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ABSTRACT

Background
Several laboratories have shown that cells with a memory B-cell phenotype can have the same
clonotype as multiple myeloma tumor cells.

Design and Methods

The aim of this study was to determine whether some memory B cells have the same genetic
alterations as their corresponding multiple myeloma malignant plasma cells. The methodology
included sorting multiple myeloma or memory B cells into RNA stabilizing medium for gener-
ation of subset-specific polymerase chain reaction complementary DNA libraries from one or
100 cells.

Results

Cells with the phenotype of tumor plasma cells (CD38*CD19CD45"*CD56"") or memory B
cells (CD38/CD197/CD27") were isolated by flow activated cell sorting. In samples from all
four patients with multiple myeloma and from two of the three with monoclonal gammopathy
of undetermined significance, we identified memory B cells expressing multiple myeloma-spe-
cific oncogenes (FGFR3; IGH-MMSET; CCND1 high) dysregulated by an IGH translocation in
the respective tumor plasma cells. By contrast, in seven patients with multiple myeloma, each
of whom had tumor plasma cells with a K-RAS61 mutation, a total of 32,400 memory B cells
were analyzed using a sensitive allele-specific, competitive blocker polymerase chain reaction
assay, but no K-RAS mutations were identified.

Conclusions

The increased expression of a specific “early” oncogene of multiple myeloma (monoclonal
gammopathy of undetermined significance) in some memory B cells suggests that dysregula-
tion of the oncogene occurs in a precursor B-cell that can generate memory B cells and trans-
formed plasma cells. However, if memory B cells lack “late” oncogene (K-RAS) mutations but
express the “early” oncogene, they cannot be involved in maintaining the multiple myeloma
tumor, but presumably represent a clonotypic remnant that is only partially transformed.
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Introduction

Multiple myeloma (MM) is a mostly incurable B-cell
malignancy characterized by uncontrolled growth and
accumulation of MM plasma cells in the bone marrow.! A
number of laboratories have identified clonotypic cells (i.e.,
cells having the same somatically mutated immuno-
globulin genes as the MM cells) with a pre-plasma cell phe-
notype in peripheral blood, lymph nodes and bone mar-
row.”® Although some studies support the idea of a MM
“stem-cell” or tumor-propagating cell present in a preplas-
macytic compartment,”™ other studies failed to confirm
this possibility.'*'*

MM oncogenesis is a multistep process, which usually is
preceded by a pre-malignant tumor called monoclonal
gammopathy of undetermined significance (MGUS)."*
Two early pathways of MM oncogenesis, both of which
are shared by MGUS and MM, have been proposed: a
hyperdiploid pathway that is associated with multiple tri-
somies involving eight chromosomes, and a non-hyper-
diploid pathway that is typically characterized by the pres-
ence of primary immunoglobulin heavy chain (IGH)
translocations involving mostly the genes for cyclin D1
(CCND1) [t(11;14)] or FGFR3/MMSET [t(4;14)]."* Most
hyperdiploid tumors have a CCND1 low phenotype, with
the levels of ectopic and bi-allelic CCND1 expression being
consistently lower than those in tumors with a t(11;14)
translocation that have a CCND1 high phenotype.”*

The prevalence of activating mutations of the K- and N-
RAS oncogenes is about 30-40% in MM, with some stud-
ies showing a somewhat higher prevalence of N-RAS
mutations and other studies a higher prevalence of K-RAS
mutations.”” The prevalence of RAS mutations is much
higher in malignant MM - independently of stage - than in
pre-malignant MGUS. Significantly, however, although N-
RAS mutations are somewhat less prevalent in MGUS than
in MM, no K-RAS mutations have been identified in
MGUS. Therefore, unlike hyperdiploidy and the CCND1
low phenotype, or primary IGH translocations, K-RAS
mutations must be a relatively late event in pathogene-
Sis.19,20

MM tumor plasma cells harboring a primary [GH
translocation, multiple trisomies, or a RAS mutation should
also have these genetic alterations in a potential MM “stem
cell”, which is ultimately responsible for proliferation of
the MM tumor. Here we demonstrate that we can identify
“early” oncogenic events in some memory B cells but not
“late” K-RAS61 mutations, suggesting that these cells are
not tumor stem cells but rather premalignant, incompletely
transformed remnants that coexist with the malignant cells
but are not directly involved in tumor maintenance and
proliferation.

