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Summary

Cereblon, a member of the cullin 4 ring ligase complex (CRL4), is the

molecular target of the immunomodulatory drugs (IMiDs) lenalidomide

and pomalidomide and is required for the antiproliferative activity of these

agents in multiple myeloma (MM) and immunomodulatory activity in T

cells. Cereblon’s central role as a target of lenalidomide and pomalidomide

suggests potential utility as a predictive biomarker of response or resistance

to IMiD therapy. Our studies characterized a cereblon monoclonal anti-

body CRBN65, with high sensitivity and specificity in Western analysis and

immunohistochemistry that is superior to commercially available antibod-

ies. We identified multiple cereblon splice variants in both MM cell lines

and primary cells, highlighting challenges with conventional gene expres-

sion assays given this gene complexity. Using CRBN65 antibody and

TaqMan quantitative reverse transcription polymerase chain reaction assays,

we showed lack of correlation between cereblon protein and mRNA levels.

Furthermore, lack of correlation between cereblon expression in MM cell

lines and sensitivity to lenalidomide was shown. In cell lines made resistant

to lenalidomide and pomalidomide, cereblon protein is greatly reduced.

These studies show limitations to the current approaches of cereblon mea-

surement that rely on commercial reagents and assays. Standardized

reagents and validated assays are needed to accurately assess the role of

cereblon as a predictive biomarker.

Keywords: immunomodulatory drugs, cereblon, myeloma, cullin 4 ring

ligase complex, DNA damage binding protein 1.

Immunomodulatory drugs (IMiDs�) are thalidomide ana-

logues that have efficacy in haematological malignancies,

including multiple myeloma (MM), non-Hodgkin lymphoma

and chronic lymphocytic leukaemia. The protein cereblon

(CRBN) was first described to be the molecular target of tha-

lidomide in a seminal paper by Ito et al (2010), linking its

role to teratogenic effects by thalidomide in zebrafish and

chicks. Cereblon is a ubiquitously expressed protein and

member of a Cullin 4 ring E3 ligase complex (CRL4) that

consists of Cullin 4, RING finger protein (Roc1), and DNA

damage binding protein 1 (DDB1; Groisman et al, 2003).

Cereblon is proposed to function as a substrate receptor by

recruiting substrate proteins to the CRL4 complex for ubiq-

uitination (Lopez-Girona et al, 2012).

The CRBN gene (RefSeq NM_016302.3) is 1329 base pairs

and encodes a protein of 443 amino acids that contain a

nonfunctional LON protease domain and a putative leucine

zipper motif. The CRBN gene consists of 11 exons, and as

previously described, exons 5–7 and exons 10–11 are pro-

posed to function in DDB1 and thalidomide binding, respec-

tively (Ito et al, 2010). Two critical residues, tyrosine 384

and tryptophan 386, have been shown to be required for

cereblon protein binding to thalidomide (Ito et al, 2010).

Cereblon plays a key role in mediating the antiproliferative

and immunomodulatory activities of lenalidomide and

pomalidomide in MM and T cells, respectively (Zhu et al,

2011; Lopez-Girona et al, 2012). MM cells stably transduced

with CRBN shRNA, resulting in reduced CRBN mRNA and
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protein expression, were less sensitive than the parental cells

to antiproliferative effects by lenalidomide. In addition, MM

cells acquired resistance to lenalidomide and pomalidomide

via long-term passaging with these drugs that resulted in

reduced cereblon protein and RNA expression, indicating the

importance of cereblon expression for IMiD function. In T

cells, reducing cereblon protein expression with siRNA abro-

gated the T cell costimulatory activity of the IMiD com-

pounds, again supporting the crucial role of cereblon on

IMiD compounds function (Lopez-Girona et al, 2012).

Cereblon’s central role as a target of lenalidomide and

pomalidomide has brought to light its potential utility as a

predictive biomarker of response or resistance to IMiD com-

pound therapy. Currently, there are no standardized reagents

or assays for measuring cereblon expression accurately,

although commercial antibodies and gene expression assays

are available. There is also uncertainty over whether quantifi-

cation of protein or gene expression level of cereblon is ther-

apeutically relevant. Thus, the clinical value of cereblon

measurement is currently unknown.

In this study, we address the relative merits for the measure-

ment of mRNA or protein levels of cereblon, characterize the

monoclonal antibody CRBN65 (previously described as anti-

CRBN 65–76 by Lopez-Girona et al, 2012), and compare the

properties of CRBN65 with the currently available commercial

antibodies. We show that CRBN65 is a highly sensitive and

specific antibody and describe 2 separate assays – Western blot

analysis and immunohistochemistry (IHC) – using this

reagent. Our studies with MM cell lines reveal discordance

between CRBN gene expression and cereblon protein levels

measured using a commercial TaqMan gene expression assay

and CRBN65, respectively. Furthermore, we did not observe

any correlation between CRBN gene expression or cereblon

protein level to sensitivity or to intrinsic resistance to lenalido-

mide treatment in a diverse panel of MM cell lines. In contrast,

cell lines that acquired resistance to IMiD drugs in tissue cul-

ture demonstrated a general decline in both cereblon protein

and mRNA levels compared to levels in the respective parental

sensitive lines. In addition, we have described the presence of

multiple alternatively spliced variants of the CRBN pre-mes-

senger RNA transcript in MM cell lines and CD138+ cells isolated

from MM patients that complicate accurate measurement of

gene expression. Taken together, our data show that cereblon

measurements that rely on commercial reagents and assays

have limitations due to reagent quality and assay characteris-

tics. Due consideration should be given to developing stan-

dardized reagents and validated assays prior to investigating

the value of cereblon measurement in clinical samples.

