lenalidomide-refractory disease.
Furthermore, BM biopsies taken at earlier time points
during the disease course (after first line treatment
(lenalidomide naïve), after second line treatment
(lenalidomide naïve) and during lenalidomide treatment
(responsive)) were analyzed. 
The study population consisted of patients included in

the REPEAT study,5 a prospective, phase 1 dose-finding
trial, followed by a phase 2 expansion at the recommend-
ed dose level to evaluate the safety, tolerability and effi-
cacy of lenalidomide, low-dose oral cyclophosphamide
and prednisone (REP) in lenalidomide-refractory MM
patients. Patient characteristics are shown in Table 1 and
details on the protocol are presented in the Online
Supplementary Methods. 
Sequential dual color immunohistochemistry (IHC)

assays were performed as described in the Online
Supplementary Data.6 Briefly, the target markers Cereblon,
Aiolos, Ikaros, IRF4, and c-Myc were evaluated in
CD138-positive plasma cells in the BM to generate an H-
score. H-scores range from 0 to 300 and take into account
frequency and intensity of staining [H-score = (% at 1+)
X 1 + (% at 2+) X 2 + (% at 3+) X 3]. For Cereblon, cyto-
plasmic and nuclear compartments were scored separate-
ly. The sum of cytoplasmic and nuclear H-Scores
accounted for the total H-Score (0-600), which was gen-
erated for each sample. 
There was marked heterogeneity in the intensity of

Cereblon expression across patients. However, a signifi-
cant reduction in Cereblon protein levels was observed,
both nuclear and cytoplasmic, at the time patients devel-
oped lenalidomide-refractory disease as compared to
time of diagnosis (Figure 2A). Seventy-seven percent of
patients showed a reduction in overall Cereblon expres-
sion (combined H-score), with a median decrease in
Cereblon in these patients of 53.1% (range: 6.6-99.2%).
In 23% of patients, no decrease in Cereblon expression
was observed (Figure 2A). Levels of cytoplasmic and
nuclear Cereblon H-scores were highly correlated, both
at diagnosis as well as at the time of lenalidomide-refrac-
tory disease (Figure 2B). The expression levels of Ikaros,

Aiolos and IRF4 did not change from diagnosis to devel-
opment of lenalidomide-refractory disease, while there
was a small, but significant, increase in c-Myc expression
at the time of lenalidomide-resistant disease (Figure 2C).
There was no correlation between c-Myc and Cereblon
levels, or between change in c-Myc and Cereblon levels
over time. To investigate the possibility that diminished
Cereblon levels may also occur during other treatment
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Table 1. Patient characteristics.
Characteristic Total (n=55)

Median age, y (range) 69 (43-82)
Sex, male, n (%) 40 (73)
Type of monoclonal heavy chain, n (%)
IgG 31 (56)
IgA 11 (20)
IgD 1 (1.8)
Light chain only 12 (22)
Type of light chain, n (%)
Kappa 37 (67)
Lambda 18 (33)
Median time from diagnosis until 44 (5-128)
enrollment REPEAT study in months (range)
Prior lines of therapy, median (range) 3 (1-6)
Prior therapies, n (%)
Lenalidomide 55 (100)
Bortezomib 47 (85)
Thalidomide 37 (67)
Cyclophosphamide 25 (45)
Prior autologous stem cell transplantation (HDM) 29 (53)
Oral melphalan 27 (49)
Prior allogeneic stem cell transplantation 1 (1.8)
Previous lenalidomide, n (%)
Refractory* 55 (100)
Progression while on lenalidomide-based therapy** 50 (91)
No response during prior lenalidomide-based therapy*** 2 (3.6)
Progressive disease within 60 days after 3 (5.5)
stopping lenalidomide-based therapy****
Primary lenalidomide refractory#, n (%) 11 (20) 
REP directly after development of 42 (76)
lenalidomide-refractory disease, n (%)
Lenalidomide and bortezomib 31 (56)
double refractory*, n (%)
Cytogenetic abnormalities, n (%)
High risk## 24 (44)
Standard risk 22 (40)
Not available 9 (16)
HDM: high-dose melphalan. *Refractory disease is defined as progressive disease
during therapy, no response (< PR), or progressive disease within 60 days of stop-
ping treatment, according to the International Uniform Response Criteria for
Multiple Myeloma. ** Thirty-five patients progressed while receiving lenalidomide
(25mg)-dexamethasone, 3 while receiving lenalidomide, bortezomib and dexam-
ethasone, 1 while receiving MPR (10mg lenalidomide), and 11 while receiving
lenalidomide maintenance therapy (10mg). ***Two patients received lenalido-
mide (25mg)-dexamethasone. ****Two patients received lenalidomide (25mg)-
dexamethasone, and 1 patient received 10mg lenalidomide in MPR. #Primary
lenalidomide-refractory was defined as a best response on previous lenalidomide
treatment of < PR.  ##High-risk cytogenetic abnormalities were defined by the pres-
ence of t(4;14), t(14;16), del(17p), and/or ampl(1q) as determined by FISH analysis
on purified MM cells before start of REP treatment. 