Design and Methods

Patients and samples

Bone marrow aspirates and peripheral blood samples from 120
patients with MM, and three MGUS patients with a CCND1 high
phenotype, were collected from our biobank of diagnostic materi-
al from clinical trials. In addition, peripheral blood samples from
three healthy individuals were used as controls. All samples were
obtained after informed consent and the study was approved by
the Ethical Committee of Copenhagen County and was per-
formed in accordance with the Helsinki Declaration. Bone mar-

MM tumors and memory B-cells share early but not late oncogenic events -

row mononuclear cells, peripheral blood mononuclear cells and
RNA were isolated as reported elsewhere.””**

Flow cytometry and single-cell sorting

Bone marrow and peripheral blood mononuclear cells were
stained with three or four colors with the monoclonal antibodies
CD19-FITC, CD27-FITC/PE, CD38-FITC/APC, CD45-PERCP,
CD56-PE [Becton Dickinson Immunocytometry Systems (BDIS),
SanJose, CA, USA], CD19-Cy5 (Dako, Glostrup, Denmark). [gG1-
FITC, IgGi-PE, IgG1-PerCP and IgGi-APC (BDIS) were used as neg-
ative controls. Fluorescence activated cell sorting (FACS) of mem-
ory B cells or plasma cells, using a FACS Vantage (BDIS) in counter
mode, was performed to separate cells directly to polymerase
chain reaction (PCR) tubes.”*™

Oncogene expression levels in purified plasma cells

We have previously described an approach to examine the gene
expression profile in an immunophenotypically defined popula-
tion of plasma cells.*®**"* Briefly, single or 100 plasma cells/mem-
ory B cells were FACS-sorted directly to PCR tubes: global reverse
transcriptase (RT)-PCR was performed to generate a PCR cDNA
archive. The levels of expression of CCND1, FGFR3 and MAMSET,
normalized to the level of expression of B-actin, were determined
by real-time RT-PCR for each archived cDNA. For quantitative
reactions (qQRT-PCR), the amount of cDNA was adjusted to give a
Ct of 16-18 for B-actin.

IGH-MMSET reverse transcriptase polymerase
chain reaction

Nested IGH-MMSET RT-PCR was performed as described by
Malgeri et al.** The identity of all PCR products was confirmed by
direct sequencing. The frequency of cells containing IGH-
MMSET hybrid transcripts was estimated by limiting dilution,
using the equation f = Zki/[N-2(k: x ci/2)] (where f = frequency of
the target cell, ki = the number of positive wells at the i’th dilution,
¢i = number of cells per well at dilution i and N = the total number
of cells in all the wells at all dilutions).**

Blimp-1 and XBP-1 polymerase chain reaction

Blimp-1 and XBP-1 PCR was performed on global RT-PCR ampli-
fied products from one or 100 sorted cells using the following
primers: Blimp-1, forward: 5-AGATTTAA-GCCCCTTGCCACA-
3, reverse: 5-TTCAACGTCTTCTTAGGGTCTCTTG-3. XBP-1,
forward: 5-TCCAGTTTTAGGTCCTTTAGTITGC-3, reverse: 5-
ATACATGAGGGA-AAGAGCCCC-3. The identity of the PCR
products was determined by sequencing as previously described.”

