From www.bloodjournal.org on May 26, 2019. For personal use only.
NEOPLASIA

Proteomic analysis of mantle-cell lymphoma by protein microarray
Irene M. Ghobrial, Daniel J. McCormick, Scott H. Kaufmann, Alexey A. Leontovich, David A. Loegering, Nga T. Dai,
Kelly L. Krajnik, Mary J. Stenson, Mona F. Melhem, Anne J. Novak, Stephen M. Ansell, and Thomas E. Witzig

Mantle-cell lymphoma (MCL) is a unique
subtype of B-cell non-Hodgkin lymphoma
(NHL) that behaves aggressively and remains incurable. In order to understand
the pathogenesis of MCL and design new
therapies, it is important to accurately
analyze molecular changes in pathways
dysregulated in MCL. We used antibody
microarrays to compare patterns of protein expression between CD19ⴙ purified
B lymphocytes from normal tonsil and 7
cases of histologically confirmed MCL.
Protein overexpression was defined as a

higher than 1.3-fold or 2-fold increase in
at least 67% of tumor samples compared
with normal B-cell control. Of the polypeptides, 77 were overexpressed using the
higher than 1.3-fold cutoff, and 13 were
overexpressed using the 2-fold cutoff.
These included cell cycle regulators (regulator of chromosome condensation 1
[RCC1], murine double minute 2 [MDM2]),
a kinase (citron Rho-interacting kinase
[CRIK]), chaperone proteins (heat shock
90-kDa protein [Hsp90], Hsp10), and phosphatase regulators (A-kinase anchor pro-

tein 1 [AKAP149], protein phosphatase 5
[PP5], and inhibitor 2). The elevated expression of some of these polypeptides
was confirmed by immunoblotting and
immunohistochemistry, whereas elevated
expression of others could not be confirmed, illustrating the importance of confirmatory studies. This study describes a
novel technique that identifies proteins
dysregulated in MCL. (Blood. 2005;105:
3722-3730)
© 2005 by The American Society of Hematology

Introduction
Mantle-cell lymphoma (MCL) represents approximately 8% of all
B-cell non-Hodgkin lymphomas (NHLs).1 The immunophenotype
of MCL is characteristic and the cells are strongly positive for
CD20 and CD5, but are negative for CD10 and CD23.2 Overexpression of cyclin D1 (CCND-1), which molecularly defines MCL,3
results from the t(11;14)(q13;q32) translocation that juxtaposes a
portion of the CCND1 gene (11q13) and the immunoglobulin
heavy-chain promoter (14q32).4
Despite advances in understanding the molecular pathogenesis
of MCL, it remains the NHL subtype with the poorest prognosis.5
Most patients are diagnosed at an advanced stage, and extranodal
sites are often involved.1 Even though patients with MCL often
respond to therapy, the responses are usually partial and most
patients eventually relapse.6 Aggressive therapeutic regimens yield
complete responses in only 38% of patients with a median overall
survival of only 3 to 4 years.5,7 New treatments based on the
knowledge of what pathways are dysregulated in MCL cells are
needed for this disease.
Although cyclin D1 overexpression is characteristic of MCL,
overexpression of cyclin D1 alone cannot induce lymphoma.8
Instead, other oncogenic changes such as c-myc overexpression,8
loss of the ataxia-telangiectasia (ATM) gene, and p53 gene
deregulation9 are required for the development and progression of
MCL. The underlying molecular alterations in MCL have been
studied with gene expression profiling. A recent study that com-

pared the molecular profile of 38 MCLs with normal tonsillar
mantle-zone B cells demonstrated dysregulation of 22 genes
known to be involved in apoptosis (such as BCL2 and TOSO),
cell-cycle control, and signaling.10 Cell-cycle genes, with the
exception of CCND1, were all down-regulated, consistent with the
relatively low rate of proliferation that characterizes MCL.10
Because changes in messenger RNA (mRNA) levels are not
absolute indicators of alterations in the corresponding levels of
cellular proteins, proteomic analysis provides an alternate approach. Antonucci et al11 compared 2-dimensional (2D) gels of
proteins isolated from 2 MCL cases and 3 reactive lymph nodes.
This analysis identified about 20 differentially expressed polypeptides. Of these proteins, T-cell leukemia/lymphoma protein 1A
(TCL1) was found to be overexpressed 10-fold in samples of MCL.
Other up-regulated proteins included the 78-kDA glucoseregulated protein (GRP 78), histone H2B2, ␣-1 antitrypsin precursor, and heat shock 27-kDA protein (Hsp27).11
Conventional methods for quantitation of proteins have relied
on techniques such as 1D and 2D gel electrophoresis, immunoblotting, enzyme-linked immunosorbent assays (ELISAs), and radioimmunoassays (RIAs). Most of these established methods for protein
characterization in cell extracts are not amenable to highthroughput applications. The 2D gel electrophoresis is time consuming and expensive. In addition, reproducibility is problematic.12
Recent advances in high-throughput screening have led to the
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development of biochip-based assays for detecting changes in
protein expression. These novel techniques offer the potential of a
comprehensive proteomic analysis with very low sample amounts,
relatively low cost, and reasonable time consumption.13 The
antibody-based protein microarray is a new technology that
assesses polypeptide differences directly by binding fluorescently
labeled protein mixtures from cell extracts onto glass slides spotted
with different monoclonal antibodies (mAbs) specific for various
human proteins. The goal of this study was to investigate the
differential expression of proteins in tumor samples from patients
with MCL compared with nonmalignant tonsillar B cells using the
high-throughput technology of protein microarrays. This technology suggested that MCL overexpresses 13 proteins, which were
further examined by immunoblotting and immunohistochemistry.
The dysregulated expression of these proteins in MCL may
represent future targets for novel therapeutic agents.

