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Abstract
 Thalidomide, a sedative to ease morning sickness in pregnant women, was 
banned more than a half century ago due to causing a severe birth defect known as 
phocomelia. However, the late discovery of its immunomodulatory properties have 
led to a new era in the treatment of Multiple Myeloma (MM), a fatal disease that 
back then had no effective therapy available. The recent development and FDA-ac-
celerated approval of the second- and third-generation thalidomide analogs lena-
lidomide and pomalidomide to treat MM have led to a paradigm shift in standard 
of care of MM patients by introducing this novel class of anti-MM therapeutics, 
termed Immunomodulatory Drugs (IMiDs). Although IMiDs have tremendously 
improved survival of MM patients, their Mechanism Of Action (MOA) remains 
largely unknown until cereblon, a component of the E3 ubiquitin ligase complex 
CRL4CRBN, was discovered as a primary target of IMiDs for both thalidomide tera-
togenicity and IMiD anti-MM activity. Furthermore, studies have also identified 
IKZF1 and IKZF3 as the downstream substrates and effectors of cereblon to medi-
ate dual actions of IMiDs, targeting both the MM bone marrow microenvironment 
and MM cells themselves. These cutting-edge findings have not only tackled the 
long-lasting conundrum for MOAs of IMiDs but more importantly could lead to 
more precise use of these agents in the treatment of MM. This article summarizes 
the new insights into the MOAs of IMiDs as an anti-MM therapy, with a perspective 
on the existing issues and future directions in this field.
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Introduction

 Multiple Myeloma (MM) is a malignant disease of mature plasma cells, most frequently diagnosed among elderly people 
aged 65 to 74 years. In the United States, it is estimated that, in 2015, MM afflicts approximately 26,850 new patients per year[1], ac-
counting for 1.6% of all new cancer cases (ranked at the 14th among common types of cancer), as well as causes about 11,240 deaths 
per year, comprising 1.9% of all cancer deaths[2]. MM also contributes 15% of the total number of hematologic malignancies[3]. 
Approximately 86,000 cases per year are newly diagnosed as MM worldwide[4]. MM is characterized by accumulation of malignant 
plasma cells in bone marrow, accompanied by high levels of kappa or lambda light chain protein in peripheral blood. Over the past 
decade, the discovery, development, and approval of immunomodulatory agents (IMiDs, e.g., thalidomide [Thalomid®], lenalido-
mide [Revlimid®], and pomalidomide [Pomalyst®][5] and proteasome inhibitors (e.g., bortezomib [Velcade®] and carfilzomib [Ky-
prolis®][6] have resulted in a revolution in the treatment of MM, which have significantly increased both remission rate and depth 
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in MM patients. Together with transplants[7], the introduction of 
these novel agents into the treatment armamentarium of MM has 
prolonged the median survival of patients from 2 to 3 years to 
at least 7 years[8]. Therefore, IMiDs and proteasome inhibitors 
represent two milestones in the field of MM treatment. 
 IMiDs act both to modulate immune responses and to 
directly kill MM cells by targeting interactions between MM 
cells and their bone marrow microenvironment[9]. Whereas the 
development of IMiDs represents a remarkable example of rapid 
bench-to-bedside translation of targeted therapies in MM[10], the 
actual target and mechanism of action for these agents remain 
unclear until the recent discovery of cereblon, a subunit of an 
E3 ubiquitin ligase complex, as a primary target of IMiDs, in-
cluding thalidomide, lenalidomide, and pomalidomide. In this 
article, we review novel state-of-the-art insights into the Mecha-
nisms Of Action (MOAs) for IMiDs to treat MM.