Materials and methods

Cell lines and recombinant protein

Cell lines NCI-H929, U266, RPMI8226 and JJN-3 were

obtained from American Type Culture Collection (ATCC,

Manassas, VA, USA). OPM-2, KMS-12-BM and LP-1 were

obtained from DSMZ (Leibniz Institute DSMZ–German Col-

lection of Microorganisms and Cell Cultures, Braunschweig,

Germany). KMS-11 and KMS-34 cells were obtained from the

Japanese Collection of Research Bioresources Cell Bank

(Health Science Research Resources Bank, Osaka, Japan).

MM.1S cells were obtained from Dr Steven Rosen (North-

western University, Chicago, IL, USA). ANBL-6, CAG and

DF15 cells were obtained from Dr John Shaughnessy (Univer-

sity of Arkansas, Little Rock, AR, USA). Cells were grown in

RPMI-I640 medium containing 10% (V/V) heat-inactivated

bovine serum (Gibco, Life Technologies, Grand Island, NY,

USA) supplemented with 2 mmol/l glutamine. Generation of

H929- and DF15-resistant cell lines were described previously

(Lopez-Girona et al, 2012). Briefly, lenalidomide-resistant

H929 cells were made by continuous treatment with lenalido-

mide, and DF15 cells were made resistant to pomalidomide

by long-term passage in the presence of pomalidomide. Prior

to experiments described here, H929 lenalidomide–resistant

cells and DF15R pomalidomide–resistant cells were taken out

of culture with compounds for 5–7 d before use. Select pri-

mary CD138+ MM cells were purchased from AllCells

(Emeryville, CA, USA). Production of recombinant human

cereblon protein was previously described (Lopez-Girona

et al, 2012). Briefly, baculovirus of ZZ-His-CRBN and DDB1-

StrepTag (ST) were generated and coexpressed in High Five

(Tni) insect cells (Life Technologies). Cells were harvested

48 h after infection, followed by additional purification steps,

including Nickel-Sepharose (Qiagen, Valencia, CA, USA) and

S200 Sephacryl chromatography (GE Healthcare Bio-Sciences,

Pittsburgh, PA, USA), anion exchange chromatography on an

8 ml MonoQ column and a second pass on a S-200 gel filtra-

tion column. The CRBN-DDB1 complex was identified by

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE), and the CRBN-DDB1 containing fractions were

pooled and stored in gel filtration buffer (50 mmol/l Tris pH

8�0, 200 mmol/l NaCl, 5% glycerol, 2 mmol/l dithiothreitol)

at �70°C.

Nested polymerase chain reaction

Total poly-A RNA was isolated from cell lines or primary

CD138+ MM cells using Qiagen (Valencia, CA, USA) RNeasy

mini kit and was treated with DNase I (New England Biolabs,

Ipswich, MA, USA, Grand Island, NY, USA). RNA was reverse

transcribed to cDNA using TaqMan PreAmp Master Mix

(Applied Biosystems, Life Technologies), initially to enrich for

CRBN cDNA using primers annealing to the 5′ and 3′ UTR

regions (5′-CC TTTGCGGGTAAACAGACATGGCC-3′ and 5′-

GCAATAATT TCCAAAGCAGATCTTA-3′) in a 14-cycle reac-

tion. A second round of polymerase chain reaction (PCR)

using M13-tagged primers (TGTAAAACGACGGCCAGT

CATGGCCGGCGAA GGAGATCA and CAGGAAACAGC-

TATGAC GTTTACAAGC AAAGTATTACTTTGTCT) and

Herculase II Fusion DNA polymerase (Agilent, Santa Clara,
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CA, USA) in a 35-cycle reaction amplified CRBN splice vari-

ants. PCR reactions were run on agarose gels, and products

were gel purified, inserted into Topo vectors (Life Technologies),

and their sequence determined by Sanger dideoxy method.

Generation of monoclonal CRBN antibody and Western
blots

CRBN antisera production and validation was previously

described by Lopez-Girona et al (2012). Briefly, CRBN anti-

serum against the peptide sequence of amino acids 65–76 of

human CRBN was generated in a rabbit and CRBN specific-

ity determined with peptide blocking experiments and siC-

RBN experiments. Subsequent hybridoma and subcloning

generated the anti-CRBN monoclonal antibody CRBN65.

Commercial CRBN antibodies used included Abcam ab68763

(Abcam 1) and ab98992 (Abcam 2); Aviva ARP56882_P050;

Novus H00051185-B01P; ProteinTech 11435-1-AP; and

Sigma HPA045910-100UL (Sigma 1) and SAB1407456-50UG

(Sigma 2). These were evaluated at the manufacturers’

recommended concentration and conditions. The b-actin
(ACTB) antibody (Sigma, St Louis, MO, USA) was used at

1:10 000. For immunoblot analyses, cells were harvested and

lysed in Chris buffer [50 mmol/l Tris pH8, 200 mmol/l

NaCl, 10% glycerol, 0�1 mmol/l ethylenediaminetetraacetic

acid (EDTA)] containing complete EDTA-free protease

inhibitor cocktail tablets (Roche, Indianapolis, IN, USA),

PhosStop phosphatase inhibitor cocktail tablets (Roche), and

20 mmol/l para-nitrophenylphosphate (PNPP; Sigma).