Patients, materials, and methods
Patients and tissue samples
This study was approved by the Mayo Foundation institutional review
board and conducted in accordance with the Declaration of Helsinki. All
patients gave written informed consent for their tissue to be used for
research and for review of their clinical records. Frozen tissue samples were
obtained from 7 patients diagnosed with MCL between August 1999 and
February 2003. Tissue was obtained from lymph node biopsies (6 patients)
or spleen (1 patient). The diagnosis of MCL was based on characteristic
tumor cell morphology and immunophenotype as well as the demonstration
of cyclin D1 expression and/or the presence of t(11;14) chromosomal
translocation. Normal B cells isolated from a tonsillectomy specimen were
used as nondiseased controls for all microarray and immunoblotting
experiments to provide a constant reference point for arrays. Tonsillar B
cells have been used as normal controls in cDNA microarray experiments10
and are preferred to circulating B cells because they represent B cells in a
tissue context.
A total of 11 separate experiments with antibody-based protein microarrays were performed. Of these, 7 were performed with MCL extracts from
the 7 patient samples versus control tonsil B-cell extracts. One experiment
was performed with a normal B-cell extract versus itself to detect any
nonspecific binding to the antibodies imprinted on the microarray slides,
and to provide a normalized baseline ratio for comparison of all MCL
samples to control. In addition, 2 experiments with patient MCL samples
were repeated twice to confirm reproducibility of the data. In order to
determine how the pattern of protein expression observed in primary human
MCL samples correlates with MCL cell lines, one experiment was
performed with the MCL cell line M02058.
Cell culture
The MO2058 human cell line is an Epstein-Barr virus–positive cell line
containing a t(11;14)(q13;q32) chromosomal translocation.14 The cells
were grown at 37°C in a 5% CO2 atmosphere in RPMI-1640 medium
(Gibco/Life Technologies, Grand Island, NY) supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and 100 g/mL
streptomycin. On the day of the analysis, cells were pelleted and washed
twice with 1 ⫻ phosphate-buffered saline (PBS).
B-cell isolation
Cells were isolated from fresh MCL tumor samples and fresh tonsillar tissue
by mincing over a wire mesh screen to achieve a single cell suspension in
ice-cold culture medium (RPMI 1640). Mononuclear cells were isolated by
Ficoll-Paque Plus (Amersham Pharmacia Biotech, Uppsala, Sweden). The
MCL tumor cell suspensions were mixed with 10% dimethyl sulfoxide
(DMSO) and frozen in liquid nitrogen until used for these experiments. On
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the day of protein extraction, the MCL samples were thawed, washed in
RPMI 1640, and subjected to CD19⫹ immunomagnetic bead selection
(Miltenyi Biotech, Auburn, CA). Tonsillar cells were enriched for B cells by
performing CD19⫹ immunomagnetic bead selection. Purification of B cells
to more than 90% homogeneity was confirmed by flow cytometry using
CD20 monoclonal antibodies. Purified B-cell preparations were then stored
in 10% DMSO and frozen in liquid nitrogen until needed for protein
extraction.
Protein microarray procedure
The Ab Microarray (BD Clontech, Palo Alto, CA) detects a wide variety of
proteins (both cytosolic and membrane bound) representing a broad range
of biologic functions, including signal transduction, cell-cycle regulation,
gene transcription, and apoptosis. The microarray contains 512 highly
specific and sensitive mAbs against human polypeptides. The complete list
of the arrayed antibodies, including Swiss-Prot ID numbers of the target
antigens, is available elsewhere.15
Protein extraction
After CD19 enrichment, 6 to 30 ⫻ 106 cells were sedimented. Total protein
was extracted by a single freeze-thaw cycle of the cell pellet in liquid
nitrogen followed by homogenization in the manufacturer’s extraction/
labeling buffer, which contains nondenaturing detergents to maintain
protein solubility and emulsify membrane-bound proteins. After measurement of the total protein concentration by the bicinchoninic acid method
(Pierce, Rockford, IL), each sample was diluted to a final total protein
concentration of 1.1 mg/mL.
Fluorescent labeling with green fluorescent (Cy3) and red
fluorescent (Cy5) dyes
For each sample and control, 90 L total protein was labeled with 10 L
labeling dyes, either cyanin 3 (Cy3) or Cy5 (PA25002 and PA23001,
respectively; Amersham Biosciences, Piscataway, NJ). The dual-fluorescence detection method is designed so that inherent variations in dye
labeling do not affect the outcome of the experiment. After 90 minutes of
incubation and 30 minutes of blocking, the unbound dye was removed using
PD-10–desalting columns (Amersham Biosciences). Protein concentration
was again determined using the bicinchoninic acid method with subtraction
of the dye’s contribution to the overall optical density at 562. The average
number of dye molecules covalently coupled to each protein was measured
as per the user manual, and usually ranged from 2 to 4 molecules of Cy3 or
Cy5 per molecule of protein.
The Clontech microarray slides
The arrays are printed on standard-size (75 ⫻ 25 ⫻ 1 mm) glass slides with
512 antibodies printed in duplicate on each slide. There were 2 slides
provided for reverse-color labeling to allow normalization of the samples.
Protein samples from normal B cells labeled with Cy5 were mixed with
protein samples from MCL B cells labeled with Cy3 protein and added to
slide 1. For slide 2, the protein samples from normal B cells were labeled
with Cy3 and the proteins from MCL B cells labeled with Cy5. Labeling the
proteins from both the normal and malignant B cells with Cy3 and Cy5
allows the microarray to detect differences in specific protein abundance
between the MCL sample and the control sample with each experiment and
compensates for any potential difference in binding of the protein to the
Cy3 or Cy5 dyes. Total protein (20 g) was added to each slide and
incubated at room temperature for 30 minutes before a series of washes. The
slides were dried and scanned according to the instructions of the supplier
using the Axon GenePix 4000B scanner set to 635 nm (Cy5 channel:
photomultiplier tube (PMT), 670 V; power, 33%; and 532 nm; and Cy3
channel: PMT, 550 V; power, 33% to produce a text file with signal
intensities). There were 2 ratios generated from the spot images, MCL-Cy5/
normal-Cy3 (slide 1) and normal-Cy5/MCL-Cy3 (slide 2), for each protein target.
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Table 1. Baseline patient characteristics
Site of
Bx

