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A molecular compendium of genes expressed in multiple myeloma
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We have created a molecular resource of
genes expressed in primary malignant
plasmacells using acombination of cDNA
library construction, 5’ end single-pass
sequencing, bioinformatics, and microar-
ray analysis. In total, we identified 9732
nonredundant expressed genes. This data-
set is available as the Myeloma Gene Index
(www.uhnres.utoronto.ca/akstewart_lab).
Predictably, the sequenced profile of my-
eloma cDNAs mirrored the known func-
tion of immunoglobulin-producing, high-
respiratory rate, low-cycling, terminally
differentiated plasma cells. Nevertheless,
approximately 10% of myeloma-expressed
sequences matched only entries in the
database of Expressed Sequence Tags

(dbEST) or the high-throughput genomic
sequence (htgs) database. Numerous
novel genes of potential biologic signifi-
cance were identified. We therefore spot-
ted 4300 sequenced cDNAs on glass
slides creating a myeloma-enriched mi-
croarray. Several of the most highly ex-
pressed genes identified by sequencing,
such as anovel putative disulfide isomer-
ase (MGC3178), tumor rejection antigen
TRAL, heat shock 70-kDa protein 5, and
annexin A2, were also differentially ex-
pressed between myeloma and B lym-
phoma cell lines using this myeloma-
enriched microarray. Furthermore, a
defined subset of 34 up-regulated and 18
down-regulated genes on the array were

able to differentiate myelomafrom nonmy-
eloma cell lines. These not only include
genes involved in B-cell biology such as
syndecan, BCMA, PIM2, MUM1/IRF4, and
XBP1, but also novel uncharacterized
genes matching sequences only in the
public databases. In summary, our ex-
pressed gene catalog and myeloma-
enriched microarray contains numerous
genes of unknown function and may
complement other commercially avail-
able arrays in defining the molecular por-
trait of this hematopoietic malignancy.
(Blood. 2002;100:2175-2186)
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Introduction

Multiple myelomaisan incurable B-cell neoplasia characterized by
the dysregulated clonal expansion of malignant plasma cells.
Neoplastic transformation in multiple myeloma is believed to
originate in illegitimate immunoglobulin heavy chain (IgH) switch
recombinations. This seminal event results in the translocation of
oncogenes to the IgH locus on 14g32. At least 5 genes have been
identified as primary, nonrandom translocation partners. These
genesinclude Bcl-1/PRAD-1/cyclin D1 (11g13),t cyclin D3 (6p21),2
FGFR3-MMSET (4p16.3),° c-maf (16g23),* and mafB (20q11).5
Deletions of chromosome 13 are also common® and appear early in
the disease course. During the ensuing progression of the disease,
additional karyotypic instability devel ops and mutations or dysregu-
lation in expression of genes such as c-myc, N-ras, K-ras, FGFR3,
and p53 occur (reviewed by Bergsagel and Kuehl?). Nevertheless,
little is understood about the progressive genetic events that result
in the propagation of multiple myeloma. To address this issue, we
have constructed unidirectional cDNA libraries from high-purity
CD138" patient-derived plasma cells to develop a compendium of
malignant plasma cell-expressed genes. Single-pass sequencing of
the 5’ ends of randomly picked clones from these libraries has

alowed usto identify approximately 4611 genes that are expressed
in myeloma cells. From this dataset, we have subsequently
developed a 4300 myeloma gene—enriched cDNA microarray. An
additional 5121 genes identified by stringent microarray hybridiza-
tion expanded our catalog of myeloma-expressed genes (Myeloma
Gene Index) to 9732 nonredundant genes. We describe here the
results of our high-throughput sequencing effort, the contents of
our catalog of expressed genes in myeloma with an emphasis on
novel gene discovery, and the validation of a myeloma-enriched
microarray created from this dataset.

Materials and methods

Patient samples

Mononuclear cells from the bone marrow aspirates of 7 myeloma patients
and the peripheral blood mononuclear cells from a patient with de novo
plasmacell leukemiawere isolated using Ficoll-HyPague reagent (Pharma-
ciaBiotech, Baie d' Urfe, QC). CD138" cells were enriched from patients’
mononuclear cells by magnetic cell sorting system (MACS) (Miltenyi
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Biotec Canada, Hamilton, ON) according to the manufacturer’s instruc-
tions. Cells were immediately processed for RNA extraction or stored
resuspended in Trizol reagent (Gibco, Bethesda, MD) at —80°C for no more
than 16 hours. No patients were newly diagnosed, and most were studied at
the time of relapse or refractory disease. Malignant plasma cells from bone
marrow aspirates varied between 10% to 89% prior to sorting. Total RNA
from patient samples was extracted using Trizol reagent (Gibco). PolyA
RNA was purified from total RNA using QuickPrep mRNA extraction kit
(Pharmacia Biotech).

Complementary DNA library construction

Two oligo d(T)—primed, unidirectional libraries called PCL and MY E were
constructed using methods previously described by our group.® The PCL
library was derived from the myeloma cells of a plasma cell leukemia
patient (> 95% myeloma), and the MYE library was constructed from
purified CD138" cellsfrom 2 myeloma patients’ bone marrow.

Sequence data acquisition and analysis

Clones from the primary library were plated, randomly picked, and eluted
into SM buffer (0.01 M NaCl, 10 mM MgSO,, 0.05 M Tris-HCl [pH 7.5],
0.01% gelatin). Single-pass sequencing of the 5’ end of cDNAs was
performed on 2 pL of polymerase chain reaction (PCR) products as
described previously using a primer nested within the forward PCR
primer.8 Subtraction prior to sequencing was performed by hybridization
using a probe cocktail that includes immunoglobulin A and « light chain,
mitochondrial DNA, elongation factor la, B-microglobulin, and Alu
repeat sequences.