Protein concentration was determined using a nine-point

standard curve with Bio-Rad (Hercules, CA, USA) Protein

Assay reagent and the tunable VERSAmax microplate reader

(Molecular Devices, Sunnyvale, CA, USA). Cell extracts

(50 lg protein) were loaded onto Criterion XT-Precast

4–12% Bis-Tris gels using NuPAGE 2-[N-morpholino]

ethanesulfonic acid (MES) SDS running buffer (Invitrogen,

Life Technologies). Protein was transferred onto Nitrocellu-

lose Criterion Blotting Sandwiches (Bio-Rad) using NuPAGE

Transfer Buffer (Invitrogen) containing 15% methanol.

Standard protocols for signal detection and quantification

using the LI-COR (Lincoln, NE, USA) Odyssey imager and

software were applied.

Immunohistochemistry

Cereblon IHC was performed on the Bond-Max automated

slide stainer (Leica Microsystems, Buffalo Grove, IL, USA)

using the Bond Polymer Refine Detection system. Formalin-

fixed paraffin-embedded (FFPE) tissues or cell pellets were

sectioned at 4 lm thickness and deparaffinized on the Bond-

Max instrument. Antigen retrieval was performed with

Epitope Retrieval 2 (ER2, pH 9�0) for 20 min at 100°C. The
slides were blocked for endogenous peroxidase activity with

Peroxide Block for 5 min at room temperature. Sections were

then incubated with the rabbit monoclonal antibody CRBN65

at a 1:4000 dilution for 15 min at room temperature. Post-

primary and horseradish peroxidase-labelled polymer were

incubated at the instrument’s default conditions. Antigen-

antibody complex was then visualized with hydrogen perox-

ide substrate and diaminobenzidine tetrahydrochloride

(DAB) chromogen. Slides were counterstained with haemat-

oxylin. For the peptide neutralization experiment, as part of

the assay validation, the CRBN65 antibody was preincubated

with a 10-fold (by mass) excess of blocking peptide at room

temperature for 2 h with rotation before applying to the

slides. CRBN immunoreactivity was quantified using Image-

Pro Plus 6.3 (Media Cybernetics, Bethesda, MD, USA) when

examining assay precision. Cell pellets were fixed in 10%

neutral buffered formalin overnight and were processed and

embedded into paraffin blocks using standard histology pro-

cedures. Tissue microarray slides containing multiple mye-

loma cases and normal bone marrow were purchased from

US Biomax (Catalog No. BM483a; Rockville, MD, USA), and

normal colon tissue from ProteoGenex Inc. (Culver City, CA,

USA).

Results

CRBN65 is a highly specific and sensitive antibody for
detecting cereblon by Western analysis and
immunohistochemistry

CRBN65 is a rabbit monoclonal antibody developed against

cereblon amino acids 65–76 and was described previously

(Lopez-Girona et al, 2012). We compared, via Western blot,

the CRBN65 antibody with seven common commercially-

available antibodies from five different companies using the

manufacturers’ recommended conditions in cell extracts from

MM cell lines DF15 and DF15R. The DF15 MM cell line

expressed cereblon protein but DF15R cells, which are resis-

tant to lenalidomide and pomalidomide, have little to no

cereblon protein (Lopez-Girona et al, 2012). Fig 1 shows the

performance of CRBN65 and the seven commercial antibod-

ies with identical input of total protein in each case. A strong

band corresponding to full-length 51 kDa cereblon protein

was specifically detected by CRBN65 in DF15 cells, whereas a

faint band was detected at the same location in the DF15R

line. In addition to full-length CRBN protein, a number of

faint lower molecular weight bands were detected in both

DF15 and DF15R cell lines, which may represent degraded

CRBN protein as these bands appear inconsistently among

various cell preparations and are blocked by a cereblon pep-

tide. Among the seven commercial antibodies, a putative

cereblon band was only detectable in blots probed with

Abcam #1, ProteinTech and Sigma #1 antibodies. However,

compared with CRBN65, the commercial antibodies detected

a large number of bands of varying molecular weights at

varying intensities, including many higher molecular weight

bands than what is expected from the full-length cereblon

protein (51 kDa).

CRBN Detection Requires Standardized Reagents and Assays
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In order to establish sensitivity of detection by CRBN65, we

tested its ability to detect cereblon by Western blot analysis on

recombinant cereblon protein in a dilution range (0�2–60 ng

total protein) and in DF15 and DF15R cell lines (Fig 2). As

shown in Fig 2A, recombinant cereblon protein was detectable

at the 200 pg level by the CRBN65 antibody under the condi-

tions employed. Linear regression analysis indicated high cor-

relation (R2 = 0�99) between protein level and Western blot

signal with a linear dynamic range of detection of 300-fold

(Fig 2B). This detection range is relevant and will cover a

diverse sample set including the MM cell line DF15, which has

10 ng cereblon per 20 lg of total protein. These data demon-

strate that the CRBN65 antibody enabled CRBN protein detec-

tion across a relevant dynamic range.

