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Abstract: Clinical interest in the measurement of Cereblon

(CRBN), the primary target of the IMiDs immunomodulatory

drugs lenalidomide and pomalidomide, has been fueled by its

essential requirement for antitumor or immunomodulatory ac-

tivity of both drugs in multiple myeloma (MM). However,

limited analyses of clinical samples for CRBN gene expression

or protein levels have utilized unvalidated reagents and assays,

raising uncertainty about the interpretation of these results. We

previously described a highly specific rabbit monoclonal anti-

body CRBN65 against 65-76 AA of human Cereblon. Here we

describe a validated dual color bright-field Cereblon/CD138

immunohistochemical (IHC) assay utilizing CRBN65 and a

commercial mouse monoclonal CD138 antibody. Sensitivity and

specificity of the assay was determined and assay precision was

shown for both cytoplasmic and nuclear Cereblon in MM bone

marrow samples with coefficient of variation values of 5% and

2%, respectively. The dual IHC assay was effective for detecting

a continuous range of Cereblon levels in 22 MM patient bone

marrow core biopsies and aspirate clots, as shown by average

cytoplasmic H-scores ranging from 63 to 267 and nuclear

H-scores ranging from 17 to 250. Interpathologist comparison

of MM sample H-scores by 3 pathologists demonstrated good

concordance (R2=0.73). This dual assay demonstrated superior

Cereblon IHC measurement in MM samples compared with the

single IHC assay using a published commercial rabbit poly-

clonal Cereblon antibody and could be used to explore the po-

tential utility of Cereblon as a biomarker in the clinic.
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Treatment with thalidomide and IMiDs immuno-
modulatory drugs lenalidomide (LEN) and pomali-

domide (POM) is associated with high rates of clinical
remission and improved overall survival in multiple
myeloma (MM) patients.1–3 Ito et al4 described the mo-
lecular target of thalidomide to be Cereblon, a substrate
receptor for the Cullin Ring ubiquitin E3 ligase complex.
Subsequent studies have shown that LEN and POM also
bind Cereblon and their antiproliferative activity is
mediated by Cereblon.5,6 Recently 3 independent groups
demonstrated that LEN binds Cereblon and enhances
selective ubiquitination and degradation of the tran-
scription factors Ikaros and Aiolos resulting in toxicity to
MM cells and activation of T-cell function.7–9 The central
role of Cereblon as a direct target for thalidomide and the
IMiD compounds has led some groups to hypothesize
about its potential utility as a predictive biomarker of
response and/or resistance to these agents.

A few studies have suggested that high CRBN gene
expression before treatment is associated with more fa-
vorable response to IMiD compound treatment.10–13

However, we did not observe any correlation between
CRBN mRNA or protein levels and intrinsic sensitivity
or resistance to LEN in a diverse panel of MM cell lines.1

We have also shown a disconnect between CRBN mRNA
and protein levels. Cereblon has multiple splice variants,
if translated may not bind the IMiD agents. These var-
iants are not discriminated by commercial gene chip or
the polymerase chain reaction methods.1 Some studies
have suggested that Cereblon protein levels as measured
by immunohistochemical (IHC) staining with a com-
mercial antibody (Proteintech) correlates with response to
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LEN and thalidomide in MM.14 However, we have
shown that most commercially available Cereblon anti-
bodies are nonspecific.1 Furthermore, methods to accu-
rately identify MM cells amidst other bone marrow cells
and to reproducibly quantify Cereblon protein in these
MM cells have not been reported.

In an effort to establish a standardized and vali-
dated method to quantify Cereblon protein in MM bone
marrow core biopsies and bone marrow aspirate clots, we
developed a dual color, bright-field IHC assay using a
specific rabbit monoclonal antibody CRBN65 against
65-76 AA of human Cereblon coupled with a commer-
cially available anti-CD138 antibody to label MM cells.
MM patient samples stained with this dual IHC assay
were scored using the H-score method15 for a semi-
quantitative measurement of Cereblon protein levels. We
show that the dual color CRBN65/CD138 IHC assay
coupled with H-score assessment was specific, precise,
and reproducible. This dual IHC assay described is thus
far the most accurate and reliable IHC method to eval-
uate Cereblon protein levels in clinical MM patient bone
marrow core biopsies and aspirate clots.