Prior therapy
before Bx

Time from Dx
to last FU, y

48

Spleen

N

0.9

Prog

Y

0

LN

N

1.8

PR

N

F

559

LN

Y

3.4

PR

N

M

2263

LN

Y

9.8

Secondary AML

Y

59

F

214

LN

N

1.8

CR

N

64

M

0

LN

N

0.7

Stable

N

74

M

2063

LN

Y

6.6

Prog

Y

Patient no.

Age, y

Sex

1

88

M

2

80

F

3

71

4

51

5
6
7

Time from
Dx to Bx, d

Response
at last FU

Death

Dx indicates diagnosis; Bx, biopsy; FU, follow-up; Prog, progression; LN, lymph node; PR, partial remission; AML, acute myeloid leukemia; and CR, complete remission.

Data analysis and clustering
The means of the ratios of Cy5/Cy3 for each polypeptide of both slides were
analyzed using Clontech Array-Specific Analysis workbook software
developed specifically for each microarray lot by the manufacturers. The 2
ratios were used to calculate an internally normalized ratio (INR), or ratio of
ratios, for each spot on the array. This calculation normalizes for differences
due to labeling efficiency and antibody-antigen binding affinity, greatly
enhancing the precision and accuracy of the assay. The replicate values
within each slide were then averaged and an INR was calculated where
INR ⫽ 公 Ratio 1/Ratio 2 and ratios 1 and 2 correspond to slides 1 and 2.
Ratio 1 equals normal-Cy5 relative fluorescent units/MCL-Cy3 relative
fluorescent units, and Ratio 2 equals MCL-Cy5 relative fluorescent
units/normal-Cy3 relative fluorescent units. The average INR was calculated for each antibody, and duplicate INR values that varied by more than
30% were discarded. INR values higher than 1.3 or less than 0.77 were
considered as valid changes in protein abundance for this study. These
thresholds were determined by taking the global INR value for each
experiment (ie, calculated average INR of all spots) and multiplying by 1.3
and 0.77 to get the specific threshold INR values for each subsequent
microarray analysis. Genespring software (Silicon Genetics, Redwood City,
CA) was used for analysis of all 7 experiments and normalized to the
control experiment. An unsupervised clustering analysis was performed,
and changes that were 1.3- and 2-fold or higher in 67% of the MCL samples
with similar patterns compared with the B-lymphocyte control were
identified.
Western-blot analysis
To confirm the expression of selected polypeptides identified in protein
microarrays, immunoblotting was performed using the remaining total
protein extracted for the microarray procedure. Total protein (50 g) from
each cell extract was precipitated with trichloroacetic acid, washed with
ethanol, dried, and then solubilized in sodium dodecyl sulfate (SDS) sample
buffer. Each extract was boiled for 5 minutes before loading on a 5% to 15%
SDS polyacrylamide gel. After separation, the polypeptides were transferred to a nitrocellulose. After blocking, blots were probed with monoclonal anti–regulator of chromosome condensation 1 (RCC1), p43/endothelial
monocyte-activating polypeptide II (EMAPII) precursor, A-kinase anchor
protein 1 (AKAP149), procaspase-7, procaspase-14, cyclin D1 (Santa Cruz
Biotechnology, Santa Cruz, CA), retinoblastoma 2 (Rb2), and Hsp90
(David Toft, Mayo Clinic, Rochester, MN) or polyclonal anti–procaspase8.16 All antibodies were obtained from BD Pharmingen unless otherwise
indicated. To ensure equal loading, the blot was probed with polyclonal goat
antiactin antibody (Santa Cruz Biotechnology).

ogy). Paraffin-embedded colon and breast carcinoma tissues were used
as positive controls.