We next tested the ability of CRBN65 to detect cereblon

protein across a variety of MM cell lines that included IMiD

agent sensitive (e.g., DF15, MM.1S, ANBL6), intrinsically

resistant (e.g., RPMI-8226, KMS11, LP1), or acquired resis-

tant lines (DF15R). As seen in Fig 3 (upper panel), CRBN65

detected a dominant band corresponding to full-length

cereblon protein in all cell lines tested except DF15R. In a

number of cell lines (e.g., MM.1S, KMS34, DF15, DF15R), a

few lower molecular weight faint bands were also detected.

When the same samples were tested with a blocking peptide,

both full length as well as the lower bands disappeared com-

pletely, suggesting that the lower bands are related to cereb-

lon protein (Fig 3 lower panel). In addition, CRBN65

recognized full-length cereblon protein in normal T cells,

lymphoma cell lines, and epithelial cancer cell lines (Fig 4).

The observed lower molecular weight bands are likely to be

proteolytic fragments of cereblon or possible isoforms of

cereblon and were undetectable with blocking peptide (data

not shown). These results demonstrate that most commercial

antibodies are neither sensitive nor specific for detecting

cereblon protein in DF15 and DF15R cell lines. Among the

antibodies that could detect cereblon protein, none of them

showed high specificity as compared with the CRBN65 anti-

body (Fig 1). Thus, among the seven antibodies tested,

CRBN65 was both the most sensitive and specific for detect-

ing cereblon protein.

CRBN65 immunohistochemistry assay

CRBN65 was validated in an IHC assay for detecting cereb-

lon in FFPE tissues. Multiple parameters, including assay

specificity, precision, accuracy, and detection range were

investigated. Specificity was demonstrated by the staining of

fixed DF15 and DF15R cell pellets. The cereblon IHC results

correlated well with Western blot data, such that the parental

DF15 had high cereblon immunoreactivity, and the pomalid-

omide-resistant DF15R had very low to almost absent cereb-

lon immunoreactivity (Fig 5A). In addition, blocking peptide

was able to completely eliminate cereblon immunoreactivity

in the DF15 cell pellet and normal colon tissue (Fig 5B). The

cereblon IHC assay demonstrated an acceptable detection

range in tissues and cell types tested. As shown in Fig 5C, a

range of staining intensity from low to high was detected on

the MM tissue cores. Both cytoplasmic and nuclear immuno-

reactivity was observed. The normal bone marrow cores on

this tissue microarray had sporadic cereblon positive cells.

Staining intensities of CRBN65 antibody were consistent

across intrarun and interrun slides on colon specimen

Fig 1. The CRBN65 antibody detects cereblon (CRBN) protein with high specificity compared with commercial antibodies. DF15 and DF15R

MM cell extracts (20 lg/lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and probed with CRBN65 (1:1000) or

commercial antibodies (manufacturers’ recommended dilution) against CRBN. Blots were analysed on LI-COR Oddysey and arrows denote the

full-length CRBN protein band [51 kiloDalton (kDa)] that appears specifically in DF15 cells but not DF15R.
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M1-Colon 1 (Fig S1). The precision of the assay was

expressed as coefficient of variation (CV) that was calculated

from the mean pixel intensity values from the nine stained

slides across three runs. The CV of the imaging scores for

the cereblon IHC assay was 9%. This exceeds US Food and

Drug Administration and National Cancer Institute guide-

lines that suggest that CV values should be <15% for analyti-

cal assays (International Conference on Harmonisation of

Technical Requirements for Registration of Pharmaceuticals

for Human Use, 1995; National Cancer Institute Division of

Cancer Prevention, 1999). To further test the accuracy of the

assay, DF15 and DF15R cells were mixed at different propor-

tions, including 100%/0%, 75%/25%, 50%/50%, 25%/75%

and 0%/100% DF15/DF15R to mimic a range of cereblon

protein expression. IHC staining of the proportionally mixed

cells correlated with Western analysis data of corresponding

cell lysates (Fig S2), suggesting that the assay accurately

detects cereblon protein. In summary, together with data from

DF15 and DF15R cell models, the cereblon IHC assay utiliz-

ing the CRBN65 antibody specifically and reliably detected

varying levels of cereblon immunoreactivity in FFPE tissue.

MM cells express multiple splice variants of CRBN
messenger RNA

A number of splice variants of CRBN primary transcript have

been described in the public domain, including two reported

(A)

(B)

Fig 2. The CRBN65 antibody detects recombinant and endogenous

CRBN protein with high sensitivity. (A) Recombinant human full-

length CRBN (0�2–60 ng) along with DF15 and DF15R cell extracts

(20 lg/lane) were separated by sodium dodecyl sulfate polyacryl-

amide gel electrophoresis and probed with CRBN65 antibody

(1:1000). (B) Linear regression analysis using CRBN signal as mea-

sured on LI-COR Oddysey for rhCRBN is linear in the 0�2–60 ng

range, and CRBN protein measured in DF15 cells falls within linear

range of detection. CRBN, cereblon; kDa, kiloDalton; Mol W, molec-

ular weight; R2, coefficient of determination.