RAS mutation analysis by direct sequencing of purified
plasma cell lysate

In a previous study we identified MM patients having K-RAS61
mutations by direct sequencing of a plasma cell-lysate generated

from 100 FACS-sorted immunophenotypic aberrant plasma cells
(CD38/CD45%/CD19/CD56").%

Allele-specific competitive blocker polymerase chain
reaction for detection of K-RAS codon 61 mutations
in purified plasma cell lysate

We previously designed an allele-specific competitive blocker
(ACB)-PCR generating preferential amplification of the allele car-
rying K-RAS61 (CAA to CAC and CAA to CTA) mutations.”® The
method used a mutant-specific primer in combination with a non-
extendable blocker primer with preferential binding for the wild-
type allele. ACB-PCR was performed on a lysate generated from
100 FACS-purified memory B cells or plasma cells with an aber-
rant immunophenotype.
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Results

Selection of bone marrow plasma cells and peripheral
blood memory B cells

Normal plasma cells were identified as CD38+/CD19+/
CD45/CD56 and MM plasma cells as CD38"* and CD19
and/or CD45 and/or CD56*. The MGUS patients ana-
lyzed often had mixtures of normal and aberrant plasma
cells (MM immunophenotype) in the bone marrow, but
only immunophenotypically aberrant plasma cells were
FACS-sorted for further analyses, as described previous-
ly*® Memory B cells with the CD38/CD19/CD27*
immunophenotype were selected for FACS-sorting in all
cases (healthy individuals, MGUS and MM), as described
previously.”

Selected memory B cells are Blimp-1 and XBP-1
negative

MM plasma cells and memory B cells were separated
based on their pattern of expression of CD antigens.
However, the immunophenotype of the malignant plasma
cells could be a reflection of the environment (bone mar-
row versus peripheral blood). Thus, the observed cells in
the CD38/CD19/CD27* FACS-sorted fraction with a
dysregulated oncogene could be MM plasma cells with a
yet unidentified aberrant immunophenotype, or simply
contaminating circulating myeloma plasma cells as a result

- T. Rassmussen et al.

of the sorting procedure. To exclude the above possibili-
ties we analyzed all FACS-sorted cells for expression of
Blimp-1, a transcriptional repressor important for the final
differentiation of B cells into plasma cells, which is
expressed in all plasma cells, but absent in memory B
cells;*** and XBP-1, a second transcription factor that is
unique to plasma cell differentiation.” The Blimp-1 and
XBP-1 PCR assays could reproducibly detect a single
FACS-sorted MM plasma cell among 100 memory B cells
FACS-sorted from a healthy individual (data not shown). In
all cases the FACS-sorted CD38/CD19*/CD27* cells (< 100
per tube) were negative for Blimp-1 and XBP-1, whereas
all FACS-sorted CD38"/CD19/CD45/CD56 and
CD38"/CD19/CD45"/CD56""* plasma cells were posi-
tive (Figure 1), indicating that an aberrant surface pheno-
type or contamination had no impact on the results.

Healthy memory B cells do not express
CCND1 or FGFR3

Hematopoietic cells do not express CCND1 or FGFR3
and a complete absence of both CCND1 and FGFR3
expression was verified analyzing a total of 3600 healthy
memory B cells isolated from the peripheral blood of three
individuals, and 700 healthy plasma cells from seven indi-
viduals (Table 1 and Figures 2 and 3).*** Thus, the expres-
sion of CCND1 or FGFR3 in memory B cells, as found in
their autologous MM plasma cells, would be a myeloma-
specific event.

Table 1. Expression of dysregulated oncogenes identified in tumor plasma cells sometimes detectable in the memory B-cell compartment.
Memory B-cell analysis

Plasma cell analysis

Oncogene? Oncogene Cells Oncogene- Oncogene Number of
expression/ sorted to positive expression/ cells
[3-actin’ PCR tube* PCR tube® [3-actin® analyzed

MM-1 CCNDI High 131 1x96 5/96 0.0062 96
MM-2 CCNDI High 0.16 100x9 5/ 0.0017 900
MM-3 FGFR3/IGH-MMSET 31.05 100x7 u 0.0869 700
MM-4 FGFRY/IGH-MMSET 12.35 100x15 315 0.0081 1500
MM-5 CCNDI Low 0.03 100x12 012 - 1200
MM-6 CCNDI Low and RAS 0.01 100x9 09 - 900
MM-7 CCNDI Low 0.03 100x8 0/8 - 800
MM-8 CCNDI Low and RAS 0.02 100x12 012 - 1200
MM-9 CCNDI Low 0.01 100x12 212 0.0002 1200
MM-10 CCNDI Low 0.009 100x8 08 - 800
MM-11 CCNDI Low 0.008 100x7 07 - 700
MM-12 CCNDI Low 0.005 100x8 08 - 800
MM-13 CCNDI Low and RAS 0.003 100x96 5/96 0.0003 9600
MGUS-1 CCNDI High 1.99 100x15 415 0.0028 1500
MGUS-2 CCNDI High 0.65 100x9 39 0.0016 900
MGUS-3 CCNDI High 0.66 100x8 0/8 - 800
Healthy - - 100x12 012 1200
Healthy 100x12 012 1200
Healthy 100x12 012 1200