Sequence data generated were compared using the Blast algorithm?® againgt
NCBI (Nationa Center for Biotechnology Information) nonredundant database
(nr), the database of Expressed Sequence Tags (dbEST), the high-throughput
genomic sequence database (htgs), the Human Genome database, the Reference
Sequence database (Ref Seq), and UniGene database. Assignment of putative
identities required aminimum Blastn E value = 10~ %,

Myeloma 4300 microarray preparation

Following bioinformatics analysis, a list of cDNA clones with minimum
redundancy was prepared. These clones were individually PCR amplified,
quality screened on agarose gel, and subsequently purified using a 96-well
plate PCR purification kit (Telechem, Sunnyvale, CA). After purification,
al sampleswerelyophilized to dryness and then resuspended in 3 X SSC to
afinal concentration of 100 ng/p.L. Samples were spotted on CMT-GAPS-
coated glass slides (Corning, Corning, NY) at the facilities of the Ontario
Cancer Ingtitute (OCI) Microarray Centre, University Health Network
(UHN) (http://www.microarray.ca) using high-precision roboticswith Stealth
microspotting tips (Telechem).

Microarray hybridization

Materialsand detailed protocolsfor hybridization using generic OCl 19000 array
and 4300 myedloma glass dide cDNA microarrays can be obtained from the
website of the OCI Microarray Centre (http://www.microarray.calprotocols). For
hybridization on the OCI 19000 array, 1 wg mRNA from samples used to
construct the MY E and PCL librarieswas labeled with Cy5, and 1 g reference
mRNA from the bone marrow mononuclear cells from a hedthy donor was
labeled with Cy3. Additiona CD138* myeloma from patient bone marrow
samples (n = 5) was amplified using a previoudy published RNA amplification
method.1° For the 4300 MyelomaArray, totdl RNA from myelomacell lineswas
labeled with Cy5, and a reference tota RNA pool was labeled with Cy3. Our
reference RNA pool of 10 hematopoietic cell lines included progenitor cell line
KG1-a 4 lymphoma cel lines (U937, Namawa, L540, Daudi), a lymphoblast
cdl line IM9, and 4 myeloma cell lines (H929, OCI-My5, KMSI11, U266). The
reference samples described here are designed to hybridize to the maximum
number of spotson thearray, providing reference signalswith whichto normalize
experimental samples. Experimental samples performed at different time points
arethen directly comparable with one another. The experimenta samplesare not
being compared with the reference pool for differentia expression.
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Scanning and quantification

Slides were scanned on a scanning laser fluorescence confocal microscope
(ScanArray 4000XL) (Perkin Elmer, Fremont, CA). Individua 16-bit TIFF
images were obtained by scanning for each of the 2 fluors. An overlay
image of the 2 images was created and quantified using Scanalyze
(Stanford) software.

Data analysis

Datawere stored in and analyzed with the GeneTraffic Microarray Database
and Analysis System (lobion Informatics, La Jolla, CA) as well as the
Significance Analysis for Microarrays (SAM) Program.* Scanned 16-bit
TIFF images representing each hybridized microarray dlide and the
associated quantification data files were entered into the local GeneTraffic
database with a complete annotation of the experiments based on the
current MIAME standards for microarray experiments (www.mged.org).

Individual spots had to pass a number of quality criteria to be included
in the data analysis. Spots failing any of these filtersin both channels were
excluded from further analysis, while spots failing these filters in only one
channel were flagged in the dataset and analyzed separately. Each hybridiza-
tion dataset was normalized using lowess subarray normalization in
GeneTraffic (http://oz.berkeley.edu/tech-reports/). Lowess normalization
uses a local weighted smoother to generate an intensity-dependent normal-
ization function. Each subarray or grid is normalized individualy. The
resultant normalized log, ratios were used for statistical analysis.

Unsupervised Cluster Analysis

Hierarchical clustering was applied to the entire matrix of spotted cDNAs
and cell lines. The log ratios of each cDNA clone were centered by
subtracting the arithmetic mean of all ratios for that clone. Clustering was
run using Pearson correlation coefficient as a similarity metric and average
linkage clustering.? The result of this unsupervised analysis are 2
dendrograms—one indicating the similarity between cell lines and the other
indicating the similarity between genes. This hierarchica cluster was
visualized in GeneTraffic as a 2-dimensional heat map. In the 2-dimen-
sional view the genes and cell lines are ordered according to the
dendrograms while the color at each position indicates the level of gene
expression for asingle cDNA inacell line.

Supervised SAM analysis

To identify the genes that are most significantly different between the
myeloma and nonmyeloma cell lines, we employed 2-class SAM analysisit
with a false discovery rate of 0.5%. The SAM analysis was performed on
each unique spot. To increase our confidence level, only those clones in
which both replicate spots were found significant were selected. The results
from this analysis were then resolved using hierarchical clustering as
described above and visualized using a 2-dimensional heat map and
3-dimensional landscape view. The additional dimension in the 3-dimen-
sional landscape indicates the level of gene expression. This view gives an
excellent sense of the variability in the heat map.