Results
Baseline patient characteristics

The median age at diagnosis was 71 years (range, 51-88 years;
Table 1). The median time from diagnosis to sample collection was
214 days (range, 0-2063 days). Histologically, all cases displayed
the immunophenotypic picture of MCL, with cells that were
positive for CD20 and CD5 but lacked CD10, CD23, and CD3. All
were cyclin D1 positive by immunohistochemistry or by fluorescent in situ hybridization (FISH) analysis. Blastoid features were
present in 1 of the 7 cases.
At the time of sample collection, 2 (29%) patients were newly
diagnosed, 4 (57%) had no previous therapy, and 3 (42%) were
previously treated. Of the 3 previously treated patients, 2 had
received chemotherapy followed by autologous stem cell transplantation, and the tissue used in this analysis was obtained at the time
of relapse 2 and 3 years after transplantation. Of the 3 patients, 1
received 2-chlorodeoxyadenosine (2-CDA) and rituximab 1 year
prior to the specimen collection. The median time of follow-up of
living patients was 2.6 years (range, 1.8-3.4 years). The median
overall survival was 1.8 years (range, 0.9-9.8 years).
Protein expression

Of the 7 MCL samples, 6 had a common pattern of protein
overexpression (Figures 1-2). Because of the homogenous expression pattern in the 6 samples, we further analyzed the proteins that
were 2-fold or higher up- or down-regulated compared with normal

Immunohistochemistry
To further confirm the expression of specific proteins detected by the
protein microarray technique, paraffin-embedded tissue biopsies available from the same patients with the same dates of sample acquisition that
were used for microarray experiments were analyzed by immunohistochemistry using monoclonal antibodies to human proteins: Hsp90
(Stressgen, San Diego, CA); murine double minute 2 (MDM2); Rb-2,
KU-80; Paxillin, Bcl-x (BD Biosciences Pharmingen, San Diego, CA);
and citron Rho-interacting kinase-L (CRIK-L) (Santa Cruz Biotechnol-

Figure 1. Heat map with unsupervised clustering analysis of the 6 MCL samples
compared with normal control. The MCL samples are numbered 1 to 6. The control
sample is at the far right of the heat map. All the samples were normalized to the
control sample using the Genespring software. The data points are colored by
expression with lower signal values colored blue and higher values, red. Yellow
signifies expression values equal to the control sample.
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Figure 2. Protein expression in the 6 MCL samples compared with normal
control. The y-axis is a log scale of the normalized intensity. The data points are
colored by expression with lower signal values colored blue and higher values, red
and presented by their relative level in each sample compared with the normal
control. The central line is the midpoint with the lines above and below at log-rank
increase or decrease in expression. MCL7, which had a reversed expression, is
presented on the right side of the control and is repeated twice. Note the reversed
expression of the proteins in MCL7 as marked by the color changes. Data were
analyzed with Genespring software.

control. The results obtained from MCL patient 7 and the M02058
cell line differed from the patterns observed with the other 6 MCL
samples and are reported separately in the next section. We used a
cutoff of 2-fold or higher because it has been the standard used in
the analysis of cDNA array data. Using this cutoff, the microarrays
identified 13 dysregulated polypeptides in at least 4 (66%) of the 6
samples with similar expression patterns (Table 2). All 13 polypeptides were overexpressed in the MCL cells compared with the
normal tonsillar B lymphocytes (Figure 3). These polypeptides
included cell cycle regulators such as MDM2 and RCC1; chaperone proteins such as Hsp10 and Hsp90; and phosphatase/kinase
regulators such as AKAP149, PP5, inhibitor 2, and CRIK.
However, since protein expression levels up-regulated by less
than 2-fold may still constitute important functional changes, we
analyzed the data using higher than 1.3-fold expression difference.
The higher than 1.3 cutoff was determined by the manufacturer as a
significant value for up-regulated proteins. Using this cutoff, 77 of
512 polypeptides were identified as up-regulated in MCL compared
with normal control (Table 3). These included polypeptides in-
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Figure 3. Expression levels of the 13 overexpressed proteins in the MCL
samples compared with control. The data points are colored in red/orange
indicating overexpression. The samples are numbered 1 to 7. MCL7 showed
reversed expression pattern compared with the other 6 MCL samples. MCL7 was
repeated twice and demonstrates consistent expression pattern. Data were analyzed
with Genespring software.

volved in the phosphatidylinositol 3–kinase (PI3K) pathway, the
proteosome/ubiquitin pathway, the modulation of apoptosis, cell
cycle regulation (including cyclin D1), and other signaling pathways. MCL sample 7 demonstrated a relatively reversed pattern of
expression, with proteins that are overexpressed in all other
samples showing a lower expression in this sample on 2 separate
occasions (Figures 2 and 4). For example, Hsp90, MDM2, and
many other proteins that were identified as up-regulated in the 6
samples were underexpressed in sample 7. The cell line M02058
also exhibited down-regulation of Hsp90 and Hsp10 compared
with normal B-cell control. These polypeptides were identified as
up-regulated in the MCL patient samples.
Validation of the results

To validate the results of the protein microarray, studies on
reproducibility and protein expression were performed by 2 other
standard techniques—Western blotting (immunoblotting) and immunohistochemistry. To assess reproducibility, protein from the
normal B cells was labeled with Cy3 and Cy5 on the same slide and
no difference was found between the 2 samples (data not shown),
indicating equal labeling of the proteins by the 2 fluorescent dyes.

Table 2. Higher than 2-fold change in at least 66% of the 6 MCL patients
Protein

Corresponding gene

Function

RCC1 (regulator of chromosome condensation)

CHC1

Cell cycle, DNA binding, Ran guanyl-nucleotide exchange factor

p43/EMAPII (multisynthetase complex auxiliary component p43)

SCYE1

Chemotaxis, cell-cell signaling, inflammatory response

Inhibitor 2

PPP1R2

Type 1 serine/threonine-specific protein phosphatase inhibitor activity

AKAP149 (A kinase anchor protein 1, mitochondrial precursor)

AAKAP149

Protein kinase A anchoring activity

CHD3 (chromodomain helicase-DNA-binding protein 3)

CHD3

ATP-dependent DNA helicase activity, ATP binding

PP5 (protein phosphatase 5)