'Healthy = healthy individuals. “*CCND1 and FGFR3 expression was determined by realtime RFPCR analysis of global RFPCR amplified cDNA from FACS-purified immunopheno-
typically aberrant plasma cells.IGH-MMSET transcripts were identified by RFPCR analysis of mRNA from diagnostic bone marrow samples. RAS mutations were identified by direct
sequencing.’Oncogene/fFactin identified by real-time RTPCR in the corresponding plasma cells or memory B cells."Memory B cells were FACS-sorted directly to PCR tubes followed
by global RFPCR and a factin PCR test for the presence of a cDNA product. For patient MM-1 a single memory B cell was FACS-sorted to 120 PCR tubes and the p-actin cDNA
product was generated in 96 PCR tubes.”The number of PCR tubes with 1 or 100 memory B cells in which expression of a MM specific oncogene was identified.
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Two patterns of CCND1 expression in multiple
myeloma or monoclonal gammopathy
of undetermined significance

Previously, we identified a high level expression of
oncogenes  involved in  IGH  translocations
(FGFR3/MMSET, CCND1), or expression of hybrid tran-
scripts associated with translocation t(4;14) (IGH-
MMSET) in FACS-purified MM plasma cells.** There are
two distinct groups of CCND1-positive MM: the t(11;14)
group, all showing high expression of CCND1, and a
group with low to intermediate CCND1 expression asso-
ciated with hyperdiploidy, including 11q trisomy.” To
identify which MM patients belonged to the two different
CCND1 groups for further studies we determined the
level of CCND1 expression in FACS-purified plasma cells
from 120 MM patients (Online Supplementary Figure S1). As
in previous studies, which included only about half of
these patients, we identified 21(17.5%) MM patients with
plasma cells showing high CCND1 expression
(CCND1/B-actin >0.1) indicating a t(11;14), and 30 (25%)
patients with low CCND1 expression (CCND1/B-actin
>0.001 and <0.1).”"*?*%% By contrast, the CCND1/B-actin
was less than 0.0001 (but mostly <0.000001) in the other
69 cases of MM, and also in plasma cells and memory B
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Figure 1. Blimp-1 and XBP-1 expression. Global RT-PCR products
from plasma cells and memory B cells were analyzed by RT-PCR for
expression of the transcription factors XBP-1 and Blimp-1. Results
are shown for three myeloma patients and three healthy individuals,
with 100 sorted cells per tube in each case. Lanes 1-3, oncogene-
negative (healthy) memory B cells; lanes 4-6, oncogene-positive
(myeloma) memory B cells; lanes 7-9, MM plasma cells; lanes 10-
12, healthy plasma cells.
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Figure 2. Oncogene analyses of plasma cells and memory B cells:
(A) from a CCND1-positive MM patient (MM-1) and (B) from a
CCND1-positive MGUS patient (MGUS-2). Global RT-PCR products
were screened for CCND1 expression using real-time PCR, with 100
sorted cells per tube in each case. CCND1-positive or negative real-
time PCR products were run on a gel and bands corresponding to
CCND1 were excised from the gel and sequenced. The oncogene/[3-
actin ratio determined by real-time PCR is shown below each posi-
tive case. P, positive control; N, negative control (H20); lanes 1 and
2, healthy memory B cells; lanes 3 and 4, oncogene-positive mem-
ory B cells; lane 5, RT control; lanes 6 and 7, myeloma plasma cells;
lanes 8 and 9, healthy plasma cells.
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cells from healthy individuals (Table 1, Figure 2, and data
not shown).