MATERIALS AND METHODS

Cell Lines and Tissues
MM cell line U266 was purchased from ATCC

(American Type Culture Collection, Manassas, VA). DF15
cells were provided by John Shaughnessy (University of
Arkansas, Little Rock, AR). POM-resistant DF15R cells
and U266 short hairpin (shRNA) CRBN knockdown cell
lines were generated and cultured as previously described.6

The FFPE tissue blocks from 22 MM patient cases (12
bone marrow core biopsies and 10 bone marrow aspirate
clots) were purchased from Asterand (Asterand plc,
Detroit, MI) and Avaden (Avaden BioSciences Inc.,
Scarsdale, NY). Multinormal human FFPE tissue micro-
array MNO341 containing 33 types of organs was pur-
chased from Pantomics (Pantomics Inc., Richmond, CA).

Immunohistochemistry
All single IHC assays were performed on the Bond

automated slide stainer (Leica Microsystems Inc., Buffalo
Grove, IL) using the following primary antibodies: a rabbit
monoclonal anti-Cereblon against amino acids 65-76 of
human Cereblon (CRBN65) (Celgene Corporation) at a
1/2000 dilution, a rabbit polyclonal anti-Cereblon against
recombinant C-terminal-300 amino acids of the human
Cereblon (CRBN-PT) (Catalog No. 11435-1-AP; Pro-
teintech Group Inc., Chicago, IL) at a 1/100 dilution, a
mouse monoclonal anti-CD138 (clone MI15; Catalog No.
M7228; Dako, Carpinteria, CA) at a 1/600 dilution for
single color IHC and at a 1/1200 dilution for dual color
IHC, and a rabbit polyclonal IgG isotype control (Jackson
Immuno Research Labs, West Grove, PA) at 1.53mg/mL.

Single IHC assays were performed as previously de-
scribed.1 The dual CRBN65/CD138 IHC assay was per-
formed on the Bond automated slide stainer by sequentially
adding the primary antibodies and their detection systems
(Table 1). Briefly, CRBN65 was added first followed by the
Bond Polymer Refine Detection (DS9800; Leica Micro-
systems Inc.). A heating step was then introduced at 901C
for 5 minutes in �1 Bond wash buffer to eliminate any
possible cross-reactivity. The anti-CD138 antibody was
added next followed by the Bond Polymer Refine Red
Detection system (DS9390; Leica Microsystems Inc.). The
Cereblon-DAB and CD138-Fast Red steps are integrated
into 1 sequential double staining. After the dual IHC pro-
cedure, slides were counterstained with hematoxylin, rinsed
in tap water, and baked in a 601C oven for 20 minutes
or until completely dry before being coverslipped by the
Tissue-Tek Film Automated Coverslipper.

H-score Method
Cereblon immunoreactivity of CD138-positive MM

cells was scored independently by 3 pathologists (S.C.,
D.E.H., and M.B.) using the H-score method.15 Briefly,
the entire tumor is scored for Cereblon immunoreactivity
based on range and intensity. Staining intensity is re-
corded on a scale of 0 to 3 for negative, mild, moderate,

TABLE 1. Dual Color CRBN65/CD138 Immunohistochemical (IHC) Assay Protocol

Parameters Conditions*

Preparation Dewax, using Bond-Max preset protocol
Heat-induced epitope retrieval Epitope retrieval 2 (pH 9.0), 1001C, 20min
Peroxide block Room temperature, 5min
Primary antibody 1 CRBN65, room temperature, 15min
Postprimary Room temperature, 8min
Horse radish peroxidase-polymer (Bond Refine) Room temperature, 8min
DAB (Refine) Room temperature, 10min
Heating stepw �1 Bond wash buffer, 901C, 5min
Primary antibody 2 CD138, room temperature, 15min
Postprimary Room temperature, 20min
Alkaline phosphatase-polymer Room temperature, 30min
Fast red (Refine Red) Room temperature, 15min
Hematoxylin Room temperature, 5min

*Modification was based on Leica preset IHC protocol F and J for Bond Polymer Refine Detection and Bond Polymer Refine Red
Detection, respectively.

wA heating step in �1 Bond wash buffer was inserted before Primary Antibody 2 to avoid cross-reactivity.