Fig 3. The CRBN65 antibody detects CRBN protein across a wide

range of MM cell lines with high specificity. A panel of MM cell

extracts (20 lg/lane) were separated by sodium dodecyl sulfate poly-

acrylamide gel electrophoresis and probed with CRBN65 antibody

(1:1000) or b-tubulin, without blocking peptide (upper panel) or

with blocking peptide (lower panel). CRBN, cereblon; kDa, kiloDal-

ton; MM, multiple myeloma; rCRBN, recombinant cereblon.

Fig 4. The CRBN65 antibody detects CRBN protein across a range

of normal human cells and tumour cells. A panel of cell extracts

(20 lg/lane) were separated by sodium dodecyl sulfate polyacryl-

amide gel electrophoresis and probed with CRBN65 antibody

(1:1000) or actin antibody. Cell types of cell lines tested are as fol-

lows: KMS11 and KMS34, human multiple myeloma; Rec1, mantle

cell lymphoma; OCI-LY10, activated B-cell–like diffuse large B-cell

lymphoma; Jurkat, T-cell leukaemia; HS5, bone marrow stroma

fibroblast; NHNP, normal human progenitor cells; G166, glioblas-

toma; Br231 and Br468, breast cancer cell lines; PC3, prostate carci-

noma cell line; LNCAP, prostate adenocarcinoma cell line; CRBN,

cereblon; kDa, kiloDalton.

CRBN Detection Requires Standardized Reagents and Assays
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in National Center for Biotechnology Information RefSeq

(NM_016302.3, NM_001173482.1) and 13 reported in

Ensembl (Flicek et al, 2012; Ovsyannikova et al, 2012). It

should be noted that the two RefSeq transcripts are also con-

tained in the Ensembl set and that only a total of four tran-

scripts are believed to be protein coding. However, no splice

variant of CRBN mRNA has been experimentally demon-

strated yet. In order to identify potential splice variants of

CRBN mRNA, we performed a two-step nested amplification

of CRBN cDNA from H929 cells. Double stranded PCR-

amplified CRBN cDNA was separated on an agarose gel.

Fig 6A is an illustrative example showing a number of PCR

fragments, including a band �1300 bp that is consistent with

the full-length coding sequence of CRBN mRNA (1329 bp).

The bands marked with an arrow indicate CRBN mRNA

splice variants that were successfully subcloned and subse-

quently sequenced. A number of other PCR fragments that

were not sequenced could represent additional alternative

splice variants of CRBN mRNA. Nested PCR amplification of

CRBN mRNA in primary CD138+ MM tumour cells also

generated multiple PCR fragments (Fig 6B). Based on Sanger

sequencing of the seven gel-isolated bands from H929 MM

(A) (B)

(C)

Fig 5. Cell model staining and peptide blocking experiments demonstrate the specificity of the CRBN65 antibody. (A) CRBN immunohistochem-

istry in DF15 and DF15R cell pellets. (B) DF15 cell pellet blocks and normal colon section was stained with CRBN65 with and without blocking

peptide. (C) Representative photomicrographs from MM and adjacent normal bone marrow microarray. Objective = 409. CRBN, cereblon.

(A) (B)

Fig 6. A complex profile of CRBN splice variants exists in both MM cell lines and primary CD138+ MM tumour cells. (A) Nested polymerase

chain reaction (PCR) reaction for CRBN splice variants in H929 MM cells were separated on an agarose gel and arrows indicate those bands that

were gel purified and sequenced. (B) Nested PCR reaction for CRBN splice variants in 8 MM patient (pt) cells were separated on an agarose gel

and multiple bands indicate complexity of CRBN mRNA profile. CRBN, cereblon; MM, multiple myeloma.
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cells, we identified full length CRBN mRNA and six

additional unique and novel splice variants of CRBN mRNA,

designated crbncc-001 to crbncc-007, respectively. Nested

PCR in additional MM cell lines expanded the CRBN mRNA

splice variant profile to an additional 15 distinct isoforms in

MM cell lines, making a total of 22 CRBN splice variants

thus far. CRBN splice variants apparently utilize canonical, as

well as noncanonical, splice donor/acceptor sited within the

exon sequences. The organizational structure of these

isoforms and their nomenclature are shown in Fig 7. A num-

ber of isoforms are notable for their exon composition and

potential function. First, crbncc-002 has exon 10 deleted

while retaining an open reading frame of CRBN mRNA,

potentially encoding a protein of 399 aa. Ito et al (2010) pre-

viously showed that deletion of exons 10 and 11 results in

loss of thalidomide binding. Thus exon 10-deleted cereblon

is not expected to bind IMiDs. Similarly, crbncc-003 is gen-

erated by a noncanonical splicing event that joins a partial

segment of exon 2 with a portion of exon 5, retaining an

open reading frame that encodes a truncated CRBN protein.

If translated, crbncc-003 could produce a protein of 274 aa

lacking a portion of the putative DDB1-binding domain,

while retaining the drug-binding region at the C-terminus.

Finally, variant crbncc-004 encodes an open-reading frame

that completely lacks the putative DDB1-binding domain. All

other isoforms contain multiple stop codons in their primary

sequences and are not likely to produce translated versions

of cereblon protein.