lines before development of lenalidomide-refractory dis-
ease, we analyzed Cereblon expression of BM plasma
cells in samples obtained at additional time points during
the patient’s disease course (Figure 2D). There was no
significant change in Cereblon expression at these other
time points. Furthermore, we obtained paired samples
from 4 patients both before start of bortezomib treat-
ment, and at the time of development of bortezomib-
refractory disease. The four patients were lenalidomide-
naïve when these samples were taken. In contrast to
lenalidomide treatment, bortezomib therapy did not alter
Cereblon expression levels (Figure 2E). Altogether, these
results indicate that the decrease in Cereblon protein lev-
els is specifically associated with lenalidomide resistance.
There was no association between Cereblon expres-

sion at the time of inclusion in the REPEAT study and
response (defined as PR or better), PFS or OS with REP
treatment. The extent of change in Cereblon expression
from diagnosis to inclusion in the REPEAT study was also
not correlated with outcome. For c-Myc expression, no
significant association with response or OS after REP
treatment was observed. However, there was a trend for
decreased PFS with high c-Myc expression levels at the
time of inclusion in the REPEAT study (HR 1.011, 95%
CI: 1.000-1.022, P=0.053). Ikaros, Aiolos, and IRF4 were
not associated with clinical outcome following REP.
Furthermore, differential expression of Cereblon, c-Myc,
Ikaros, Aiolos and IRF4 at the time of diagnosis did not
affect OS. No correlative studies were done on other lines
of treatment because of the small numbers of BM sam-
ples from the patients at the corresponding lines of treat-
ment.
To our knowledge, this is the first study analyzing plas-

ma cell expression levels of the Cereblon pathway pro-
teins in paired samples at diagnosis and at the time of
lenalidomide-refractory disease using a validated assay.6

Our correlative analysis showed that development of
lenalidomide-resistance is associated with reduced

Cereblon protein levels in the majority of patients. Our
observation that Cereblon expression levels did not show
a significant change during other treatment lines indi-
cates that the decrease in Cereblon is specifically associ-
ated with acquired lenalidomide resistance. 
The underlying mechanisms of Cereblon downregula-

tion remain to be determined. Epigenetic modifications
of the Cereblon promotor region were previously
described as a mechanism of Cereblon downregulation.7

Other possible mechanisms may involve Cereblon gene
mutations or chromosomal deletions although these
mechanisms need to be addressed in future studies. 
The median reduction in Cereblon of 53% can be con-

sidered modest. However, in preclinical studies, a similar
degree of shRNA-mediated Cereblon depletion induced
lenalidomide resistance in MM cell lines.4,8 In fact, an
absolute threshold of Cereblon protein expression for
induction of lenalidomide resistance is currently
unknown, especially not in patients. Therefore, we
expect that the Cereblon reduction that we observed in
the MM cells, contributes to the development of
lenalidomide-refractory disease. However, Cereblon
expression was not reduced in a subset of patients in our
current analysis. Interestingly, 50% of these patients
were primary refractory to lenalidomide-based treat-
ment, versus only 13% in patients with a decrease in
Cereblon expression (P=0.03), while there was no differ-
ence in baseline Cereblon expression between primary
refractory patients and patients with an initial response
to lenalidomide-based treatment. Other mechanisms of
lenalidomide-resistance are likely involved in these
patients, such as Cereblon pathway mutations, Cereblon
splice variants, or increased activity of the MEK/ERK
pathway.9,10 Given the limited availability of patient sam-
ples from our current study, no additional analysis of
mRNA levels or analysis of Cereblon pathway mutations
could be performed to further characterize these poten-
tial mechanisms. 
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Figure 1. Immunohistochemical staining of Cereblon and c-Myc in CD138+ bone-marrow plasma cells of MM patients. Multiple myeloma BM core biopsies
stained with dual CD138 (red membrane) and Cereblon (brown cytoplasm and nucleus) or c-Myc (brown nucleus). Shown are two representative patients at the
time of diagnosis (upper panel) and lenalidomide-refractory disease (lower panel). Decreased Cereblon and increased c-Myc expression are noted upon devel-
opment of lenalidomide resistance. Arrows point to tumor cells. H-scores range from 0 to 600 for Cereblon and from 0-300 for c-Myc. Len: lenalidomide.