Results
Database of sequenced myeloma cDNAs

We used a combination of cDNA library construction, 5’ end
single-pass sequencing, bioinformatics, and microarray hybridiza-
tion techniquesto devel op the Myeloma Gene Index. Two unidirec-
tional, oligo d(T)—primed myeloma cDNA libraries were con-
structed from patients CD138* cells and from malignant cells
from an individual with plasmacell leukemia. From these libraries,
we obtained single-pass sequence information from the 5’ ends of
6622 cloned sequences. Clustering of all 6622 expressed sequences
in our dataset using TIGR Assembler generated 4568 informative
sequences (268 contigs; 4300 sequences did not cluster; plus 186
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have an ambiguous base sequence). Blast analysis of these
sequences to the NCBI nonredundant database (nr), the database of
Expressed Sequence Tags (dbEST), the high-throughput genomic
sequence database (htgs), the Human Genome database, the
Reference Sequence database (Ref Seq)), and Unigene showed that
close to 7% of all sequences obtained did not have a significant
match in al the databases searched (Figure 1A). The identities of
some of these sequences can be inferred from subsequent microar-
ray analysis. A high proportion (31%) of this group of sequences
clustered with immunoglobulin \, k, and heavy chain genes,
suggesting that these sequences may be somatically mutated
immunoglobulins (data not shown). The identity of the remaining
69% unmatched sequences (about 5% of total) cannot currently be
determined. However, some of these sequences may have errors
introduced by single-pass sequencing and may have insufficient
lengths to provide a statistically significant Blastn E value and
therefore did not meet our minimum cutoff value of 1 X 10710, A
further 1.6% of myeloma-expressed sequences matched only
entries in dbEST, and 9.5% of clones only matched sequences in
the high-throughput genomic sequence (htgs) database (Figure
1A). Both these groups of sequences could not be confidently
classified within any existing Unigene cluster. Therefore, the
former group of sequences may contain rare genesthat have not yet
been studied or characterized, and the latter group represents genes
that may not have been annotated in the public databases or have
not been previously identified. Junk segquences such as ribosomal
RNA, Alu repeats, and vector sequences constituted 1.9% of
sequences. From the analysis of these sequences, there are approxi-
mately 4611 unique genes, representing about 13% of al human
genes. Considering that the sequencing effort was not comprehen-
sive and because only 3 patient samples were used in the
construction of the library for sequencing, this figure is clearly an
underestimate of the transcriptional phenotype of myeloma cells.
Nevertheless, the novel characteristics of many of these cDNAs

rAlus, rRNA, vector (1.9%)
No hits (7.2%)

A

-\ Mitochondrial encoded
| genes (13.6%)

Genomic clones/BACs (9.5%)

Nuclear encoded
genes (66.2%)

i ell division/Apoptosis (6.
Unclassified Cell division/A is (6.8%)

(9.8%)

Cell signaling/
communication (8.9%)

Cell structure/
motility (3.5%)

Metabolism
(13.3%)

Cell/organism
defense (26.1%)

Gene/protein
expression (31.6%)

Figure 1. Frequency analysis of single-pass sequences. Clones from the primary
myeloma libraries were plated, randomly picked, and PCR amplified. Sequencing of
the 5’ end of cDNAs was performed on 2 pL of PCR products using primers nested
within the forward PCR primer. Sequence data generated were compared using the
Blast algorithm® against Ref Seq, nonredundant GenBank/EMBL/DDBJ, high-
throughput genomic sequence (htgs), dbEST, and Unigene databases on Pentium
Pro200 Solaris x 86 platform (Micron Electronics). Assignment of putative identities
required a minimum Blastn E value = 10719, Each clone was classified based on
Blast result from database searches (A) or according to functional categories (B).
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suggest that this dataset will prove useful in mining the molecular
portrait of myelomacells or normal plasma cells and when used on
slide-based microarrays will complement currently available com-
mercial systemsin widespread use for genomic profiling.

Functional categories of gene sequences

To gain further insight into the transcriptional profile of myeloma
cells, expressed genes were assigned functional categories'3 using
the SOURCE database (genome-www5.stanford.edu/cgi-bin/SMD/
source/sourceSearch) and the Expressed Gene Anatomy Database
(www.tigr.org/tdb/egad/egad.shtml) to classify known, named
nuclear encoded genes. A notable proportion of expressed se-
quences (26.1%) were grouped as cell/organism defense and
gene/expression categories (31.6%), while only 3.5% were cata-
logued as involved in cell structure/motility. Cell division/
apoptosis genes, which include those involved in DNA synthesis/
replication, programmed cell death, chromosome structure, and
cell cycle, constituted 6.8% of all the expressed sequences (Figure
1B). Although subtraction with immunoglobulin and mitochondrial
genes was performed prior to sequencing, immunoglobulin and
mitochondrial genes still constitute most (21% and 13.6%, respec-
tively) genes sequenced. Thus, the overall frequency would
naturally, in the absence of subtraction, be even higher. Taken
together, this expression profile of immunoglobulin-producing,
high-respiratory rate, low-cycling cells is consistent with the
known function of terminally differentiated plasma cells.

Expressed genes of interest identified by 5’ sequencing

A number of interesting growth factors and cytokines were
sequenced from myeloma cells (Table 1) including B lymphocyte
stimulator Blys/BAFF,*415 MIF6 [L-16,1 TRAIL/Apo-2,81° and
VEGF.2 Receptors sequenced included transmembrane activator
and CAML interactor gene (TACI) and B-cell maturation peptide
(BCMA) (the receptors for Blys’/BAFF),2-23 homing receptor
CD44,% interferon (o, B, o) receptor-1 (IFNAR1),% colony-
stimulating factor-2 receptor 8,26 FIt-3 receptor kinase,?” and
interleukin-6 (IL-6) receptor.?2 Among expressed receptors, the
chemokine CXCR4 receptor?® was most frequently sequenced.

We found expression of c-maf in one patient sample, but other
known translocated oncogenes were not identified by sequencing,
reflecting either the incomplete nature of the sequencing effort or,
more likely, the absence of translocations in these patient samples
(primary myeloma patients have been shown by othersto contain a
known translocated oncogene only 60% of the time).” Neverthe-
less, we found numerous transcripts corresponding to genes
previously shown to play a role in myeloma, including c-myc,
IRF4/MUM1, c-maf, ras, PIM1, PIM2, and IL-6 receptor, among
others. The high expression of cyclin D2 in the PCL library isaso
interesting given that cyclin D2 translocations have been observed
in lymphoma® and potentially in myeloma.”3

Genes that are highly expressed in myeloma cells were identified
based on the number of times they were sequenced from randomly
sdlected clones. Not surprisingly, genes with high expresson include
lymphoid genes such asMHC dlass|, B,-microglobulin, immunoglobu-
lin \ light chain, « light chain, and heavy chain (Figure 2A). Consstent
with the clona origin of myeloma cells, sasmples from a plasma cell
leukemia expressed only immunoglobulin X chain, whereas pooled
samples from 2 myeloma patients expressed both immunoglobulin A
and k chains. Other highly expressed but less well characterized genes
include protein tumor-rejection antigen-1 (TRA1),%2 TSC-22R/DS Pl 3334
regulator of G protein signaling-1 (aso called B-cdll activation gene
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Table 1. Growth factors and receptors expressed in multiple myeloma
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Clone Sequence,
identification bp

Identity Accession no.