CCND1 expression in memory B cells from patients
with multiple myeloma or monoclonal gammopathy of
undetermined significance with t(11;14)

Two patients with MM and three with MGUS with a
CCND1 high phenotype were selected for further analy-
ses (Table 1, MM 1-2 and MGUS 1-3).* Memory B cells
from the two MM and three MGUS patients were FACS-
purified, followed by global RT-PCR amplifications of the
RNA pools from one or 100 cells (Table 1). The expression
of CCND1 was analyzed using quantitative real-time PCR
assays (reproducibility shown in Ounline Supplementary
Figure S2). From patient MM-1, for whom 4% of memory
B cells had been previously identified as clonotypic,** a
single memory B cell was FACS-sorted into each of 120
PCR tubes, with an amplified cDNA product (a cDNA
archive) generated in 96 tubes. Analysis of CCND1
expression (Figure 2A, Table 1) revealed 5/98 positive
wells, indicating that memory B cells had a similar fre-
quency of CCND1* cells (5%) as clonotypic cells (4%).
Memory B cells from patient MM-2 were sorted into nine
tubes, each containing 100 sorted cells, and CCND1
expression was detected in five of these nine tubes (Table
1). Therefore, less than 1% of the memory B cells from
patient MM-2 expressed CCND1, consistent with the
results of a previous study in which we showed that less
than 1% of the memory B cells were clonotypic in this
patient.” We also identified CCND1* memory B cells in
two out of the three CCND1* MGUS cases, by analyzing
1500, 900, and 800 (negative case) memory B cells avail-
able for analyses (Table 1 and Figure 2B).

We observed a lower level of oncogene expression — in
the range of 94 to 710 times lower — in memory B cells
than in autologous MM plasma cells (Table 1). This could
be due to several factors. Firstly, the expected ratio of
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Figure 3. Identification of IGH-MMSET hybrid transcripts in memory
B cells. (A) The FGFR3-positive MM patient (MM-3) was analyzed as
described in Figure 2. (B) The CD38"/CD19/CD56" plasma cells
were flow-sorted directly to PCR tubes in numbers of 50, 5 and 1
cell/PCR tube followed by nested RT-PCR for IGH-MMSET hybrid
transcripts. (C) RT-PCR analysis of IGH-MMSET hybrid transcripts in
sorted CD19*/CD38/CD27* memory B cells. Memory B cells were
flow sorted in numbers of 500, 100 and 50 cells/PCR tube, with
eight PCR tubes for each cell number followed by RT-PCR analysis
of IGH-MMSET hybrid transcripts. N = negative control (Hz0).




oncogene-positive cells to normal cells is nearly 100%
when sorting plasma cells, but usually 0 or 1 of 100 when
sorting memory B cells (except for patient MM-1, Table 1).
Secondly, as the dysregulation of the oncogenes is
believed to be under the control of an IGH enhancer,
oncogene expression could be further induced and
increased upon plasma cell differentiation.

Expression of FGFR3 and MMSET hybrid transcripts
in memory B cells

Two patients (MM-3 and MM-4) had MM tumors with
t(4;14) translocations, as determined by ectopic and
enhanced expression of FGFR3, and also MAMSET hybrid
transcripts. For both patients, we demonstrated increased
expression of FGFR3 in about 0.1 to 1% of purified mem-
ory B cells (Table 1 and Figure 3A), consistent with the
presence of less than 1% clonotypic memory B cells in
these patients, as determined previously.” For patient
MM-3, there was enough material to enable us to perform
a limiting dilution experiment to verify the presence and
frequency of IGH-MMSET hybrid transcript-positive cells
in the memory B-cell pool. IGH-MMSET hybrid tran-
scripts were detected in single flow-sorted plasma cells
(Figure 3B). IGH-MMSET hybrid transcripts were detect-
ed in 2/8, 2/8 and 1/8 PCR analyses with 500, 100, 50
cells/PCR tube, respectively (Figure 3C). Limiting dilution
statistical analysis of the results shown in Figure 3C gave
an estimated frequency of 0.1% [GH-MMSET-positive
memory B cells, similar to the frequency of FGFR3-
expressing memory B cells in this patient.