The observed increase in c-Myc protein expression at
the time of lenalidomide-refractory disease, as compared
to levels at diagnosis, suggests that c-Myc increase may
also contribute to development of lenalidomide resist-
ance. Although c-Myc expression levels had not been
studied in the setting of acquired lenalidomide resistance,
c-Myc upregulation has been reported in the evolution
from MGUS to MM.11 Furthermore, c-Myc aberrations
and/or overexpression are generally associated with
adverse clinical features and poor survival.11 

The lack of association between Cereblon levels and
outcome of REP treatment indicates that the anti-myelo-
ma effect of lenalidomide as part of the REP regimen may
not be mediated via plasma cell Cereblon. Indeed, there
is evidence that lenalidomide can still have immunomod-
ulatory activity in the setting of lenalidomide-refractory
disease,12 which might be complementary to the previ-
ously described immune-activating effects of metronom-

ically dosed cyclophosphamide.13 Alternatively, modula-
tion of residual Cereblon by lenalidomide may still be
able to synergize with the other components of the REP
regimen. In addition, downregulation of Cereblon may
affect its recently described chaperon-like function that
promotes maturation of CD147 and MCT-1 proteins,
which regulate proliferation and survival of MM cells.14

In our analysis, the expression levels of Cereblon and
its downstream substrates and effector proteins at diag-
nosis did not affect OS. We were not able to assess the
effect of Cereblon expression at diagnosis on PFS or
response after first-line treatment due to lack of clinical
data. The association of Cereblon expression and survival
in newly diagnosed MM patients has been assessed in
several studies with conflicting results. When interpret-
ing these studies, it is important to note that there is a
lack of correlation between Cereblon mRNA and protein
levels.15 Furthermore, different techniques and scoring
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Figure 2. Longitudinal analysis of bone-marrow biopsies shows reduced Cereblon and increased c-Myc expression in MM cells from lenalidomide-refractory
patients. Plasma cell protein expression levels of Cereblon and downstream targets were determined in 55 patients at the time of diagnosis and at the time of
lenalidomide-refractory disease.(A) Cereblon expression (cytoplasmic, nuclear and combined expression [sum of the cytoplasmic and nuclear score]). (B)
Correlations between nuclear and cytoplasmic H-scores at diagnosis (left panel) and at the time of lenalidomide-refractory disease (right panel). (C) Expression
of Ikaros, Aiolos, IRF4, and c-Myc. (D) Cereblon expression was also analyzed after first line treatment (lenalidomide naive) (n=18), after second line treatment
(lenalidomide naive) (n=11), and during lenalidomide treatment (lenalidomide sensitive myeloma, n=6). These additional time-points do not contain data from
all patients, because of a limited number of available bone marrow biopsies. (E) Combined Cereblon H-score for 4 patients treated with bortezomib while
lenalidomide-naïve, showing no change in Cereblon expression by bortezomib. Boxes represent first and third quartile with median value, and error bars repre-
sent minimum to maximum. Bars represent mean, and error bars represent the SEM. P-values were calculated by using Wilcoxon matched pairs signed rank
test. Len: lenalidomide; Bor: bortezomib; N.S.: not significant. ****: P<0.0001; ***: P<0.001; *: P<0.05.
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methods have been used for assessment of protein and
mRNA expression in these studies. 
In conclusion, we demonstrated in a longitudinal

analysis of BM biopsy samples obtained from the
REPEAT study, that a decrease in Cereblon protein levels
is one of the characteristics of acquired resistance to
lenalidomide. Other mechanisms of resistance, such as
acquired Cereblon pathway mutations or defects in other
components of the E3 ligase complex, may play a role in
patients without reduction in Cereblon expression.
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