Growth factors

MYE4598 245 Amphiregulin XM_003512.2
PCL0615 386 B-lymphocyte stimulator AF132600.1
MYE3442a 274 Interleukin-16 (IL-16) NM_004513.1
PCL2103 230 Thymopoietin XM_006884.1
PCL1234 350 TRAIL, Apo-2 XM_003200.3
PCL4012 154 Pre B-cell colony-enhancing factor XM_004839.2
MYE1240 129 Endothelial differentiation—related factor-1 (EDF1) NM_003792.1
PCL5541 303 Endothelial monocyte activating polypeptide Il XM_003390.1
MYE1129 316 Macrophage migration inhibitory factor (MIF) BC008914.1
PCL5733 231 Natural killer cell enhancing factor (NKEFA) L19184
PCLO359 112 Bone morphogenetic protein-8 (osteogenic protein 2) XM_002101.3
PCL0685 540 Bone morphogenic protein-6 XM_004464.3
MYE3575a 300 Connective tissue growth factor (CTGF) XM_004525.3
PCL3410 290 CGI-149 protein (neuroendocrine differentiation factor) AF151907.1
PCL4566 275 Cytokine A3 (macrophage inflammatory protein 1-a) M23178
PCL5634 136 Glialblastoma cell differentiation—related protein XM_005458.3
PCL4537 293 Hepatoma-derived growth factor NM_004494.1
PCL4333 136 Neuromedin U-25 precursor XM_003376.3
MYE4903 198 Vascular endothelial growth factor (VEGF) AF024710.1
MYE2439a 112 Vascular endothelial growth factor B (VEGF-B) XM_006539.2
PCL0210 301 T-cell specific RANTES precursor M21121
PCL3744 325 Thymic dendritic cell-derived factor-1 AAF20283.1
Receptors
PCL1301 168 Activin A receptor, type Il (ACVR2) XM_010813.2
MYE2396 366 Signal sequence receptor (SSR2) D37991
PCL2104 130 CD14 monocyte LPS receptor NM_000591.1
PCL3525 245 CD36 (collagen type 1/thrombospondin receptor)-like-2 XM_003417.3
MYE5034 375 CD44R (Hermes antigen gp90 homing receptor) XM_006083.2
PCL2854 145 G protein coupled receptor-9 XM_010135.3
PCL5044 346 Chemokine CXC receptor-4 NM_003467.1
PCL1428 350 Colony-stimulating factor 2 receptor 3 (CSF2RB) XM_009960.1
PCL1117 334 FLT-3 receptor tyrosine kinase 726652
PCL1756 340 Similar to transient receptor potential C precursor P36951
PCL0550 245 Killer cell lectinlike receptor subfamily B XM_006630.2
MYE6597 466 Low-density lipoprotein receptor gene AF217403.1
MYE6620 185 Low-affinity Fcy receptor [IC L08109.1
PCL2593 230 MCP-1 receptor X95583
MYE4866 121 Monocyte chemoattractant protein-1 receptor (CCR2) XM_002924.3
MYE3247 395 Nuclear receptor subfamily 4, group A, member 1 XM_006843.3
MYE5016 447 Orphan G protein—coupled receptor GPRC5D XM_006896.1
MYE5080 228 Peroxisome proliferative activated receptor y AAD51615.1
PCL4232 275 Pheromone-related receptor (rat) AF053989
MYE6301 310 Vasopressin-activated calcium mobilizing putative receptor AF017061
PCL4195 309 Retinoic x receptor XM_011378.2
PCL0207 326 Toll-like receptor 6 XM_003423.3
MYE3447 289 Transmembrane activator and CAML interactor (TACI) AF023614
MYE4463 118 B-cell maturation peptide (BCMA) XM_007817.3
MYE1972 236 CSF-1 receptor U63963
PCL4591 188 Interferon (a, B, 0) receptor-1 (IFNAR1) XM_009734.2

[BL34]),%> DDX5 (DEAD/H p68 RNA helicase),®* and hypothetica
protein MGC3178 (dso annotated as UniGene Hs6101; 58 kDa
glucoseregulated protein) (Figure 2B). Further andysis of cDNA
contigs representing hypothetical protein MGC3178 reveded that it
contains thioredoxin domains and showed homology to Erp723" a
protein disulfideisomerase (Figure 3A).

Of the highly expressed genes listed in Figure 2, in silico
differential display (http://www.nchi.nlm.nih.gov/UniGene/info/
ddd.html) identified tumor-rejection antigen-1 (TRAL), regul ator of
G protein signaling-1 (RGSL), heat shock 70 kDa protein 5,
hypothetical protein MGC3178, and actin y (ACTG1) to be

statistically differentially expressed when compared with anormal
B-cell profile (data not shown).

Novel genes identified from myeloma cells by sequencing

In-depth analysis of al expressed sequences identified a number of
putative novel genes of interest (Table 2). For example, the complete
open reading frame (ORF) of a novel adaptor protein containing SH3
and SAM domains (PCLO785) was identified. Its SH3 domain has
limited homology to the same motif in CrkL. Thisgene (named HACSL)
belongs to a novel gene family that gppears to be expressed in both
malignant and normal hematopoietic cells.3® Extensive database searches
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Figure 2. Highly expressed genes based on single-pass sequence data. The
frequency of a gene in each library was calculated from 3705 MYE clones and 2917
PCL clones from a total of 6622 single-pass sequences. The frequencies of immune
system—related genes are shown in panel A, while other highly expressed genes with
frequencies higher than B-actin are shown in panel B.

aso identified a putative proapototic variant of Bim, a BH3-domain
containing Bcl-2 interacting protein.® This variant, which we caled
Bam (Figure 3B), is specific to the myelomallibrary and appearsto bea
poorly expressed transcript (unpublished data, July 2001). A myeloma
cDNA (MYE4482) dso matched uncharacterized clone 24574 in
GenBank. Further sequence andysis reveded that this clone represents
the putative human ortholog of mouse mammary tumor virus receptor
(Figure 3C). A novel SH2 domain—containing adaptor was aso identi-
fied (Figure 3D). Although its expresson was not specific to the
myelomalibrary, its SH2 domain is homologous to the SH2 domain of
T-cell-specific adaptor TSAd “° and to p56lck interacting adaptor protein
Lad,* suggesting that it may represent a novel molecule involved in
B-cell sgnaling. In addition, proteins containing functional domains
such as Trp-Asp (WD), PARP, SH2, ankyrin, plekctrin, and zinc finger
domainswereadso identified (Table 2).