Neither CRBN messenger RNA nor protein levels
correlate with intrinsic sensitivity or resistance to the
lenalidomide and pomalidomide in MM cell lines

We utilized CRBN65 antibody to measure cereblon protein

levels in a panel of 12 MM cell lines by Western blot

analysis. Cereblon protein levels were first normalized to b-
tubulin (TUBB), and then further normalized to cereblon

protein levels in DF15 cells (Fig 8). In parallel, CRBN gene

expression in these lines was measured using the ‘best cov-

erage’ TaqMan assay and normalized to HPRT1 mRNA

expression, then further normalized to CRBN mRNA levels

in DF15 cells. A number of important observations emerged

as CRBN gene and cereblon protein expression were com-

pared across these cell lines. First, as seen in Fig 8, based on

protein expression level, the cell lines can be grouped into

three categories relative to the expression in DF15 cells

Fig 7. A schematic of CRBN splice variants crbncc-001 to crbncc-022 sequenced from MM cell lines with regions recognized by CRBN65 and

TaqMan denoted. CRBN, cereblon; DDB1, DNA damage binding protein 1; IMiD, IMiD immunomodulatory drug; THAL, thalidomide.

Fig 8. CRBN mRNA and CRBN protein levels do not correlate in

MM cell lines with intrinsic sensitivity or resistance to the IMiD

agent lenalidomide. CRBN mRNA and CRBN protein levels were

measured in 12 human MM cell lines by TaqMan polymerase chain

reaction and Western blot, respectively. mRNA and protein were

normalized to HRPT1 and b-tubulin, respectively. Graph represents

the average of 3–4 experiments. CRBN, cereblon; LEN, lenalidomide;

MM, multiple myeloma; mRNA, messenger RNA.
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(>1�25, 0�75–1�25 and <0�75): cell lines (ANBL6, U266,

KMS34, LP1, KMS12BM and JJN-3) that express high levels

of cereblon protein (>1�25-fold higher relative to DF15), cell

lines (OPM2, H929, CAG) that express cereblon protein at

a similar level as in DF15 (0�75–1�25-fold of DF15), and

finally cell lines (RPMI8266, KMS11) that express a low

level of cereblon protein (<0�75-fold of DF15 cells). How-

ever, in both the high and medium groups, the relative level

of CRBN mRNA was either comparable (i.e., DF15, U266,

JJN, CAG and H929) or lower (ANBL6, KMS34, LP1 and

KMS12BM) than the relative protein levels. Specifically,

there was no clear correlation between gene expression levels

to protein across the 13 cell lines tested (r2 = 0�32, data not

shown).

Our second observation was that there was no clear corre-

lation between CRBN mRNA or cereblon protein levels with

the antiproliferative sensitivity of cell lines to lenalidomide or

pomalidomide For example, only two (RPMI-8226 and

KMS11) of the six intrinsically resistant cell lines had low

cereblon protein expression; the other four intrinsically resis-

tant cell lines (KMS34, LP-1, KMS12BM and JJN-3) had high

levels of the protein, suggesting the underlying cause of IMiD

resistance in these lines is probably not due to limited avail-

ability of cereblon protein. In contrast, among the sensitive

cell lines, cereblon protein level was higher or comparable to

DF15 level. Similarly, there was a discrepancy among sensi-

tive and resistant lines with respect to the level of CRBN

transcripts. The levels of CRBN mRNA relative to DF15

CRBN mRNA levels were not predictive of the sensitivity or

resistance in these cell lines (Fig 8).

Acquired resistance to lenalidomide and pomalidomide
in MM cell lines is accompanied by a reduction in
CRBN mRNA and protein levels

DF15 and H929 cells were cultured long-term in pomalido-

mide and lenalidomide respectively, to generate pomalido-

mide-resistant cells DF15R and lenalidomide-resistant lines

H929-1051, -1052, -1053 and -1054. The methods for genera-

tion of these resistant cell lines were described by Lopez-

Girona et al (2012). We tested CRBN gene expression and

cereblon protein levels in each cell line and compared their

normalized values with their respective parental lines (Fig 9).

In DF15R cells, cereblon protein is reduced nearly 100%, and

the CRBN mRNA level is reduced by 77% compared with

parental DF15 cells (Fig 9A). Following a similar trend, lena-

lidomide-resistant H929 clones 1051, 1052, 1053 and 1054

had 42%, 23%, 47% and 68% less CRBN mRNA and 50%,

70%, 54% and 34% less protein respectively, when compared

with the parental H929 line. While the general trend of lower

CRBN mRNA and protein in resistant lines versus parental

cells is maintained in all resistant lines, the relative levels of

CRBN gene expression and cereblon protein levels in 1052

and 1054 were opposite of each other. Even though both cell

lines have lower mRNA and protein levels compared with

the parental cell line, 1052 has higher level of RNA than

protein, while the opposite is true in resistant 1054 line

(Fig 9B). A smaller percentage of cells expressed cereblon

protein in the H929 1054 cell line compared with the paren-

tal H929 cells, as shown by cereblon IHC (Fig 9C). Thus, the

discrepancy of mRNA and protein level observed in sensitive

and intrinsically resistant lines is also seen in cell lines with

acquired resistance upon IMiD exposure in vitro. Taken

together, these data demonstrate that CRBN gene expression

and cereblon protein level per se do not predict whether a

cell line is sensitive to IMiD treatment. However when cell

lines acquire resistance by long-term passaging with lenalido-

mide or pomalidomide, our data is consistent with previous

(A)