CCND1 low memory B cells were present in only two
of nine patients with CCND1 low multiple myeloma
Memory B cells were FACS-sorted from nine MM
patients belonging to the CCND1 low group (Table 1, MM
5 - 13). In two of these MM patients, CCND1* memory B
cells were identified in 2/12 and 5/96 PCR tubes with 100
cells/tube (Table 1, patients MM-9 and MM-13).
However, in the other seven of nine patients with CCND1
low MM, we did not detect CCND1 expression in any of
the purified memory B cell pools.

Activating K-RAS61 mutations are absent in memory
B cells

FACS-sorted MM plasma cells (CD38"/CD19/CD45"
CD567") were analyzed previously for the presence of
mutations in the N-RAS and K-RAS genes using RT-PCR
followed by direct sequencing, enabling the identification
of patients who had aberrant MM plasma cells with a RAS
mutation at the time of diagnosis.”® From seven MM
patients with a known CAC or CTA K-RAS64 mutation in
their MM plasma cells, CD38/CD19/CD27* memory
cells from peripheral blood mononuclear cells were FACS-
sorted to produce 100 cells/PCR tube, then subjected to
ACB-PCR for detection of K-RAS61 mutations. As a pos-
itive control for the ACB-PCR method, a single RAS-
mutated MM cell was FACS-sorted into 100 non-mutated
healthy B cells in each experiment (Figure 4A), confirming
that it was possible to efficiently detect a single cell con-
taining the K-RAS61 mutation in the presence of 100 cells
without the mutation. Different numbers of CD38
/CD19*/CD27* cells were available from the obtained
blood samples, ranging from 300 to 12,000 cells, so that a
total of 32,400 CD38/CD19*/CD27" cells were analyzed
(Figures 4B and 5B). However, all 32,400 memory B cells

- T. Rassmussen et al.

analyzed from seven different MM patients with RAS
mutations in their plasma cells were found to be negative
for K-RAS61 mutations in the memory B-cell populations
(Figures 4B and 5B).

The presence of CCND1 low memory B cells
lacking K-RAS61 mutations

To directly compare CCND1 expression and KRAS61
mutations in the same pools of memory B cells, we FACS-
sorted memory B cells from patient MM-13 who had MM
plasma cells with both CCND1 low expression and a K-
RAS61 mutation (Table 1). A total of 9600 memory B cells
were FACS-sorted into 96 PCR tubes with 100 cells/tube
(Table 1, MM-13), and the cell lysate was split into two
aliquots, one for global RT-PCR followed by real-time
PCR for CCND1 and one for ACB-PCR detection of K-
RAS61 mutations. Memory B cells expressing CCND1
were identified in 5/96 PCR tubes (Figure 5A, Table 1).
However, RAS mutations were absent in all memory B
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Figure 4. Screening memory B cells for K-RAS61 mutations. (A)
Sensitivity of ACB-PCR when analyzing FACS-sorted plasma cells.
FACS-sorting of 1, 2 or 10 MM plasma cells from a patient with a K-
RAS61 mutation to PCR tubes containing 100 FACS-sorted CD19* B
cells from a healthy individual. The results are only shown for the
CAA to CAC mutation, but similar results was obtained for the CAA
to CTA mutation. In four out of five PCR tubes with a single FACS-
sorted K-RAS61" MM plasma cell among 100 healthy B cells, a K-
RAS61" MM plasma cell was detected. (B) From six patients with a
K-RAS61 mutation, 100 CD19*/CD38/CD27* memory B cells were
FACS sorted for each ACB-PCR analysis. For each of the MM
patients the K-RAS61 mutation type is shown and the total number
of CD19*/CD38/CD27* memory B cells available for analysis is
given (n). P = positive control, 100 FACS-sorted plasma cells from a
patient with a K-RAS61 mutation. N = negative control, 100 FACS-
sorted CD19" B cells from a healthy donor. WT = wild-type, an analy-
sis for wild-type RAS was performed for each FACS-sorted memory
B-cell population as a positive control.
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cells FACS-sorted from patient MM-13, including the
tubes containing memory B cells that expressed CCND1
(Figure 5B).