PPP5C

Protein phosphatase type 2C activity, involved in p53 and Hsp90

Caspase-7

CASP7

Apoptosis
Protein folding, chaperone protein

activity
precursor

regulation
Hsp10 (heat shock protein 10)

HSPE1

MDM2 (murine double minute 2)

MDM2

Negative regulation of cell proliferation, oncogenesis

Hsp90 (heat shock protein 90)

HSPCA

Protein folding, chaperone protein

SH2B (SH2-B homolog)

SH2B

Growth factor, cytokine, and immunoreceptor signaling

CRIK (citron Rho-interacting kinase)

CIT

Small GTPase regulatory/interacting protein activity

Per2 (period circadian protein 2)

PER2

Regulator of circadian expression of VEGF mRNA in hypoxic tumors

CHC1 indicates chromosome condensation 1; SCYE1, small inducible cytokine subfamily E, member 1 (endothelial monocyte-activating); PPP1, protein phosphatase 1,
regulatory (inhibitor) subunit 2R2; AKAP1, A kinase (PRKA) anchor protein 1; CHD3, chromodomain helicase DNA binding protein 3; ATP, adenosine triphosphate; PPP5C,
protein phosphatase 5, catalytic subunit; CASP7, caspase-7, apoptosis-related cysteine protease; HSPE1, heat shock 10-kDa protein 1 (chaperonin 10); MDM2, Mdm2,
transformed 3T3 cell double minute 2, p53 binding protein (mouse); HSPCA, heat shock 90-kDa protein 1; SH2B, Src homology 2B; CRIK, citron (rho-interacting,
serine/threonine kinase 21); PER2, period homolog 2; and VEGF, vascular endothelial growth factor.
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There were 2 MCL samples analyzed on multiple occasions and the
results were highly reproducible (data not shown).
In an attempt to further validate the results of the antibody
arrays, Western blot analysis and immunohistochemistry were
performed on the same samples used for the protein microarray
analysis. Figure 4 demonstrates the expression of RCC1, p43/
EMAPII precursor, procaspase-7, inhibitor 2, Hsp90, AKAP149,
cyclin D1, Rb2, procaspase-8, and actin by Western blot analysis
using additional aliquots of the same protein extracts used for the
antibody arrays. These aliquots were available for 5 of the 7 MCL
patients. As a control, 2 separately processed aliquots of protein
from the normal tonsil were included on the same blot. All lanes

were loaded with 50 g protein. Results of this analysis demonstrated that RCC-1, p43/EMAPII precursor, caspase-7, and inhibitor 2 were all overexpressed in a majority of the MCL samples
compared with control B cells. In contrast Rb2 and procaspase-8,
which were not identified as overexpressed proteins by the
antibody arrays, were also not overexpressed on the Western blots.
Although some of the predictions of the arrays were confirmed,
immunoblotting also demonstrated that the antibody arrays had
both false positives and false negatives. While the antibody arrays
indicated that Hsp90 was up-regulated 2-fold in the MCL samples,
this was not evident on the immunoblots. A similar discrepancy
was observed with AKAP149. These results demonstrate the

Table 3. Higher than 1.3-fold change in at least 66% of the 6 MCL patients identified 77 proteins
Protein

Corresponding gene

Molecular function

RCC1 (regulator of chromosome condensation)

CHC1

DNA binding, Ran guanyl-nucleotide exchange factor activity

p43/EMAPII (endothelial monocyte-activating polypeptide II)

SCYE1

Chemotaxis, cell-cell signaling, inflammatory response

Inhibitor 2

PPP1R2

Type 1 serine/threonine-specific protein phosphatase inhibitor

AKAP149 (A-kinase anchor protein 149)

AKAP1

Protein kinase A anchoring activity

CHD3 (chromodomain helicase DNA binding protein 3)

CHD3

ATP-dependent DNA helicase activity, ATP binding

PP5 (protein phosphatase 5)

PPP5C

Protein phosphatase type 2C activity, involved in p53 and Hsp90

Caspase-7/Mch3 (modifier of chinchilla 3)

CASP7

Apoptosis

Hsp10 (heat shock protein 10)

HSPE1

Protein folding, chaperone protein

SH2B (Src-homology-3)

SH2B

Growth factor, cytokine, and immunoreceptor signaling

MDM2 (murine double minute 2)

MDM2

Negative regulation of cell proliferation, oncogenesis

Hsp90 (heat shock protein 90)

HSPCA

Protein folding, chaperone protein

PKA c (protein kinase A)

PRKACA

Protein-tyrosine kinase activity

CRIK (citron Rho-interacting kinase)

CIT

Small GTPase regulatory/interacting protein activity

Per2 (period circadian protein 2)

PER2

Regulator of circadian expression of VEGF mRNA in hypoxic

Neurexin I

NRXNI

Receptor activity

Crk (Proto-oncogene C-Crk)

CRK

Adaptor in tyrosine kinase signal transduction

CDC25C (M-phase inducer phosphatase 3)

CDC25C

Prenylated protein tyrosine phosphatase activity

CPG16/CaM kinase VI (calcium calmodulin dependent kinase

DCAMKL1

Protein serine/threonine kinase activity

G3BP (Ras-GTPase-activating protein binding protein 1)

G3BP

Ras protein signal transduction

CDC34 (ubiquitin-conjugating enzyme E2-32 kDa complementing)

CDC34

Ubiquitin-protein ligase activity

BRUCE (baculoviral IAP repeat-containing 6)

BIRC6

Cysteine protease inhibitor activity, ubiquitin conjugating enzyme

p73a (p73 alpha)