MM and the Bone Marrow Microenvironment
 A distinct feature of MM cells is the requirement for 
an intimate relation with the bone marrow microenvironment, 
where malignant plasma cells are nurtured in specialized nich-
es that maintain their long-term survival and protect them from 
drug-induced apoptosis[11]. During myeloma development and 
disease progression, the bone marrow microenvironment plays 
a critical role in virtually all pathogenic aspects of this disease, 
such as survival, growth, differentiation, invasion/metastasis, 
and drug resistance of MM cells. The bone marrow microenvi-
ronment is composed of various noncellular extracellular ma-
trix components and five major types of stromal cells, including 
fibroblast-like stromal cells, osteoblasts, osteoclasts, vascular 
endothelial cells, and lymphocytes[12]. In the former, MM cells 
directly interact with extracellular matrix components (e.g., fi-
bronectin, collagens, laminin, vitronectin) via integrin- or hep-
arin sulfate proteoglycans (e.g., CD138)-mediated adhesion, 
as well as with hyaluronan via CD44 isoforms (e.g., CD44v9, 
CD44v6), RHAMM (CD168), and possibly CD38[13]. Although 
such interactions with the extracellular matrix promotes surviv-
al, proliferation, and migration of MM cells through activation 
of the signaling pathways (e.g., Src/FAK) in MM cells, one of 
the most important consequences is cell adhesion-mediated drug 
resistance[14], a major mechanism underlying drug resistance in 
MM[15]. In the latter, although MM cells can physically contact 
with certain types of stromal cells (e.g., via the SDF-1/CXCR4 
axis or binding of vascular cell adhesion molecule-1 with VLA4), 
bone marrow stromal cells act primarily to secret, via paracrine, 
cytokine and growth factors. These include interleukin-6 (IL-
6), insulin-like growth factor 1, basic fibroblast growth factor 
(bFGF), hepatocyte growth factor, vascular endothelial growth 
factor, tumor necrosis factor α (TNFα), B-cell activating factor, a 
proliferation-inducing ligand (APRIL), and stromal cell-derived 
factor-1α (SDF-1α, also known as C-X-C motif chemokine 12/
CXCL12)[16]. These factors bind to their corresponding receptors 
on MM cells and thus activate multiple signaling pathways (e.g., 
MEK/ERK, PI3K/Akt or /PKC, JAK/Stat3, NF-kappaB) essen-
tial for survival, proliferation, invasion/metastasis, and drug re-
sistance of MM cells and also critical for MM-related angiogen-
esis and bone destruction[17]. In return, MM cells produce a large 
amount of immunosuppressive factors (e.g., TGFα, IL-10, IL-6), 
resulting in immune tolerance, a mechanism by which MM cells 
evade immune surveillance through inhibiting the function of 

immune cells, such as dendritic cells, natural killer cells, T cells, 
and B cells, while activating regulatory T cells[17,18]. Meanwhile, 
MM cells also secret macrophage inflammatory protein-1α that 
stimulates osteoclastogenesis, as well as IL-3 and Dickkopf 1 
(DKK1) that inhibit osteoblastogenesis, together promoting os-
teolysis in MM-related bone disease[16]. Therefore, approaches 
targeting the interactions between MM cells and the bone mar-
row microenvironment have attracted tremendous attention in 
the treatment of MM, among which IMiDs represent a paradigm.