Myeloma-expressed genes identified by
microarray hybridization

Given the limitations of studying libraries derived from only 3
patients in our sequencing effort, we next expanded our expressed
geneindex results using a glass slide microarray containing 19 000
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random cDNAs produced by the Ontario Cancer Institute (OCI)
Microarray Centre. RNAs from 5 CD138* sorted primary patient
samples were used for hybridization, and expressed genes were
catalogued using stringent screening criteria. For example, weak
spots (channel intensity of < 1000) and spots having inconsistent
results as duplicates were screened out. Spots having intensity
coming from only a few bright pixels were filtered out, and only
those that passed a threshold value of 1.5 X above background
were chosen. These strict criteria narrowed the number of ex-
pressed genes from microarray hybridization to 5822, representing
about 31.0% of genes on the random 19000 OCI microarray.
Comparing the known named genes from our sequencing effort and
the 19000 array, 701 genes were present in both datasets. Of these,
100% of the genes were always detected on the 19000 microarray
analysisusing primary patient samples, albeit some were expressed
at low levels. However, 32% were clearly present in at least 80% to
100% of patients using our stringency criteria. Combined with our
sequencing data and excluding genes in common between the 2
datasets, we have therefore, in total, catalogued 9732 myeloma:
expressed transcripts. This dataset of genes expressed in multiple
myeloma is available from the Myeloma Gene Index website
(www.uhnres.utoronto.ca/akstewart_lab). Sequences can be down-
loaded from our website or through the NCBI Entrez sequence
retrieval system.

Myeloma gene—enriched microarray

A 17800 Lymphochip, which contains cDNAs from germinal
center B cells, lymphomas, and chronic lymphocytic leukemia, has
previously been used to define the gene expression profile of B-cell
lymphoma.*? A partial comparison of known genes spotted on the
Lymphochip and in our sequenced myeloma cDNAS suggests that
overlap between the 2 datasets is fairly low (about 7.1% when
uncharacterized ESTs are excluded). Given the above and the
preponderance of novel genes or cDNAs with only htgs or dbEST
matches in our sequenced dataset, we next arrayed about 4300
myeloma cell-derived cDNAs on aminosilane-coated (CMT-
GAPS) glass dides. Multiple copies of highly expressed genes
identified by sequencing, such as immunoglobulin N\ and « light
chains, immunoglobulin Jchain, and hypothetical protein MGC3178
(Figure 4) were spotted at random positions on the array. To
validate the myeloma-enriched array, we generated a molecular
portrait of 18 myelomacell lines and 6 hematopoietic nonmyeloma
cell lines (Figure 4). A total of 5460 quality controlled spots
corresponding to 2730 cDNAs were used to profile the cell linesin
28 hybridizations for a total of 152880 data points. As initial
validation, the array was demonstrated to accurately determine the
clonal immunoglobulin light chain gene expressed in each cell line,
and myelomacell lines harboring aknown c-maf (16923) transloca-
tion* could be accurately predicted (Figure 4). We then identified
52 genes that were differentially expressed in myeloma versus
nonmyelomacell lines using a supervised analysis method (Signifi-
cance Analysis of Microarray [SAM]Y) (Table 3, Figure 5). This
dataset not only includes genes known to beinvolved in plasmacell
biology, such as MUMUVIRF4, BLYySBAFF receptor (BCMA),
CD138/syndecan, PIM2, and XBP1, but also less well character-
ized genes, such as hypothetical protein MGC3128, heat shock 70
kD protein 5 TRAL, protein phosphatase-2, and lymphocyte
cytosolic protein-1 (Table 3). Additionally, novel ESTs and unanno-
tated genes from uncharacterized chromosomal regions were
identified as differentiating nonmyeloma cell lines from myeloma.
Semiquantitative analysis of some of these genes by RT-PCR
(Figure 5C) confirmed the biologic validity of the microarray
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Figure 3. Selected novel genes identified from the myeloma library. Proteins were aligned using multiple sequence alignment algorithm Clustal W 1.8 and shaded using
Boxshade 3.21. (A) Sequence alignment of hypothetical protein MGC3178 (also called 58 kDa glucose-regulated protein) with putative disulfide isomerases from different
species. The thioredoxin domains are underlined. The accession numbers used in the analysis are as follows: Acanthamoeba (AAC37215), Caenorhabditis elegans (P34329),
Drosophila (AAK93133), and ERP72 (A23723). (B) A variant of Bim (Bam) specifically expressed in a multiple myeloma sample aligned with BImEL (AAC39593.1), an
unnamed protein (CAC09660.1), and BimL (AAC40030.1). (C) Amino acid sequence alignment of a putative novel receptor with similarity to MMTV receptor-1 (AAF32283),
MMTYV receptor-2 (AAF32282), unknown protein MGC15887 (AAH09447), and clone 24574 (AF052151). (D) Protein sequence alignment of a novel SH2 domain containing
adaptor with T-cell-specific adapter protein TSAd (AAF69027.1), an SH2 adaptor protein (AF051325.1), p56lck-associated adapter protein Lad (AAB58422.1), hypothetical

protein FLJ14886 (AAH16826.1), and an unnamed protein (AK024799.1).

results. Taken together, our initial hybridization data suggest that
our myeloma-enriched array may prove useful in identifying
novel genes that may help elucidate the biology of malignant
plasmacells.