Ren et al Appl Immunohistochem Mol Morphol � Volume 24, Number 10, November/December 2016

696 | www.appliedimmunohist.com Copyright r 2015 Wolters Kluwer Health, Inc. All rights reserved.

Copyright r 2016 Wolters Kluwer Health, Inc. All rights reserved.



and strong immunoreactivity, respectively. Final scores
range from 0 to 300 and are the sum of the products of
percent of cells and intensity of staining to account for
100% of the tumor cells [H-score= (% at 1+)�1+(% at
2+)�2+(% at 3+)�3]. Because Cereblon can be found
in the cytoplasm and in the nucleus, both compartments
(nuclear and cytoplasmic) were scored separately. CRBN-
PT single IHC stains were evaluated with the guidance of
a serial section stained for CD138 to allow for approx-
imate tumor cell identification. A total H-score (0 to 600)
was generated for each case by addition of the H-scores
for the nuclear and cytoplasmic compartments.

Western Blot Analysis
CRBN rabbit monoclonal antibody (CRBN65)

production and validation was previously described by Lo-
pez-Girona etal.6 Western blot analysis using CRBN65 and
Proteintech CRBN-PT antibody was performed as pre-
viously described by Gandhi et al1 and Lopez-Girona et al.6

RESULTS

CRBN65 is a Highly Immunoreactive and
Specific Antibody for IHC Measurement of
Cereblon

Previously we showed that CRBN65 IHC resulted in
strong immunoreactivity to Cereblon in DF15 (high Cereblon)

and very faint immunoreactivity in the POM-resistant DF15R
cells (low Cereblon). The immunoreactivity patterns of
CRBN65 correlated with Western blot analysis such that
CRBN65 showed a single strong band corresponding to full-
length 51kDa Cereblon protein in DF15 but only a very faint
band in DF15R.1 Huang et al14 have previously described
Cereblon expression as measured by IHC using the rabbit
polyclonal Cereblon antibody from Proteintech (CRBN-PT)
to correlate with clinical response to thalidomide and LEN-
based treatment in MM patients. Here we repeated the IHC
and Western blot analysis using the rabbit monoclonal
CRBN65 alongside CRBN-PT for a side-by-side comparison.
CRBN65 had strong cytoplasmic and nuclear immunor-
eactivity in DF15 and negligible immunoreactivity in DF15R
by IHC (Figs. 1A, B). Conversely, IHC staining of DF15 and
DF15R with CRBN-PT did not differentiate the cell lines and
did not show nuclear immunoreactivity (Figs. 1C, D). The
embedded table in Figure 1 shows the detailed cytoplasmic
and nuclear H-sores of the IHC staining using CRBN65 and
CRBN-PT. Western blot analyses using CRBN65 and
CRBN-PT were repeated and shown in Figure 1E for direct
comparison that correlated with IHC staining using respective
antibodies. Confirming our previous results, CRBN-PT seems
to detect multiple nonspecific bands in addition to the 51kDa
Cereblon protein by Western blot analysis.1

In addition, CRBN65 was more specific and accurate
than CRBN-PT. We used a parental and shRNA-mediated

FIGURE 1. Immunohistochemical (IHC) staining and Western blot analysis comparing Celgene CRBN65 antibody and Pro-
teintech CRBN-PT in DF15 and DF15R cells. DF15 and DF15R IHC stained with CRBN65 (A, B) and CRBN-PT (C, D), respectively
(objective �40). Western blot analysis of DF15 and DF15R using CRBN65 and CRBN-PT antibodies (E). The embedded table
shows the cytoplasmic and nuclear H-scores of DF15 and DF15R stained with CRBN65 and CRBN-PT.