Discussion

All MM tumors analyzed have stable V(D)] rearrange-
ments with an extensive accumulation of somatic muta-
tions in the complementarity determining regions, and an
absence of intra-clonal somatic mutation.”* These find-
ings support the idea that MM cells are derived from ger-
minal center or post-germinal center B cells. A normal ger-
minal center B cell that has undergone repeated cycles of
somatic hypermutation and antigen selection can differen-
tiate into either a memory B cell or a terminally differenti-
ated, long-lived plasma cell that has undergone productive
IgH switch recombination, and is typically found in the
bone marrow.* A number of laboratories have identified
clonotypic CD19" cells in the peripheral blood that share
identical V(D)] sequences with the MM tumor cells in the
same patient.”® Some clonotypic CD19* cells are pre-
switch, expressing IgM, whereas others have switched to
the same IgH isotype as the CD138* MM tumor cells. We
previously identified a CD19/CD27*/CD38 subset of
clonotypic cells in the peripheral blood which fulfills the
immunophenotypic characteristics of a memory B cell”**

Recently, it has been shown that most — if not all - MM
tumors are generated from premalignant MGUS
tumors.”'® Primary IGH translocations, which are shared
by MGUS and MM tumors, mostly have breakpoints that
fall within or near IGH switch regions.”* It is, therefore,
thought that these translocations, which are present in
about 40% of MM tumors, occur as a result of errors in

A = 0.0012

0.001
0.0008
0.0006

0.0004
0.0002 i
a2 _
1 2 4 8

CYCLIN D1/p-ac

12 3 45 6 7 89 101112 13M

Figure 5. Simultaneous screening for CCND1 expression and K-
RAS61 mutations. A cell lysate obtained from 100 FACS-sorted
memory B cells from patient MM-13 was split into two aliquots, one
for global RT-PCR followed by real-time PCR for CCND1 and one for
ACB-PCR detection of K-RAS61 mutations. (A) In 5/96 PCR tubes
CCND1* memory B cells were identified, the measured CCND1 level
is shown (n. 1-5). N. 6-10 show five representative negative CCND1
measurements. (B) Each memory B-cell lysate was analyzed for the
KRAS61 CAA to CAC mutation present in the patients’ MM plasma
cells. As a control for the presence of cDNA, each cell lysate was
analyzed for the presence of wild-type (WT) RAS. Lanes 1-5, CCND1-
positive memory B cells (see Online Supplementary Figure 2A).
Lanes 6-10, CCND1-negative memory B cells. Lane 11, positive con-
trol, 100 FACS-sorted plasma cells from patient MM-13 with a K-
RAS61 mutation. Lane 12, negative control, 100 FACS-sorted CD19*
B cells from a healthy donor. Lane 13, negative control (H20). M =
molecular size marker. RAS mutations were absent from all mem-
ory B cells analyzed.

MM tumors and memory B-cells share early but not late oncogenic events -

IgH switch recombination, which takes place mostly in
germinal center or post-germinal center B cells. Since
hyperdiploidy and cyclin D dysregulation, an apparently
unifying event in the pathogenesis of MM, are present in
both MGUS and MM, it seems likely that these early
oncogenic events may also occur in germinal center or
post-germinal center B cells, although this needs to be doc-
umented.””!

It is possible that either fully or incompletely trans-
formed cells can generate progeny with memory B cell or
plasmablast/plasma cell phenotypes. Hence, there are
several possible explanations for the presence of clonotyp-
ic B cells in the peripheral blood of MM patients. First, the
clonotypic B cells could be incompletely transformed
memory B cells that have undergone only some of the
very early oncogenic events, and perhaps these cells have
some proliferative or survival advantage compared to their
normal counterparts. Second, the clonotypic B cells could
be the MM “stem/tumor-propagating cell” that has a criti-
cal role in the maintenance of the MM tumor, and includes
the full spectrum of oncogenic changes as the MM cells
with a plasma cell phenotype. Third, the clonotypic B cells
could be phenotypic variants of the MM tumor cells that
have lost some plasma cell markers and gained some B-cell
markers, possibly related to the loss of contact with the
bone marrow microenvironment. In principle, any of
these three types of clonotypic B cells could generate a
clonotypic tumor in an immunodeficient xenogenic
model. However, the first type of clonotypic B cell would
differ from the other two types by sharing early but not
late oncogenic events with the CD38* MM tumor cells.