Discussion

In setting out to further characterize the transcriptional profile of
multiple myeloma, we first searched the public gene expression
databases. Close to 60 000 3’ end single-pass gene sequences from
cDNA libraries derived from normal and malignant human B cells
have been deposited by the Cancer Genome Anatomy Project.*3 All
of these gene sequences, however, were derived from lymphoma,

germinal center B cells, and chronic lymphocytic leukemiasamples,
and no sequences were derived from either normal or malignant
plasma cells. We therefore constructed cDNA libraries from
samples obtained from myeloma patients and acquired 5’ end
single-pass sequence from 6622 cDNA clones. Our ensuing
sequencing effort resulted in a sequenced gene expression dataset,
the Myeloma Gene Index. Our initial functional classification of
expressed genes in this dataset was reassuring in that it demon-
strated a high respiratory activity, low cell cycle activity, and
CD138"-expressing and immunoglobulin- and B,-microglobulin—
producing cell population consistent with the known function of
and markers for plasma cells. Thus, our sequencing effort seems
representative of plasma cells and alows some confidence in
mining this database for genes involved in myeloma/plasma cell
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Table 2. Uncharacterized genes identified in myeloma cells

EXPRESSED GENES IN MYELOMA 2181

Clone identification Sequence, bp

Homology to known protein or domain Accession no.

MYE4005 522 SH2 domain—containing adaptor NM_032855.1
MYE3305 523 DEAD box helicases AAC27435.1
MYE6227 246 TorsinB and torsinA AAC51733.1
PCL1515 251 Weakly similar to mucin A43932
PCL5298 272 Similar to brain-specific angiogenesis inhibitor-1 BAA23647.1
PCL1662 160 Similar to chromosomal protein for mitotic spindle assembly S41044
PCL2089 239 Novel c2h2 type zinc finger BC008901.1
MYE1378 410 Similar to Trp Asp (WD) repeat protein XM_008266.3
PCL1215 310 Tigger 1 transposase U49973
PCL1952 235 Testes development—related NYD-SP19 AAK53407
PCL2063 112 Pmb5 protein NM_014287
PCL2220 191 DKFZp586D0222 similar to GTP-binding protein AL136929.1
PCL2520 389 Ankyrin domain Z70310
PCL2835 132 v-rel avian reticuloendotheliosis viral oncogene homolog A XM_012000.2
PCL2999 320 APOBEC1 (apolipoprotein B editing protein) AK022802
PCL3405 401 Gonadotropin inducible transcription repressor-2 NM_016264.1
MYE4184 365 GTP-binding protein similar to RAY/RAB1C (RAYL) XM_009956.1
PCL3139 375 ZNF140-like protein AF155656
PCL0758 294 Similar to KIAA0790 (52%) AB018333
MYE1302 410 PARP domain containing protein DKFZp566D244.1 CAB59261.1
MYE2885 183 Hypothetical protein DKFZp434H132 XM_007645.3
MYE5546 347 S68401 (cattle) glucose-induced gene (HS1119D91) XM_009498.1
MYE6872 220 Hypothetical protein similar to transcription regulator AL117513
MYE5259 218 Hypothetical protein DKFZP564C186 similar to Rad4 CAB43240
MYE6738 333 SH3 domain—containing protein BC008374.1
PCLO791 235 Plekstrin homology and FYVE zinc finger domains XM_016836.1
MYE4229a 310 FL20273 protein containing RNA recognition motif NM_019027.1
Cluster 96 707 Novel protein disulfide isomerase BC001199.1
PCL1850 215 Protein containing Myb-like DNA-binding domain NM_022365.1
PCL2185 138 FLJ13660 similar to CDKS5 activator—binding protein XM_017042.1
PCL4352 376 FLJ11021 similar to splicing factor arginine/serine-rich-4 XM_016227.1
MYE4184 365 GTP-binding protein similar to RAY/RAB1C (RAYL) XM_009956.1
PCL5805 210 BH3 domain containing protein XM_002214.1
MYE4482 271 MMTYV receptor variant-2 (Mtvr2) AF052151.1
MYE5150 132 Similar to progesterone receptor—associated p48 XM_010011.4
PCL1756 340 Transient receptor potential C precursor (GIP-like protein) P36951
PCL1178 286 SAM domain—containing protein FLJ21610 XM_015753.1

growth and differentiation. Thisindex was then expanded through
use of microarray hybridizations to more completely catalog genes
expressed in myeloma. The resulting Myeloma Gene Index cur-
rently contains 9732 nonredundant genes identified through high-
throughput sequencing or microarray experiments as expressed in
but not necessarily unique to myeloma. Nevertheless, the presence
of numerous novel or poorly characterized genes in this compen-
dium of genes, together with the lack of overlap on other cDNA
arrays, stimulated our subsequent development of a high-density
myeloma gene-enriched cDNA microarray that we validated
through a study of the molecular profile of multiple myeloma
cell lines.

Further analysis of our sequenced clonesin the Myeloma Gene
Index reveals some relevant findings of note in myeloma biology
and reveals novel gene sequences of potential interest to the field.
As one example, a list of receptors and growth factors that are
expressed in myelomawas compiled and arrayed. Thislist includes
the IL-6 receptor and the newly identified TNF-related cytokine
BLYS/BAFF 1415 together with its receptors, TACI and BCMA.2-23
Binding of BLyS to its receptor provides survival signas to
activated B cells by up-regulation of antiapoptotic proteins such as
Bcl-2 and down-regulation of proapoptotic protein such as
Bim.2-2339 |n this light, a cDNA clone of potentia interest
encoding a putative novel gene with homology to BH3-only
protein BimL (PCL5805) was also identified in our sequencing

effort. It is not yet known whether this gene is also a downstream
target for the BlySBAFF signaling pathway.