Appl Immunohistochem Mol Morphol � Volume 24, Number 10, November/December 2016 Dual Cereblon IHC in Myeloma

Copyright r 2015 Wolters Kluwer Health, Inc. All rights reserved. www.appliedimmunohist.com | 697

Copyright r 2016 Wolters Kluwer Health, Inc. All rights reserved.



knockdown of CRBN in stably transduced U266 MM cell
lines that expressed medium to low amount of the protein.
CRBN65 resulted in strong immunoreactivity in the pa-
rental U266 cell line, and medium and low levels in the
CRBN shRNA medium (CRBNmedium) and low
(CRBNlow) knockdown lines (Fig. 2A), which correlated
with the corresponding Western blot analysis of U266 pa-
rental, CRBNmedium and CRBNlow cell lysates, respectively
(Fig. 2B). In contrast, CRBN-PT immunoreactivity
changed minimally in U266 CRBNlow cells compared with
parental cell line (Fig. 2C), and Western blot analysis of
parental and CRBNlow cell lysates using CRBN-PT yielded
multiple strong bands in addition to the putative 51kDa
Cereblon protein band (Fig. 2D). The detailed H-scores of
these cell pellets stained with CRBN65 and CRBN-PT are
shown in the embedded table in Figure 2. These results
demonstrated that CRBN65 is a highly specific antibody
recognizing Cereblon and can accurately detect the different
levels of Cereblon for the purpose of IHC analysis.

Dual Color CRBN65/CD138 IHC Assay Precision
We determined assay precision of the dual CRBN65/

CD138 IHC assay on 9 sequential sections of bone mar-
row from the same MM patient (MM13). Three separate
runs were undertaken on 3 consecutive days, with each
run consisting of 3 slides. Cytoplasmic and nuclear Cere-
blon H-scores from the 9 slides were generated by 1
pathologist (S.C.) and the mean and SD were calculated.

The precision of the dual assay was expressed as a co-
efficient of variation (CV) calculated from the mean and
the SD of the H-scores from the 9 slides across 3 runs. The
CV values for cytoplasmic and nuclear H-scores were 5%
and 2%, respectively (see Figure, Supplemental Digital
Content 1, http://links.lww.com/AIMM/A83, which
demonstrates dual CRBN65/CD138 IHC assay precision).
This is within the Food and Drug Administration and
National Cancer Institute guidelines for analytical assays
that recommend CV values below 15%.16,17

CRBN65 Antibody Detection of a Range of
Cereblon Levels in Various Human Normal
Tissues

A tissue microarray MNO341 containing normal
human tissues was stained with CRBN65 and CRBN-PT
antibodies for comparison. The CRBN65 antibody was
able to detect various Cereblon expression levels across
different tissue types, whereas the CRBN-PT antibody
showed overall weak immunoreactivity in all normal tis-
sues tested. CRBN65 IHC showed strong Cereblon im-
munoreactivity in liver, and weak immunoreactivity in
heart (Figs. 3A, B). In contrast CRBN-PT revealed only
slightly higher Cereblon immunoreactivity in liver than in
heart (Figs. 3C, D). Negative isotype controls are shown
in Figures 3E and F. These results clearly show that
CRBN65 had a broader detection range than CRBN-PT.