Our study was designed to isolate the CD38
CD19°CD27* memory B cells from the peripheral blood of
patients with MM and MGUS and sort them into pools
containing from one up to 100 cells, from which a global
PCR c¢DNA archive was made. Our results suggest that
sorted cells were not significantly contaminated by MM
tumor cells. First, we were unable to detect Blimp-1 or
XBP-1 transcripts using an assay that could detect one nor-
mal plasma cell or one MM aberrant plasma cell in a pool
of 100 purified memory B cells. Secondly, we could not
detect CCND1 expression in the purified memory B-cell
population isolated from seven of nine MM patients in
whom the tumor cells had a CCND1 low phenotype.
Third, we could not detect K-RAS61 mutant transcripts in
the purified memory B-cell populations isolated from all
seven MM patients whose MM tumor cells contained the
K-RAS61 mutation. The lack of significant contamination
of the memory B-cell populations most likely reflects the
fact that there were very few CD38" MM tumor cells in
the peripheral blood."" In addition, the FACS sorting pro-
cedure would be expected to exclude CD38°CD19 cells
from the purified CD38CD19°CD27* memory B-cell pop-
ulation more effectively than immunomagnetic selection
of CD19" cells.

As summarized in the Results section, we detected
ectopic FGFR3 expression in the memory B-cell popula-
tion of both MM patients who had a t(4;14) translocation,
and were also able to confirm this result in one of these
two patients by identifying MAMSET hybrid transcripts
that represent direct products of the t(4;14) translocation,
a result reported previously for a single MM patient." We
also detected CCND1 expression in peripheral blood
memory B-cell populations derived from both MM
patients and two of three MGUS patients with a CCND1
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D1 high phenotype which is associated with t(11;14) in
their MM or MGUS tumor cells. It is possible that the
third MGUS patient had memory B cells with CCND1
expression, but that these were not present in the 800
memory B cells that we were able to analyze.
Significantly, for the four cases of MM above, the fraction
of memory B cells expressing a translocation-associated
oncogene product was the same as the fraction of clono-
typic memory B cells, as reported previously for the same
patients.” We were unable to detect CCND1 expression in
the memory B cells derived from seven of nine MM
patients with a CCND1 low phenotype, which is almost
invariably associated with hyperdiploidy. Importantly, in
all cases, the dysregulated oncogene identified in memory
B cells was the same as that found in the corresponding
MM tumor.

In contrast to the identification of oncogene products
dysregulated by translocations in the memory B cells from
all four MM patients and two of three MGUS patients, we
were unable to identify K-RAS61 mutations in the memo-
ry B cells of all seven patients with K-RAS61 mutations in
their CD38" MM tumor cells. Moreover, in one patient
who had a MM tumor with a CCND1 low phenotype and
a K-RAS61 mutation, we could not identify the K-RAS61
mutation in several pools of memory B cells that
expressed CCND1.

Although there is little information about oncogenic
changes in clonotypic B cells, it is important to mention a
prior study that appears to be in disagreement with our
results. Zojer et al.” identified a few percent of purified
CD19 peripheral blood B cells containing both early (RB1
deletion, trisomy 11) and late (P53 deletion) karyotypic
abnormalities that are shared with CD138* MM tumor
cells. However, the authors estimated that the
immunobead purification of CD19" cells averaged about
95% so that the low fraction of cells with karyotypic
abnormalities might represent contaminating CD138*
MM tumor cells. In fact, this possibility seems to be sup-
ported by their finding that the rare karyotypically abnor-
mal cells in the CD19-selected population expressed the
same high levels of cytoplasmic immunoglobulin as found
in CD138* MM tumor cells. In addition, their late event
(P53 deletion) is associated with advanced tumors that
have a poor prognosis, and may be more likely to be
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