TP73

Transcription factor activity

PKC i (protein kinase C i)

PRKCI

Atypical protein kinase C activity

Neurotensin receptor 3

NT

Induces migration

La protein (Sjogren syndrome antigen B)

SSB

Ribonuclear protein complex

Rag-1 (V(D)J recombination activating protein 1)

RAG1

Endonuclease activity, DNA binding

Cadherin-5

CDH5

Calcium ion binding, cell adhesion molecule activity

FADD (Fas-associating protein with death domain)

FADD

Induction of apoptosis

TBP (TATA box-binding protein)

TBP

DNA binding, RNA polymerase II transcription factor activity

Maspin

SERPINB5

Serine protease inhibitor activity

CTBP2 (C-terminal binding protein 2)

CTBP2

2-Hacid DH; oxidoreductase activity

Calnexin

CANX

Calcium ion binding, chaperone activity

SMRT (silencing mediator of retinoic and thyroid hormone

NCOR2

Myb_DNA-binding

MST3 (serine/threonine-protein kinase 3)

MST3

Apoptosis regulation

FBP (fructose 1,6-bisphosphate)

FUBP1

Transcription factor activity

Mena (enabled protein homolog)

ENAH

Regulation of cell motility and adhesion

Rap 2 (Ras-related protein Rap-2)

RAP2B

RAS small monomeric GTPase activity

Topoisomerase II a

TOP2A

DNA metabolism

PYK2 (pyruvate kinase 2)

PTK2B

Protein tyrosine kinase activity

Pericentrin

PCNT2

Structural constituent of cytoskeleton

Karyopherin b

KPNB1

Zinc ion binding, protein transporter activity

eIF-4g (eukaryotic translation initiation factor 4 gamma)

EIF4G1

Translation factor activity

Erp72 (protein disulfide-isomerase A4 precursor)

ERp72

Endoplasmic reticulum protein, chaperone protein

Neurogenin 3

NEUROG1

Transcription factor

precursor
activity

regulation

tumors

CPG16)

activity, apoptosis inhibitor activity

receptors)
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Table 3. Higher than 1.3-fold change in at least 66% of the 6 MCL patients identified 77 proteins (contd)
Protein

Corresponding gene

Molecular function

IkBa/MAD-3 (NF-kappaB inhibitor alpha)

NFKB1A

Transcription factor binding

GSK-3B (Glycogen synthase kinase-3 beta)

GSK3B

Regulates atypical PKC regulation of cell polarity, apoptosis

DNA topoisomerase II b

TOP2B

DNA topoisomerase type II activity

MCM6 (DNA replication licensing factor MCM6)

MCM6

DNA binding, DNA dependent ATPase activity

Nexilin

Nexilin

Actin binding protein

KIF3B (kinesin-like protein KIF3B)

KIF3B

Kinase, microtubule motor activity

PTPIC (protein-tyrosine phosphatase, non-receptor type 6)

PTPN6

Protein tyrosine phosphatase activity

PTEN/MMAC1 (phosphatase and tensin homolog deleted on

PTEN

Phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase activity,

JAM1

Intracellular junction

chromosome 10)
JAM1 (junctional adhesion molecule 1 precursor)

protein tyrosine phosphatase activity

DP103/Gemin3 (probable ATP-dependent RNA helicase DDX20)

DDX20

DNA binding, ATP-dependent RNA helicase activity

Sam68 (substrate of Src in mitosis)

SAM68

Transcription, RNA splicing, cell cycle regulation

NABC1 (breast carcinoma amplified sequence 1)

NABC1

Ion transporting protein

GRB14 (growth factor receptor-bound protein 14)

GRB14

SH3/SH2 adaptor protein activity

MLH1 (MutL homolog 1)

MLH1

ATP binding

GM130 (Golgi matrix protein of 130 kDa)

GOLGA2

Peripheral membrane protein associated with the Golgi bodies

mEPHX (microsomal epoxide hydrolase)

EPHX1

Epoxide hydrolase activity

b-tubulin

TUBB

Structural constituent of cytoskeleton

JAK 1 (Janus kinase 1)

JAK1

Protein-tyrosine kinase activity

SMAC (second mitochondria-derived activator of caspases)/DIABLO

SMAC

Apoptosis

(Diablo homolog, mitochondrial precursor)
IGFBP-3 (insulin-like growth factor binding protein 3 precursor)

IGBP3

Insulin-like growth factor binding

14-3-3e

14-3-3

Apoptosis

DP-1 (Dodeca-satellite-binding protein 1)

TFDP1

Transcription factor activity, cell cycle regulation

Cyclin D1

CCND1

Cell cycle regulation

FYB (FYN-binding protein)/SLAP-130 (Src-like adaptor protein 130)

SLAP130

SLP76-associated phosphoprotein

SRPK1 (SFRS protein kinase 1)

SRPK1

Protein serine threonine kinase activity

Kalinin B1

LAMB3

Cell laminin

L1 (deferiprone)

L1CAM

Cell adhesion

XCCR4 (X-ray repair complementing defective repair in Chinese

XCCR4

X-ray repair

hamster cells 4)
P54nrb (54 kDa nuclear RNA-and DNA-binding protein)

P54NRB

Nuclear RNA binding protein

PKA R1 (cAMP-dependent protein kinase type I regulatory subunit)

PRKAR1B

c-AMP-dependent protein kinase

Carboxypeptidase E

CPE

Metallopeptidase activity, hydrolase activity, carboxypeptidase

MST1 (hepatocyte growth factor-like protein precursor)