FIGURE 2. Immunohistochemical (IHC) staining and Western blot analysis comparing Celgene CRBN65 and Proteintech CRBN-
PT antibodies in U266 knockdown cell models. A, CRBN65 IHC in U266 parental, CRBN shRNA knockdown medium and low cell
lines (objective �40). B, Western blot of U266 parental, CRBN shRNA knockdown medium and low cell lines using CRBN65.
C, CRBN-PT IHC in U266 parental and CRBN shRNA knockdown low cell lines (objective �40). D, Western blot of U266 parental
and CRBN shRNA knockdown low cell lines using CRBN-PT. The cytoplasmic and nuclear H-scores of the IHC staining of respective
cell lines are shown in the embedded table.
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Dual Color CRBN65/CD138 IHC Assay Detects a
Range of Cereblon Levels in MM Patient Samples

Twenty-two commercial MM patient samples (12
FFPE bone marrow core biopsies and 10 FFPE bone mar-
row aspirate clots) were stained with the dual color
CRBN65/CD138 IHC assay and scored independently by 3
pathologists (S.C., D.E.H., and M.B.) using the H-score
method. Myeloma core biopsies and aspirate clots yielded

similar results using the same assay conditions. Both
cytoplasmic and nuclear Cereblon H-scores were recorded
for the CD138+ cells in each sample. A continuous range of
Cereblon levels was detectable using this dual IHC assay in
both cytoplasmic and nuclear compartments. The average
cytoplasmic H-scores ranged from 63 to 267, average nuclear
H-scores ranged from 17 to 250, and total H-score (sum of
cytoplasmic and nuclear H-scores) ranged from 84 to 500 in

FIGURE 3. Immunohistochemical (IHC) staining comparing Celgene CRBN65 and Proteintech CRBN-PT antibodies in normal
human tissues. CRBN65 IHC in normal liver (A) and normal heart (B); CRBN-PT IHC in normal liver (C) and normal heart (D);
rabbit IgG isotype control in normal liver (E) and normal heart (F) (objective �40).
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the 22 MM cases evaluated (Table 2). Interobserver agree-
ment among 3 pathologists was good, with average
R2=0.73 (see Figure, Supplemental Digital Content 2,
http://links.lww.com/AIMM/A84, which demonstrates H-
score agreement between different pathologist pairs). MM
bone marrow core biopsies with high, medium, and low
Cereblon detected by the dual CRBN65/CD138, single
CRBN65, and single CD138 assays are shown in Figure 4.
The single CRBN-PT IHC did not detect nuclear Cereblon
and was unable to demonstrate significant difference in cyto-
plasmic Cereblon immunoreactivity in the same MM cases
with high, medium and low Cereblon levels (data not
shown). Similarly, dual CRBN65 IHC assay detected high,
medium, and low Cereblon in MM bone marrow aspirate
clots (see Figure, Supplemental Digital Content 3, http://
links.lww.com/AIMM/A85, which shows dual color
CRBN65/CD138 IHC staining in MM aspirate clots). Single
CRBN-PT IHC failed to yield the dynamic detection range
in these clots (data not shown).

DISCUSSION
Following the identification of Cereblon as the

primary target of the IMiD immunomodulatory com-
pounds, researchers and clinicians have been searching

FIGURE 4. Representative images of multiple myeloma (MM) core biopsies stained with dual CRBN65/CD138, single CRBN65,
and single CD138 immunohistochemical (IHC) assays. Dual CRBN65/CD138 IHC in MM16 with high Cereblon (A), MM13 with
medium Cereblon (B), and MM20 with low Cereblon immunoreactivity (C). Single CRBN65 IHC in MM16 (D), MM13 (E), and
MM20 (F). Single CD138 IHC in MM16 (G), MM13 (H), and MM20 (I) (objective �60).

TABLE 2. Cereblon H-scores of the Dual CRBN65/CD138
Immunohistochemical Assay in 22 Multiple Myeloma (MM)
Patients

Sample ID (Tissues)