(B)

(C)

Fig 9. Acquired resistance to immunomodulatory drugs in MM cell

lines leads to less CRBN mRNA; however, a disconnect exists

between CRBN mRNA and CRBN protein levels. Quantification of

mRNA and protein, and immunohistochemistry (IHC) were per-

formed as described in the text. (A) Comparison of CRBN protein

and CRBN mRNA in DF15 and DF15R resistant cells. (B) Compari-

son of CRBN protein and CRBN mRNA in parental H929 versus

lenalidomide-resistant H929 lines 1051, 1052, 1053 and 1054. (C)

CRBN IHC in H929-parental cell versus H929 lenaliomide-resistant

line 1054. CRBN, cereblon; MM, multiple myeloma; mRNA, messen-

ger RNA.
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clinical observations that CRBN gene expression levels

decrease from diagnosis to relapse in MM patients treated

with lenalidomide (Zhu et al, 2011).

Discussion

The discovery of cereblon as a target of thalidomide and the

IMiDs, lenalidomide and pomalidomide, has enabled a pur-

suit of better understanding of the molecular mechanism of

action by these agents. In parallel, there is significant clinical

interest to investigate the possible role of cereblon as a

biomarker for the IMiD compounds response or resistance.

Currently, there are no validated assays for measuring cereb-

lon protein levels or gene expression in clinical samples. It is

also unclear whether measurement of cereblon expression at

the mRNA or protein level or both will be optimal for clini-

cal studies.

Measurement of cereblon protein is associated with a num-

ber of assay limitations. Currently available commercial anti-

bodies are neither sensitive nor specific for reliable detection

of cereblon protein. We have characterized a monoclonal

antibody CRBN65 and compared its properties with the com-

monly used, currently available commercial antibodies against

cereblon. We showed that CRBN65 is highly sensitive and

specific in Western blot and IHC analysis. Furthermore, it has

a broad dynamic range and can detect as little as 200 pg of

cereblon protein via Western blot. Against this, results using

commercial antibodies of cereblon must be viewed with cau-

tion. For example, a recent study of 42 newly diagnosed MM

patients, which measured CRBN levels by IHC using a com-

mercial antibody, found an association between CRBN pro-

tein and response (overall survival and progression-free

survival) to lenalidomide. However, 16�1% of patients in the

CRBN-high group failed to respond to lenalidomide, and

54�5% of patients in the cereblon-low group also failed to

respond, suggesting a significant portion of responders were

CRBN-low (Klimowicz et al, 2012). Without an assessment

of the sensitivity and specificity of the antibody used in this

study, it is difficult to interpret the significance of the

observed correlation presented in this study.

Current methods of gene expression measurement pre-

dominately employ Affymetrix array or quantitative reverse-

transcription PCR (qRT-PCR)–based methods to detect and

quantify transcripts. The measurement of CRBN by qRT-

PCR typically uses commercial assays, such as predesigned

TaqMan assays, where primer and probe sets are optimized

with respect to known gene splicing information. For CRBN

mRNA, the current best coverage assay detects the exon

8-exon 9 junction and exon 10 as a measure of gene expres-

sion (data not shown; https://bioinfo.invitrogen.com/

genome-database/details/gene-expression/Hs00372271_m1).

However, this assay needs to be fully validated given the

multiple splice variants. The presence of multiple CRBN

splice variants complicates the transcript measurement by

Affymetrix, which leads to inaccurate overestimation of

full-length CRBN transcripts. A number of CRBN splice vari-

ants, such as crbncc-002 and crbncc-003, contain the target

region of the probes and have deletions in other exons. Even

though these transcripts will not give rise to full-length

cereblon protein, they will be measured by the Affymetrix

probesets 222533_at and 218142_s_at. The Affymetrix chip,

such as U133 plus 2, contains 2 probe sets 218142_s_at and

222533_at for the detection of CRBN transcripts (Fig S3).

The 222533_at probe set hybridizes entirely within the CRBN

3′UTR. The second probe set 218142_s_at is designed to

hybridize with sequences that span exon 10 and 11. This

probe set will not be able to measure the exon 10–deleted

splice variant crbncc-002. CRBN measurement has been

reported based on a combined value from the two probe sets

and described correlation of CRBN level measured in diag-

nostic samples to clinical outcomes of pomalidomide/dexa-

methasone or thalidomide-maintenance (Schuster et al, 2012;

Broyl et al, 2013).

In a study of 53 relapsed MM patients treated with poma-

lidomide and dexamethasone, CRBN mRNA levels, measured

by Affymetrix chip prior to therapy initiation, were used to

correlate with response (Schuster et al, 2012). However, the

cut-off values used to distinguish low-, mid- and high-CRBN

expression gave a narrow range (0�89 vs. 1�03 vs. 1�21). This
highlights the potential problem associated with poor

dynamic range in microarray-based gene expression measure-

ment that may not reflect the true range in patient samples.