Development of IMiDs with Dual Actions via Targeting the 
MM Microenvironment
 Thalidomide, a first-generation IMiD, was first market-
ed in the late 1950s by the West Germany pharmaceutical com-
pany Chemie Grunenthal GmbH. It was prescribed as a sleeping 
pill (or tranquilizer) and particularly used as an antiemetic and 
sedative to ease morning sickness in pregnant women. In 1960, 
thalidomide was found to cause a severe birth defect known as 
phocomelia, a name for the flipper-like limbs, and almost im-
mediately withdrawn from the market due to this teratogenic 
adverse effect in 1961. However, anti-inflammatory properties 
of thalidomide were later discovered that improved the clinical 
signs and symptoms in patients with erythema nodosum lepro-
sum. The mechanism for this effect remained unknown until the 
early 1990s when this agent was found to inhibit production of 
TNFα, a major cytokine that mediates inflammation. Based on 
these findings, thalidomide has thus been used to treat certain 
inflammatory diseases such as erythema nodosum leprosum, 
AIDS-related cachexia, and aphthous ulcers, as well as auto-
immune diseases (e.g., chronic graft versus host disease and 
Crohn’s disease), thereby named as an immunomodulatory drug 
(IMiD). 
 In 1994, Folkman, an American scientist who first re-
ported anti-angiogenesis as a potential anti-cancer therapy due to 
dependency of solid tumors on angiogenesis induced by a factor 
secreted from these tumors, and his colleagues discovered that 
thalidomide functions as an inhibitor of angiogenesis triggered 
by bFGF in a rabbit cornea micropocket assay[19]. These findings 
on the anti-angiogenic property of thalidomide have provided a 
new insight into the mechanism for thalidomide teratogenicity 
and also raise the possibility of using this agent to treat many an-
giogenesis-dependent diseases including cancer. Among several 
malignancies tested for the anti-angiogenic activity of thalido-
mide, a research group at the University of Arkansas first report-
ed the activity of thalidomide as a single agent in MM patients 
who had been previously heavily treated[20]. It was further found 
that thalidomide synergistically interacts with dexamethasone in 
MM. In 1998, the treatment of MM entered an entirely new era, 
landmarked with the approval of thalidomide (in combination 
with dexamethasone) by the US Food and Drug Administration 
(FDA) in the treatment of patients with newly diagnosed MM. 
Among numerous clinical studies of thalidomide in MM, the 
most important one was conducted by Singhal et al.[21], in which 
84 patients with relapsed and refractory MM orally received an 
initial dose of 200 mg daily, followed by a step-wise increase of 
200 mg per day every 2 weeks until patients reached the maxi-
mum daily dose of 800 mg. Using serum and urine light chain 
protein as therapeutic markers for an objective response, the 
group found that the overall response rate was 32%, with 1-year 
overall survival rate of 58% and event-free survival rate of 22%, 
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respectively. Of note, 10% of patients achieved a complete or 
near-complete response or remission. To some degree, the pa-
tients who had been heavily treated with high-dose chemother-
apy also responded. Although this study consolidates the posi-
tion of thalidomide in the treatment of MM, such high doses of 
thalidomide were not well tolerated. Severe adverse events, to-
gether with other complications (e.g., poor water solubility, poor 
absorption in the intestines), have promoted the development of 
thalidomide analogs with fewer side effects and increased poten-
cy.
 With modification of the chemical structure of thalido-
mide (e.g., adding an amino group at position 4 and removing a 
carbonyl group in the phthaloyl ring), two of the new analogs, 
amino-EM-12 and amino-thalidomide, have been found to be 
more bioavailable and more potent in inhibition of TNFα pro-
duction. These two agents were later approved by the FDA as 
lenalidomide (along with dexamethasone) to treat patients with 
MM who have received one prior therapy and pomalidomide to 
treat patients who have received at least two prior therapies in 
2006[22] and 2013[5], respectively. Thus, these represent the sec-
ond- and third-generation IMiDs in the treatment of MM. 
 Whereas IMiDs have displayed remarkable effec-
tiveness against MM, numerous studies have been carried out 
in order to understand their MOAs.  In addition to the original 
functions that target MM bone marrow microenvironment (e.g., 
inhibition of TNFα production, through a PDE4-dependent or 
independent process, and angiogenesis)[9], it has been found that 
IMiDs also act directly against MM cells. For example, expo-
sure to thalidomide arrests MM cells at G1 phase by up-regula-
tion of p21Cip1, an endogenous Cdk inhibitor, as well as induc-
es cell death in both MM cell lines and primary CD138+ MM 
cells[23]. IMiDs, with their immunomodulatory properties, can 
also kill MM cells indirectly by stimulating T cells to secret IL-2 
and increasing cytotoxic activity of natural killer cells[24]. Again, 
IMiDs synergistically interact with dexamethasone to kill MM 
cells, which is consistent with numerous clinical findings[25]. 
More recently, anti-MM activity of IMiDs has also been related 
to alterations in epigenetic status of MM cells through targeting 
the bone marrow microenvironment[11]. 

Discovery of Cereblon as a Primary Target of IMiDs
 While the dual actions of IMiDs against MM have been 
well documented, the MOAs of thalidomide and its analogs re-
main not fully understood until their molecular target has been 
discovered very recently. In 2010, Ito et al identified cereblon as 
a thalidomide-binding protein[26], which forms an E3 ubiquitin 
ligase complex (termed CRL4CRBN) with DNA damage-binding 
protein 1 (DDB1), CUL4A, and ROC1[27]. The crystal structure 
of human cereblon bound to DDB1 and lenalidomide later was 
revealed as the basis for direct binding between IMiDs and cere-
blon-DDB1[28] and also characterizes the key drug-binding res-
idues responsible for anti-MM effects of IMiDs[29]. Binding of 
thalidomide inhibits cereblon auto-ubiquitination and E3 ubiq-
uitin ligase activity of the  cereblon-containing complex, result-
ing in severely reduced expression of fibroblast growth factor 
8, a secretory factor critical for limb outgrowth during embryo 
development. As a consequence, these events lead to thalido-
mide-induced developmental defects in both zebrafish and 
chicks, which can be reversed by blocking thalidomide-cereblon 
interaction using point mutations of cereblon (e.g., CRBNY384A/