MST1

Serine threonine kinase

PTP1D/SHP2 (Protein-tyrosine phosphatase, non-receptor type 11)

PTP1D

PI3K signaling pathway

activity

GTPase indicates guanosine triphosphatase; SLP76, SH2-containing leukocyte protein; and c-AMP, cyclic adenosine monophosphate.

importance of confirming predictions of the arrays by an independent method. As an alternative approach to validating results of the
antibody arrays, protein expression in MCL and normal tonsil was
also examined by immunohistochemistry. Figure 5 demonstrates
the expression of CRIK, Hsp90, and MDM2 in the paraffinembedded tissue from the same biopsies used for the protein array
analysis. Consistent with the results of the antibody arrays,
increased staining for CRIK and MDM2 was observed in MCL
samples. As was the case with immunoblotting, immunohistochemistry failed to demonstrate elevated Hsp90. Consistent with the
results of the antibody arrays, immunohistochemistry failed to
detect up-regulation of Bcl-xL, Paxillin, Rb-2, and KU-80. Further
analysis (Figure 6) demonstrated that the levels of Hsp90, MDM2,
cyclin D1, and CRIK in the control tonsil sample used for the
protein arrays are similar to those observed in other tonsillar
tissues, indicating that these protein levels are confirmed in
multiple control samples.

Discussion
Despite the advances in understanding of the molecular pathogenesis of MCL, treatment remains inadequate.5 Accordingly, there is

considerable interest in elucidating the molecular pathways that
contribute to resistance to apoptosis and resistance to therapeutic
interventions in MCL. A large body of information has been
recently generated using transcriptional profiling in B-cell lymphomas, including MCL. However, not all changes in the mRNA
expression lead to similar changes at the protein level.17 As an
alternative, high-throughput proteomic profiling of cancer cells
might yield more direct answers to the functional differences
between malignant and normal cells. With this in mind, our
objective was to use antibody-based protein microarrays to characterize the expression of polypeptides in MCL that might contribute
to the biology of this neoplasm.
When a 2-fold or higher change in 4 of the 6 samples analyzed
was used as a cutoff, the microarrays predicted 13 overexpressed
proteins in MCL (Table 2). These included RCC-1, procaspase-7,
CRIK, MDM2, inhibitor 2, and p43/EMAP. Overexpression of
each of these in MCL compared with normal B cells was confirmed
by immunoblotting or immunohistochemistry (Figures 5-6). The
potential contributions of these polypeptides to MCL are discussed in the next section.
Because antibody arrays represent a new technology for the
study of lymphoid malignancies, it is important to understand their
possible limitations. Our results suggest that antibody microarrays

From www.bloodjournal.org on May 26, 2019. For personal use only.
3728

GHOBRIAL et al

Figure 4. Immunoblotting analysis was performed to confirm the expression of
several proteins identified in protein microarrays by using the rest of the total
protein extracted for the microarray procedure. Protein from control Blymphocyte extracts was loaded twice (normal tonsil) on each side of the gel. The
nitrocellulose blots were probed with monoclonal anti-RCC1, p43/EMAPII precursor,
procaspase-7, inhibitor 2, Hsp90, AKAP149, cyclin D1, Rb2, and procaspase-8.
Loading control was performed with antiactin antibody (bottom row).

predict both false negatives and false positives. Cyclin D1 might be
considered a false negative. According to the microarrays, cyclin
D1 was increased in the MCL samples at a mean INR value of 1.66
higher than control cells (range, 0.9-3.3). Therefore, cyclin D1 was
not identified as up-regulated when a 2-fold or higher elevation was
used as a cutoff, but was identified using a higher than 1.3-fold
cutoff. In contrast, cyclin D1 was readily detected by immunoblotting in 4 of the 5 MCL specimens examined but not in tonsillar B
cells. Although, the 2-fold cutoff may increase the specificity of the
microarray technique, it failed to identify polypeptides that are
moderately up-regulated but are important in the pathogenesis of

BLOOD, 1 MAY 2005 䡠 VOLUME 105, NUMBER 9

the disease, such as cyclin D1. On the other hand, Hsp90 appears to
represent a false positive. Neither immunohistochemistry nor
immunoblotting detected changes in Hsp90. Likewise, immunoblotting failed to detect up-regulation of AKAP149. While it would be
convenient to attribute this discrepancy to lack of sensitivity of
blotting to quantitative changes, the techniques used to probe these
blots have recently yielded correlation coefficients of up to 0.99
when signal intensity and relative protein amount of a series of
diluted standards are compared.18
These results are consistent with previous reports indicating
deficiencies of sensitivity and specificity of protein microarray
techniques.13 Therefore, we believe that confirmatory studies with
conventional methodologies such as immunoblotting, immunohistochemistry, or ELISA are essential to validate the results of protein
microarrays.
Because the analysis of the data depends on comparing ratios of
malignant cells to normal control cells, we used B cells derived
from a single control to allow comparison between the level of
proteins across the different MCL samples. Immunohistochemistry
confirmed that the levels of polypeptides detected in the control
sample used in the microarray analysis are comparable with several
other control tonsils. Tonsillar cells have been used in previous
gene expression analyses and represent one of the best control cells
available for mantle zone B cells. They are preferable to circulating
B cells because they contain B cells in a tissue context with all of
the signaling events that are inherent in cellular interactions.
Nonetheless, it is important to acknowledge that some proteins may
have been up-regulated in the tonsillar tissue due to chronic
inflammation, obscuring their up-regulation in the MCL samples
compared with the tonsillar B cells.
One sample in this study (MCL7) expressed a protein pattern
that was reversed compared with the other 6 samples. For example,
Hsp90, MDM2, and many other proteins up-regulated in the 6
samples were underexpressed in sample 7. The experiments were
repeated on 2 separate occasions with the same results. This patient
was heavily pretreated with multiple chemotherapies and autologous stem cell transplantation 3 years prior to the collection of the