Further analysis revealed anumber of frequently sequenced and
as yet poorly characterized genes, including DDX5 (DEAD/H box
protein p68), an adenosine triphosphate (ATP)—dependent RNA
helicase. Notably, DDX5 was originaly identified due to its
immunologic cross-resctivity with SV40 large T antigen, an
ATP-dependent DNA helicase.** Whether the pattern of expression
of this gene in myeloma has any similarity with SV40 large T
antigen mechanism of oncogenicity is unknown. The B-cell
activation protein BL34 (also called regulator of G protein signal-
ing RGSL) was also frequently sequenced. BL34 isinvolved in the
regulation of B-cell activation and proliferation and functions by
inhibiting signal transduction by increasing the GTPase activity of
G protein « subunits into inactive GDP-bound form.* It was
originaly identified to be highly expressed in the peripheral blood
mononuclear cells of a patient with B-cell acute lymphocytic
leukemia® and is constitutively highly expressed in malignant B
cells such as non-Hodgkin lymphoma and hairy cell leukemia.
Other frequently sequenced genes include tumor rejection antigen
TRAL (also caled endoplasmin precursor or glucose-regulated
protein 94, GRP94) and trandlationally controlled tumor protein
TCTP (also called histaminereleasing factor). TCTP isknown to be
expressed in healthy and tumor cells, including erythrocytes,
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Figure 4. Hierarchical cluster analysis of myeloma cell lines. Total RNA from myeloma and nonmyeloma cell lines (5 lymphoma and 1 leukemia) were labeled with Cy5 and
hybridized to our 4300 myeloma cDNA microarray together with a Cy3-labeled standard reference pool. All the data were mean centered and clustered using a Pearson
correlation coefficient as a similarity metric and average linkage hierarchical clustering.!? Levels of intensity of red squares correlate with the degree of gene expression in cell
line experimental samples; conversely, green squares compare the absence of expression among cell lines at a scale relative to the color intensity. Black squares indicate the
expression is average among the tested cell lines with ratio corresponding to 1.0 (or log,, ratio of 0), and gray squares represent missing data points. A cluster image
representing 2750 of the cDNAs is shown on the left panel. Reproducibility of the array is confirmed by deliberately spotted replicate cDNAs that clustered closely together as
shown on the right side of the figure. (A) Immunoglobulin J chain, (B) hypothetical protein MGC3178, (C) immunoglobulin X light chain, and (D) immunogloblin k light chain
genes are shown on the right panel. (E) Expression of c-maf in different myeloma cell lines based on microarray data. The log, ratio of fluorescence intensity is shown on the
y-axis while myeloma cell lines are shown on the x-axis. The data correlate perfectly with the published literature with the exception of the cell line 847, which is positive for
c-maf expression on the array but is not previously reported to have up-regulated c-maf expression.
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Table 3. Differential expression between myeloma and nonmyeloma cell lines

EXPRESSED GENES IN MYELOMA 2183

Clone identification Gene/clone match Rank Unigene
Up-regulated
PCL1920 Glucose-regulated protein, 58 kDa (MGC:3178) 1 Hs.289101
PCL0833 Genomic DNA clone (chromosome 2 clone RP11-218L.22) 2
PCL2440 EST from cDNA clone IMAGE:1694766 3’ 3 Hs.134923
MYE4362 Genomic DNA clone (chromosome 14 BAC R-214N1) 4
PCL1712 Progesterone receptor membrane component-2 (PGRMC2) 5 Hs.9071
PCL2089 Hypothetical protein FLJ22332 (c2h2 type, zinc finger) 6 Hs.111092
PCL1633 Genomic DNA clone (BAC CTD-2022G18 from 7) 7
PCL0849 Multiple myeloma oncogene-1 (MUM1)/(IRF4) 8 Hs.82132
PCL1492 Myeloma EST PCL1492 9
MYE4007 BUP protein 10 Hs.35660
BCMA B cell maturation protein (BCMA) 11 Hs.2556
PCL1414 Tumor rejection antigen-1 (TRAL) 12 Hs.82689
PCL1515 Weakly similar to mucin 2 precursor 13 Hs.20183
PCL0308 Proteasome (subunit, « type, 2) (PSMA2) 14 Hs.181309
PCL0940 Selenoprotein T 15 Hs.8148
MYE2868 Myeloma EST MYE2868 16
MYE2693 Signal recognition particle 14 kD (SRP14) 17 Hs.180394
PCL5267 Myeloma EST PCL5267 18
MYE3869a Myeloma EST MYE3869a 19
PCL5298 Similar to brain-specific angiogenesis inhibitor-1 (BAI-1) 20
PCL1662 Similar to chromosomal protein for mitotic spindle assembly 21 Hs.16773
PCL0105 CD138/syndecan-1 (SDC1) 22 Hs.82109
MYE4521 Annexin A2, lipocortin II, calpactin | 23 Hs.217493
PCL4099 Genomic DNA clone (BAC CTA-227L24, 7921.1-q21.2) 24
PCL1657 Hypothetical protein FLJ11200 25 Hs.107381
MYE2821 Ribosomal protein L4 (RPL4) 26 Hs.286
MYE4493 DNA-binding protein CPBP 27 Hs.285313
PCL3222 Myeloma EST PCL3222 28
MYE1378a Hypothetical protein FLJ10055 (similar to protein with WD repeat) 29 Hs.9398
MYE2209 Heat shock 70 kDa protein 5 30 Hs.75410
MYE4932 X-box—binding protein-1 (XBP1) 31 Hs.149923
PCL3824 PIM-2 32 Hs.80205
PCL4079 Genomic DNA clone (chromosome 5 clone CTC-504A5) 33
PCL4441 Carbonyl reductase-1 (CBR1) 34 Hs.88778
Down-regulated