Cytoplasmic

Score

Nuclear

Score

Total

Score

MM12 (aspirate clot) 193 213 406
MM13 (core biopsy) 150 193 343
MM14 (core biopsy) 207 177 384
MM15 (core biopsy) 183 180 363
MM16 (core biopsy) 240 250 490
MM17 (core biopsy) 100 110 210
MM18 (core biopsy) 267 233 500
MM19 (core biopsy) 163 100 263
MM20 (core biopsy) 67 17 84
MM21 (core biopsy) 240 193 433
MM22 (core biopsy) 110 127 237
MM23 (core biopsy) 217 240 457
MM24 (core biopsy) 190 173 363
MM25 (aspirate clot) 93 40 133
MM26 (aspirate clot) 117 87 204
MM27 (aspirate clot) 137 160 297
MM28 (aspirate clot) 83 110 193
MM30 (aspirate clot) 63 50 113
MM33 (aspirate clot) 137 87 224
MM34 (aspirate clot) 177 157 334
MM35 (aspirate clot) 80 47 127
MM36 (aspirate clot) 67 40 107
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for ways to detect Cereblon levels in patient tissue sam-
ples to understand its role in IMiD compounds treatment
response and relapse. Recent publications have attempted
to correlate high Cereblon protein or gene expression
levels with more favorable clinical outcome of MM pa-
tients treated with thalidomide, LEN or POM-based
regimens.10,12,14 However, results generated by comparing
gene expression data with clinical response are ques-
tionable due to (1) lack of correlation between CRBN
mRNA and protein levels and (2) complexity of CRBN
gene expression due to the presence of splice variants
some of which lack the drug binding region. Determining
protein levels in MM cells has also posed many chal-
lenges. First, most commercially available antibodies for
Cereblon IHC are not specific.1 Second, it is difficult to
identify MM tumor cells in patient bone marrow biopsies
or aspirate clots with low tumor density. IHC for the
CD138 plasma cell surface marker has been used for
identifying MM cells but locating the same cells in a serial
section stained for Cereblon is challenging, especially in
samples with a low density of tumor cells. Importantly,
accurate MM tumor cell identification is essential in the
case of MM patients because Cereblon is expressed by
many normal bone marrow cell types.

To address these challenges, we have developed and
validated a new, dual color, bright-field IHC assay using
the highly specific CRBN65 antibody coupled with an
anti-CD138 antibody, and scored using the H-score
method for use on formalin-fixed, paraffin-embedded
MM bone marrow clots and biopsies. The CRBN65 an-
tibody showed specificity in DF15 (high Cereblon) and
DF15R (low Cereblon), accurately reflected Cereblon
protein levels in U266 CRBN knockdown cell lines, and
demonstrated a good detection range in normal tissues
(liver vs. heart). In addition, the CRBN65/CD138 dual
IHC assay was able to detect a range of Cereblon staining
intensity in 22 patient-derived MM core biopsies and
aspirate clots. Conversely, the commercial CRBN-PT
antibody was unable to detect differences in Cereblon
immunoreactivity in DF15 versus DF15R, U266 CRBN
shRNA cell model, normal tissues (liver vs. heart), or
MM patient samples. These data indicate that Cereblon
immunoreactivity detected using the CRBN-PT anti-
body do not represent accurate Cereblon protein levels.
Furthermore, the ability to detect cytoplasmic as well
as nuclear Cereblon with CRBN65 may help define the
biological relevance of Cereblon cellular localization in
future studies. We believe that the dual color CRBN65/
CD138 IHC assay will allow for accurate assessment of
Cereblon levels in MM patients. In this assay develop-
ment we opted for the semiquantitative H-score method
and found good interpathologist agreement for both
cytoplasmic and nuclear immunoreactivity. Interpathol-
ogist correlation also improved after training using spe-
cific guidelines to illustrate staining intensity (data not
shown). Finally, the dual IHC assay was developed for
bone marrow core biopsies and aspirate clots fixed
in 10% neutral buffered formalin, therefore antibody
dilutions as well as other assay parameters may need to be

adjusted for tissues fixed with other formalin containing
fixatives.

In conclusion, data summarized here highlight the
requirement for standardization in the evaluation of
Cereblon expression in clinical samples. We validated a
dual color, bright-field, CRBN65/CD138 IHC assay
incorporating a semiquantitative H-score that is specific,
accurate, and reliable in measuring Cereblon protein
levels in bone marrow core biopsies and aspirate clots
from MM patients. This dual IHC assay could be utilized
to assess the potential value of Cereblon as a biomarker in
MM patients treated with IMiD-based therapies.
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