Validation of clinical microarray-based assays that segregate

patients with such narrow differences poses technical chal-

lenges. In contrast to microarray-based assays, qRT-PCR, in

principle, provides a broader dynamic assay range and could

provide a more accurate representation of CRBN mRNA

transcript levels in patients. In another study of 49 MM

patients treated with lenalidomide plus dexamethasone, med-

ian CRBN gene expression was measured by qRT-PCR and

ranged from 0�31 to 28�74; median CRBN mRNA expression

indicated a correlation with clinical response (Heintel et al,

2013). However, there were broad confidence intervals and

exceptions, such as a complete responder with a low CRBN

mRNA expression level of 0�81.
Our findings in MM cell lines reveal a lack of correlation

(r2 = 0�32) between CRBN gene level and cereblon protein

level measured using a commercial TaqMan gene-expression

assay and CRBN65 antibody in MM cell lines (data not

shown). Furthermore, no correlation was observed between

CRBN gene or cereblon protein expression levels to sensitivity

or intrinsic resistance to lenalidomide. In contrast, cell lines

that acquire resistance to IMiD agents through long-term pas-

sage showed a decline in both CRBN protein and CRBN

mRNA level compared with the parental sensitive lines. This

decline in protein and mRNA levels indicates that loss of

cereblon protein and CRBNmRNA may play a role in acquired

resistance; however, proper measurement is still required.

We identified multiple splice variants of CRBN mRNA

with both canonical and noncanonical splice patterns. The
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noncanonical splicing may be due to dysregulation of splic-

ing factors rather than splice site mutations since mutations

in CRBN exons are a rare event (Gandhi et al, 2013). Nota-

bly, defects in the spliceosomal machinery have been demon-

strated across multiple haematological malignancies, such as

myelodysplastic syndromes, chronic lymphocytic leukaemia,

and acute lymphoblastic leukaemia (Papaemmanuil et al,

2011; Rossi et al, 2011; Wang et al, 2011; Yoshida et al,

2011; Lasho et al, 2012). Spliceosome dysregulation in MM

is not widely described, although genome analyses from

patients have identified mutations in RNA processing genes

(Chapman et al, 2011).

As noted earlier, several detected splice variants are miss-

ing crucial regions for the IMiD compounds function,

including THAL/IMiD- and DDB1-binding domains, sug-

gesting that these RNA species may confer IMiD compound

resistance. We are currently investigating whether any of the

isoforms are expressed as proteins in MM cells. Notwith-

standing the lack of this information, careful consideration

should be given to the presence of splice forms when design-

ing quantitative gene expression assays.

The presence of alternatively spliced variants of CRBN in

MM cells raise questions relating to their potential biological

function. Full-length and other isoforms were identified from

cell lines and primary samples. Whether IMiD compounds

treatment changes alternative splicing of CRBN is an interest-

ing question under investigation. However, alternative splic-

ing of genes is common in MM. The occurrence of

alternative splicing in MM patients was studied in 170 newly

diagnosed MM patients using Affymetrix Exon 1�0 ST array

on purified CD138+ cells (Munshi et al, 2009). Over 100

genes (exons) were identified as candidates that showed alter-

native splicing patterns in subsets of patients, and this obser-

vation suggests the potential to identify subgroups of

patients that display similar levels of splice isoform expres-

sion alongside similar prognostic outcomes. More impor-

tantly, the study demonstrated that alternative splicing

occurs in a significant proportion of MM patients and thus

the process may be relevant from both disease-biology and

drug-development perspectives (Moalli et al, 1993; Bakkour

et al, 2007; Lee et al, 2008).

In this study, we explored CRBN protein and CRBN gene

expression measurement. We characterized CRBN65, a highly

sensitive and specific monoclonal antibody. In addition, we

analysed CRBN mRNA and detected a large number of splice

variants that reveal a complex post-transcriptional processing

of the transcribed gene. While the clinical value of CRBN

expression as a predictive or prognostic biomarker is an

important question, current approaches to measuring CRBN

levels that rely on commercial reagents and assays have limi-

tations due to reagent quality and assay characteristics.

Appropriate antibodies and validated assays for cereblon

protein detection and CRBN gene expression that account

for gene complexity are needed for cereblon measurement in

the clinic.

Beyond the technical limitations mentioned above, how-

ever, the diagnostic assessment of CRBN is further compli-

cated by a number of clinical considerations. First, MM

treatment regimens are becoming more combination-based,

with an increasing use of novel agents in addition to an

IMiD. Thus, CRBN measurement would have to be exam-

ined in the combination setting in randomized controlled tri-

als to ascertain its true utility. Second, the disease stage

(newly diagnosed versus relapsed and refractory setting)

represents another complexity, as the natural history of the

disease plays a role in response to therapy. Third, there is

currently no clinical data to describe how CRBN level may

affect response/resistance to individual IMiD drugs, such as

lenalidomide or pomalidomide. This is particularly critical as

�30% of relapsed/refractory MM patients who are resistant/

refractory to lenalidomide-dexamethasone combination ther-

apy respond to pomalidomide-dexamethasone combination

therapy (San Miguel et al, 2013). And finally, other members

of the CRL4CRBN, DDB1, Cullin4, and the substrates for

IMiD activity in addition to CRBN may have significant role

(s) in IMiD response/resistance. Proper understanding of the

role of CRBN measurement in the clinic will emerge from

addressing the technical as well as these clinical consider-

ations in the future.
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