W386A)[26]. Therefore, cereblon has been identified as a primary 
target for thalidomide to cause teratogenicity, a mystery that has 
lasted over a half century.
 The finding of cereblon as a primary target of thalid-
omide in teratogenicity has rapidly transformed into an un-
derstanding of the MOAs underlying the anti-MM activity of 
IMiDs.  The most important findings include that (1) like thalid-
omide, other IMiDs, such as lenalidomide and pomalidomide, 
also bind to and inhibit auto-ubiquitination of cereblon within 
the cereblon-DDB1 complex[30] and (2) siRNA knockdown of 
cereblon reduces viability of MM cells, while residual living 
cells with lower levels of cereblon become highly resistant to-
ward lenalidomide and pomalidomide. Moreover, loss of cere-
blon is associated with acquired lenalidomide or pomalidomide 
resistance in human MM cells lines[31]. Further findings include 
that (3) whereas overexpression of cereblon sensitizes MM cells 
to IMiDs[29], siRNA knockdown of cereblon expression results in 
lenalidomide resistance[30,31] and (4) consistent with in vitro re-
sults described above, patients with MM highly expressing cere-
blon respond better to IMiDs[32], while a lower cereblon level is 
common in lenalidomide refractory patients[33]. The conclusion 
is that cereblon is an essential target required for anti-MM ac-
tivity of IMiDs and may also represent a biomarker to predict 
response of MM patients to these agents. 
 Next, interferon regulatory factor 4 (IRF4) has been 
identified as a downstream target of cereblon involving the 
MOAs of IMiDs. It has been found that, whereas treatment with 
IMiDs downregulates expression of IRF4, knockdown of IRF4 
promotes apoptosis of tumor cells, indicating its critical function 
for survival of MM and B-cell-like subtype diffuse large B-cell 
lymphoma cells[31,34]. Moreover, IRF4 can induce expression of 
MYC, a well-known oncogene highly expressed in MM cells, 
rather than normal plasma cells[35]. (Table 1) Because MYC plays 
important roles in tumor cell survival and disease progression 
in MM, it has been confirmed that IMiDs targets cereblon to 
directly kill MM and lymphoma cells through downregulation of 
MYC due to IRF4 inhibition[36,37]. On the other hand, IMiDs also 
target cereblon to inhibit production TNFα and IL-2[38], provid-
ing a plausible explanation for their immunomodulatory prop-
erties. Together, discovery of cereblon as a thalidomide target 
uncovers the dual actions of IMiDs in the treatment of MM[39].

Table 1: Different Downstream Molecules of Cereblon Responsible for 
Varied Effects of IMiDs

IMiD Downstream Target Effect
Phoc-
omelia Tha FGF8 Limb outgrowth defect

MM
Tha/
Len/
Pom

IKZF1/3IRF4MYC
Killing/inhibiting MM 

cells

IKZF1/3IRF4IL-2
Immunomodulatory 

action

MDS Len CK1 Killing/inhibiting MDS 
cells with del(5q)

Tha, thalidomide; Len, lenalidomide; Pom, pomalidomide

 Finally, two DNA-binding transcription factors, Ikaros 
family zinc finger protein 1 (IKZF1, also known as Ikaros) and 
3 (IKZF3, also known as Aiolos), have been discovered as the 
last missing piece of the puzzle for the  cereblon-mediated dual 
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actions of IMiDs against MM. In 2014, two groups have si-
multaneously identified IKZF1 and IKZF3 as the substrates of 
cereblon, whereas direct binding of IMiDs to cereblon results 
in ubiquitination and subsequent proteasomal degradation of 
these two proteins[36,38]. IKZF1 and IKZF3 are members of the 
Ikaros family containing zinc finger structure, which play cru-
cial roles in differentiation and development of lymphocytes as 
well as survival of MM cells. IKZF1 binds to and activates the 
promoter of IRF4, whereas IRF4 upregulation in turn activates 
its downstream gene MYC, therefore promoting survival and 
proliferation of MM cells. Conversely, ubiquitination and deg-
radation of IKZF1 due to binding of IMiDs to cereblon result in 
downregulation of IRF4 and thus MYC, leading to direct kill-
ing and inhibiting growth of MM cells by IMiDs[39]. However, 
it is noteworthy that lenalidomide also inhibits proliferation of 
MM cells with high basal levels of IRF4 but does not down-
regulate IRF4, suggesting other unknown downstream targets of 
the cereblon/IKZF signal. On the other hand, IKZF3 functions 
to suppress the promoter of the IL-2 gene. Therefore, degrada-
tion of IKZF1/3 by IMiDs (e.g., lenalidomide, pomalidomide) 
through binding to cereblon releases this transcriptional repres-
sion, thus promoting production of IL-2 by T cells[38,40], which in 
turn mediates the immunomodulatory action of these agents in 
the treatment of MM. Moreover, it has been demonstrated that 
MM patients with lower levels of IKZF1 have a worse response 
and shorter survival after treatment with IMiDs[33]. Together, as 
summarized in Figure 1, these very recent findings on the role 
of these cereblon/IKZF-mediated events provide a cutting-edge 
insight into the MOAs underlying the dual anti-MM actions of 
IMiDs. They also lay a basis for discovery of new biomarkers 
for selection of eligible patients and prediction of therapeutic re-
sponse to IMiDs, as well as for future research and development 
of new agents and combination strategies targeting these novel 
pathways to improve efficacy of IMiDs in the treatment of MM.