PCL4897 Laminin receptor-1 (67 kD, ribosomal protein SA) 1 Hs.181357
PCL5225 Myeloma EST PCL5225 2
PCL0639 Myeloma EST PCL0639 3
MYE3255a Ribosomal protein S2 (RPS2) 4 Hs.182426
PCL4678 Nucleophosmin 5 Hs.9614
PCL2015 Myeloma EST PCL2015 6
PCL3726 Lymphocyte cytosolic protein-1 (L-plastin) 7 Hs.76506
PCL3287 Tumor protein, translationally controlled-1 (TPT1) 8 Hs.279860
PCL4214 Protein phosphatase-2, regulatory subunit B (PPP2R2A) 9 Hs.179574
MYES5079 Ribosomal protein S2 (RPS2) 10 Hs.182426
PCL1818 High-mobility group protein-1 (HMG1) 11 Hs.337757
MYE2310 Glyceraldehyde-3-phosphate dehydrogenase (GAPD) 12 Hs.169476
PCL3027 Myeloma EST PCL3027 13
MYE3019 Ribosomal protein L31 (RPL31) 14 Hs.184014
PCL1701 Actin, y-1 (ACTG1) 15 Hs.14376
MYE1012 Myeloma EST MYE1012 16
PCL2226 Ribosomal protein L10 (RPL10) 17 Hs.29797
MYE2056 Ribosomal protein L5 (RPL5) 18 Hs.180946

keratinocytes, macrophages, platelets, erythroleukemiacells, mela-
nomas, hepatoblastomas, and lymphomas.#6

As another example of sequenced database mining, we
searched for potential tumor-specific antigens present on my-
eloma cells. Such antigen expression information can be used to
develop immunotherapeutic strategies for the disease. In this
regard, previous reports indicated a possible viral involvement
in the pathogenesis of multiple myeloma.*” Nevertheless, exclud-
ing known oncogenes such as c-fos, c-myc, and c-jun, analysis

of the myeloma sequences described above did not reveal
any evidence of expressed viral genes that may support this
hypothesis.

Others have also been exploring the gene expression profile of
myelomawith impressive datasets already generated using commer-
cidly available array systems. In this regard it is of interest to
compare our sequencing effort with the published microarray
experiments of others. The genes we identified by sequencing
partly overlapped with the genes up-regulated in multiple myeloma
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Figure 5. Genes showing differential expression between myeloma and nonmyeloma cell lines. Two-class SAM!! analysis was used to identify the genes differentially
expressed in the myeloma and nonmyeloma cell lines. Using a false discovery rate of 0.5%, 94 genes were selected. Those genes showing statistically significant differences

between the 2 groups are shown as a cluster image. (A) Two-dimensional heat map view. The dendrogram (top) indicates nonmyeloma hematopoietic cell lines (5 lymphoma
and 1 leukemia) in red and myeloma cell lines in green. The myeloma cell lines cluster together, as do the nonmyeloma cell lines. The bar on the left of the 2-dimensional heat

map indicates down-regulated genes in myeloma in green and up-regulated in red. The color at each position indicates the level of gene expression for a single cDNAin a cell
line, with red indicating high expression and green indicating low expression. (B) Three-dimensional landscape view of cluster results. This view adds the level of gene
expression as an additional dimension to the 2-dimensional view. The roughness on the landscape indicated the level of variability. Myeloma cell lines are on the right of the
yellow axis bar, and nonmyeloma lies on the left. (C) The SAM analysis data, which generated 279 cDNAs that are up- or down-regulated between the 2 groups of cell lines, are

illustrated graphically with 8 = 1.4 and a false-positive rate of 0.5%. After immunoglobulin genes and duplicate cDNAs were removed, 94 genes were used to produce the heat

map shown in panel A. Of the 94 genes, 52 were ranked based on the SAM result as shown in Table 3. (D) RT-PCR analysis of selected genes confirmed differential expression
of representative differentially expressed genes shown in panel A.
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described recently.*® Comparisons with our sequence datarevealed
that 11 of the 70 genes up-regulated in myeloma (EIF39, LAMCL,
SSA2, EWSR1, KIAA0020, PHB, EVI2A, CASP1, SNURF, ATF3,
and MYC) were also sequenced in our dataset.

Although we are only now turning our attention to the
large-scale analysis of multiple primary patient samples and
examining differential expression between normal and malignant
plasmacells, we are confident that our array will provide useful and
complementary data to that already published using Affymetrix-
based array systems. The numerous novel or uncharacterized genes
on our array and the lack of overlap with other array systems
essentially guarantees novel findings, assuming our arrays can be
demonstrated to be discriminatory. In this light our preliminary
results are encouraging. For example, our array was able to
discriminate myeloma from nonmyeloma cell lines. Furthermore,
statistical analysis of our microarray data from myeloma and
nonmyeloma cell lines identified 34 genes to be significantly
up-regulated (after immunoglobulin A, , and J chain genes were
filtered out) and 18 genesto be down-regulated in the myelomacell
lines. The most significantly up-regulated gene (MGC3178) in
100% of the myelomacell lineswasidentified to be anovel protein
disulfide isomerase (PDI). The disulfide isomerase family of
proteins is known to be involved in rearrangement of both
intrachain and interchain disulfide bonds in proteins to form the
native structures. However, MGC3178 may function as cysteine-
type endopeptidase, protein disulfide isomerase, phospholipase, or
a combination of these (SOURCE database). Other significantly

EXPRESSED GENES IN MYELOMA 2185

up-regulated genes in this analysis include heat shock 70 kD
protein 5 (also called immunoglobulin heavy chain binding pro-
tein), a gene known to be important in the folding and oxidation of
antibodies in vitro.*® The interferon regulatory factor-4 (MUMY/
IRF4) is adso significantly but not uniquely associated with the
myeloma cell lines. MUMVIRF4 gene expression has been sug-
gested to relate to the stage of differentiation of malignant B plasma
cells®® and has been identified as an oncogene transcriptionally
activated by t(6;14)(p25;032) chromosomal translocation in mul-
tiple myeloma.5!

In conclusion, analysis of our sequence information reveals
numerous poorly characterized genes of potential relevance to
myeloma biology. Sequencing also made available the cDNAs
necessary to spot a myeloma-enriched glass slide-based array, and
initial results using this array demonstrate that it will prove of
unique value in mining the biology of myeloma The Myeloma
Gene Index and myeloma gene—enriched microarray represent a
valuable resource for investigators interested in dissecting the
molecular basis of this disease.
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