Figure 5. Immunohistochemistry analysis to confirm the presence of the expression of the proteins in the MCL samples and confirm the absence of expression
differences in other proteins not detected by the protein microarray. Paraffin-embedded tissue biopsies available from the same patients were analyzed using antibodies
to human proteins: CRIK-L, Hsp90, and MDM2 (A); Rb2, KU80, Paxillin, and Bcl-x (B). Images were visualized under an Olympus IX70 inverted microscope equipped with
objective lenses from 20 ⫻/0.40 and 60 ⫻/0.70 (Olympus, Tokyo, Japan). A MagnaFire digital camera (model 599806) and MagnaFire software version 4.1 were used to
capture images (Olympus).
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Figure 6. Immunohistochemistry analysis of RCC-1, Hsp90, and MDM2 in
several tonsillar tissues. This indicates that the expression of proteins detected in
the control sample used in the array analysis is similar to other tonsillar tissues.
Image acquisition was performed as in Figure 5.

sample, which was confirmed to be a relapse of MCL. The results
from patient 7 indicate that there will likely be heterogeneity in
protein expression when larger numbers of MCL patients are
studied. Whether this heterogeneity will correlate with disease
activity or provide insights into the mechanisms of disease
progression in MCL remains to be determined.
The expression data obtained from the MCL cell line MO2058
also failed to correlate with the patient samples. This lack of
correlation might reflect both the effect of the microenvironment on
the malignant cells in clinical specimens and the molecular changes
that occur during derivation of a continuously cycling immortal
cell line. These observations suggest that it is important to analyze
primary cells obtained from tumor samples rather than cell lines
when proteomic profiling of malignant cells is being performed.
Among the polypeptides correctly identified by the antibody
microarrays as being dysregulated in MCL compared with normal
B cells are several that might contribute to the pathogenesis of
MCL. These include cell cycle regulators such as RCC1 and
MDM2, the cytokine p43/EMAPII, and signal transduction regulators such as inhibitor 2 and CRIK.
The MDM2 protein is an E3 ubiquitin ligase that regulates
levels of the tumor suppressor protein p53. Up-regulation of
MDM2 has been shown to contribute to myc-induced lymphomagenesis in a mouse model.19,20 In MCL, MDM2 overexpression might not only participate in tumorigenesis, but also diminish
the ability of DNA damage to up-regulate p53 and its downstream
proapoptotic transcriptional targets, thereby contributing to drug
resistance. Consistent with this hypothesis, MDM2 overexpression
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has been detected in a variety of NHLs,21-25 including MCL,25 with
particularly high levels in relapsed24 or poor prognosis cases.22
Results of the present study are consistent with these previous
observations, providing some assurance that the up-regulated
polypeptides described in the present study are truly up-regulated.
In light of these observations, it is interesting to speculate
whether the other polypeptides that are most highly up-regulated in
MCL might contribute to the pathogenesis of this disorder. RCC1 is
a 45-kDa guanine nucleotide exchange factor that contributes to
nuclear localization and activation of the small GTP-binding factor
Ran.26,27 Because expression of RCC1 is required for DNA
synthesis,28,29 the up-regulation of RCC1 observed in the MCL
samples might reflect entry into G1 as a consequence of cyclin D1
overexpression. p43/EMAPII is a cytokine30 that has recently been
reported to induce lymphocyte apoptosis.31,32 Because recent
studies have implicated EMAPII in tumor-induced immunosuppression,32 it is possible that p43/EMAPII overexpression helps MCL
evade the immune system and contributes to resistance of MCL to
immunotherapeutic approaches. Protein phosphatase inhibitor-2
serves dual functions in signal transduction pathways. It was
initially identified as an inhibitor of type 1 protein phosphatases
(PP1),33 which dephosphorylate and inactivate a variety of signal
transduction components, including the antiapoptotic kinase Akt.34
More recently inhibitor-2 has also been identified as an allosteric
activator of Aurora A, a kinase required for cell cycle progression
through late G2 and M phases of the cell cycle.35 Accordingly,
inhibitor-2 overexpression would be predicted to enhance antiapoptotic signaling through the Akt pathway as well as promote cell
cycle progression. CRIK is a recently identified Rho-A–dependent
kinase.36 The Rho subfamily GTPases mediate actin cytoskeleton
organization, motility, and cell cycle progression. Activated mutants of Rho-A family proteins have been implicated in carcinogenesis.37 Thus, several of the up-regulated polypeptides could conceivably contribute to the pathogenesis of MCL.
In summary, high-throughput antibody-based protein microarrays represent a new and potentially useful technology for analyzing differences between malignant cells and normal controls. As
illustrated in the present study, confirmation with other methods of
protein detection such as immunohistochemistry and immunoblotting is required. This study shows overexpression of polypeptides
involved in cell-cycle regulation (RCC1), p53 regulation (MDM2),
phosphatase regulators (inhibitor 2), and kinases such as CRIK in
MCL. Aside from MDM2, overexpression of these polypeptides in
MCL was previously unknown. Whether these observations can be
exploited for therapeutic benefit or predicting prognosis remains to
be determined in future studies.
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