Perspectives
 The current breakthrough discoveries have uncovered 
the long-lasting truth for MOAs of thalidomide and its analogs 
in teratogenicity and in treatment of MM. They may also provide 
a foundation for discovering biomarkers and therapeutic targets 
involving the  cereblon/IKZF-mediated signaling pathways, po-
tentially leading to more precisely targeted medicine using IM-
iDs to treat patients with MM. However, recent studies also raise 
a possibility that disruption of the cereblon-IKZF-IRF4 cascade 
is not the whole story to interpret the dual actions of IMiDs 
against MM in the clinical settings, particularly regarding why 
a number of MM patients do not respond or become resistant to 
IMiDs.
 First, unlike the proteasome inhibitors, another land-
mark in the field of MM treatment, IMiDs by themselves are 
often not very potent in rapidly killing MM cells, at least in vi-
tro in MM cell lines. Similarly, direct downregulation of MYC, 
known as a major downstream effector of the cereblon/IKZF/
IRF4 cascade, by other approaches (e.g., JQ1, a potent inhibitor 
of the BET family of bromodomain proteins) does not effective-
ly induce apoptosis of MM cells in vitro and rather markedly in-
hibits cell growth due to cell cycle arrest and senescence[41]. This 
reality highlights the predominant role of another cereblon-me-
diated MOA (i.e., immunomodulatory effects that targets MM 
bone marrow microenvironment) in the effectiveness of IMiDs 
toward MM.  
 Second, inhibition of IKZF1 and IKZF3 proteasomal 
degradation trigged by cereblon-mediated ubiquitination should 
theoretically impair or antagonize the anti-MM capacity of IM-
iDs. However, it is not true as a high-degree synergy between the 
proteasome inhibitor bortezomib and lenalidomide has been well 
documented, which in fact provides a foundation for the current 
first-line regimen combining these two agents in the treatment 
of high risk MM[42]. To this end, synergistic interactions between 
IMiDs and proteasome inhibitors seem to occur independently 
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Figure 1: Mechanisms Of Action (MOAs) for the dual actions of IMiDs against MM. Cereblon (CRBN), a subunit of the CRL4CRBN complex con-
sisting of cereblon, DDB1 (DNA damage-binding protein 1), CUL4A (cullin 4A), and ROC1 (regulator of cullins 1), serves as the primary target of 
IMiDs (e.g., thalidomide, lenalidomide, and pomalidomide). Binding of thalidomide to cereblon prevents DDB1- and CUL4A-dependent auto-ubiq-
uitination, inhibiting its associated ubiquitin ligase activity, resulting in downregulation of fibroblast growth factor 8, a critical secretory factor for 
limb outgrowth during embryo development. As consequence, exposure of pregnant women to thalidomide causes the birth defect known as phoc-
omelia, a name for the flipper-like limbs. However, binding of IMiDs to cereblon specifically recruits 2 members of the Ikaros family zinc finger 
transcription factors, IKZF1 (Ikaros) and IKZF3 (Aiolos), to the CRL4CRBN complex, resulting in their ubiquitination and subsequent proteasomal 
degradation. Whereas the Ikaros transcription factors are essential for regulating gene expression during development of lymphocytes, IKZF1 and 
IKZF3 also play critical roles in tumor cell survival of B-cell malignancies, especially MM, as well as in transcriptional repression of IL-2 expres-
sion in T cells. Therefore, downregulation of IKZF1/3 via a CRBN-dependent process provides a mechanism for cytotoxicity of IMiDs directly to-
ward MM cells, via inhibiting expression of IRF4 and thus its target MYC. On the other hand, cereblon-dependent downregulation of IKZF1/3 also 
releases their repression of IL-2 expression in T cells, resulting IL-2 production that in turn mediates immunomodulatory effects of IMiDs. Together, 
these cereblon/IKZF-associated events shed light into understanding the MOAs responsible for the dual actions of IMiDs in the treatment of MM.
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of the cereblon/IKZF-mediated process. Thus, there exist other 
unknown MOAs of IMiDs for this clinically significant combi-
nation regimen.
 Third, IKZF1 mutation/deletion is associated to on-
cogenic tyrosine kinase activation in acute lymphoid leukemia 
(ALL) and represents an independent factor for poor progno-
sis of patients with ALL[43]. The opposite functions of IKZF1 
in ALL (tumor-suppressor) versus MM (oncoprotein) raises a 
possibility that there may be different isoforms of IKZF1 with 
distinct functions in these two kinds of hematological malignan-
cies. They also raise a question regarding whether IMiDs such 
as lenalidomide would promote growth of pre-B tumor cells in 
ALL.
 Fourth, although IMiDs bind to cereblon as the primary 
target, the downstream substrates of cereblon may vary between 
different diseases. In this context, while IMiDs induce ubiquiti-
nation and degradation of IKZF1 and IKZF3 in MM cells, lena-
lidomide acts to induce ubiquitination and degradation of another 
cereblon substrate, casein kinase 1 (CK1α)[44], via the CUL4-
RBX1-DDB1-cereblon complex (CRL4CRBN)[45], in a subtype of 
myelodysplastic syndrome (MDS) characterized by deletion of 
chromosome 5q (del(5q))[46]. Of note, lenalidomide is also high-
ly active in this specific del(5q) MDS subtype[47]. Not surprising, 
CK1α is encoded by a gene, CSNK1A1, that localizes within the 
commonly deleted region for del(5q) MDS. In striking contrast, 
thalidomide and CC-122, a novel CRBN-binding agent, have no 
effect on CK1α protein levels. Interestingly, lenalidomide is the 
only one IMiD that is effective against del(5q) MDS in clinic. 
Consistently, a single deuterated enantiomer related to CC-122 
displays a profoundly different potency in responses of human 
MM cells[48]. Thus, conformational flexibility and structural dy-
namics of cereblon, as observed via X-ray crystallography[49], 
might result in significant changes on the surface of cereblon, 
near the IMiD-binding site, which is probably responsible for 
the effects of IMiDs on different cereblon substrates, such as 
IKZF1 versus CK1α. 
 Fifth, whereas approximately 80% of MM patients 
who respond to lenalidomide display high basal levels of cere-
blon[50], there is however no difference in expression of IKZF1/3 
between responders and nonresponders to IMiDs[50]. There is 
also no correlation between the levels of cereblon, IKZF1, and 
IKZF3 proteins in primary CD138+ MM cells[50], indicating the 
complexity of IMiD MOA. While basal levels of cereblon and/
or IKZF do not always correlate to better response to IMiDs, it 
remains to be defined whether either or both of them can serve 
as an independent biomarker to predict who would most likely 
benefits from IMiD treatment.
 Last, although lower levels of cereblon or IKZF is, at 
least in part, associated with a worse response to IMiDs, there is 
no report demonstrating whether any aberration (e.g., mutation, 
amplification, deletion, rearrangement, etc.) of these genes is re-
lated to intrinsic or acquired resistance to IMiDs. For example, 
whereas manipulation of the cereblon gene at thalidomide-bind-
ing sites (e.g., mutations of Y384, W386, or both sites) signifi-
cantly impairs biological effects of thalidomide[30], these muta-
tions are so far not found in MM patients who fail to respond 
to IMiDs. Therefore, it remains virtually unknown whether any 
genetic abnormalities of cereblon, IKZFs, or other related genes 
contribute to IMiD resistance in MM. 
 In conclusion, whereas the recent advances in under-

standing MOAs of IMiDs are revolutionary, particularly in the 
field of MM treatment, the issues stated above as well as some 
others warrant considerations in translation of these cutting-edge 
findings into clinical practice.
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