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Multiple myeomatumor progression in the 5ST2MM murine modd isamultistage
and dynamic process of differentiation, proliferation, invasion, and gpoptosis

Kewal Asosingh, Hendrik De Raeve, lvan Van Riet, Benjamin Van Camp, and Karin Vanderkerken

At clinical presentation, multiple my-
eloma (MM) is already a well-established
disease. The processes involved in ear-
lier stages are, however, unknown. Here
the 5T2MM murine model was used to
analyze differentiation, proliferation, inva-
sion, and apoptosis of MM cells during
disease progression. Naive mice were
injected with 5T2MM cells and from the
onset of the experiment 3 mice were
killed each week until the end stage.
Myeloma cells were isolated from the
bone marrow and selected by sequential
gating of 5T2MM idiotype* cells by flow
cytometry. Microscopic analysis of these
sorted 5T2MM idiotype* cells confirmed

their identity as true myelomacells. Based
on serum paraprotein concentration and
bone marrow tumor load, 3disease stages
were distinguished: a quiescent stage, an
intermediate stage, and an end stage, of
slow, moderate, and accelerated tumor
progression, respectively. In the quies-
cent stage, the majority of the myeloma
cells were CD45+CD138~IL-6Ra*, corre-
sponding to an immature, invasive, and
apoptosis-resistant phenotype. In the end
stage the majority of the myeloma cells
had differentiated into CD45-CD138*IL-
6Ra~ cells, corresponding to a mature,
less invasive, and apoptosis-sensitive
phenotype. In the intermediate stage a

gradual transition from the quiescent to-
ward the end stage was observed. In line
with these data, analysis of sorted 5T2MM
cells demonstrated a significant decrease
in invasive capacity and a significant in-
crease in (dexamethasone-induced) apo-
ptosis sensitivity and in proliferation dur-
ing the disease progression. These data
suggest that myeloma disease progres-
sion is amultistage and dynamic process
of differentiation, proliferation, invasion,
and apoptosis. (Blood. 2003;101:3136-3141)

© 2003 by The American Society of Hematology

Introduction

Multiple myeloma (MM) is still an incurable plasma cell cancer,
predominantly localized in the bone marrow (BM). Our group
demonstrated that thein vivo homing of these malignant cellsto the
BM is a selective process of directed migration and selective
survival in this organ.! Once the cells have entered the BM, they
have an intensive cross-talk with the BM stromal cellsand induce a
microenvironment that supportstheir survival and growth.2 At time
of diagnosis, MM is already a well-established disease. So far
myeloma research has been focused on homing and other mecha-
nisms involved in the clinical stage of the disease. The processes
involved in the earlier, preclinical, stages are unknown. In this
work we took afirst step in illumination of the preclinical stages.
Since such investigation requires an in vivo model, the 5T2MM
experimental mouse model was used. Animals intravenously
inoculated with MM cells were analyzed during the entire process
of myeloma progression and monitored for 3 markers: CD45,
CD138 (syndecan-1), and interleukin 6 receptor (IL-6R). CD45isa
transmembrane protein tyrosine phosphatase, expressed on all
B-cells. During maturation toward plasma cells the CD45 expres-
sion is gradually down-regulated. Fully matured plasma cells are
CD45~.3 In myeloma patients both CD45" and CD45~ MM cells
have been observed.*® More recently, CD45 appeared to be a
predictor of therapeutic response.” Myeloma patients were grouped

according to percentages of CD45id, CD45'*%, and CD45~ MM
cells, and grouping was associated with clinical outcome: patients
with a high percentage of CD45~ MM cells had the poorest
outcome. The significance of this CD45 heterogeneity, from a
biologic point of view, is, however, not understood. In the present
work CD45 was used as a differentiation marker together with
CD138. CD138 is a transmembrane heparan sulfate proteoglycan
expressed on sessile B cells. All pre-B cellsare CD138*, but during
circulation in the peripheral blood CD138 expression is lost and
CD138 is re-expressed on mature plasma cells in the BM.
Immature CD45" MM cellsare CD138~. CD138 isalso proteolyti-
caly cleaved and shed from the cell surface, and CD138~ MM
cells appeared to possess a higher invasive capacity.®

IL-6R consists of 2 subunits: an « chain (gp80, CD126), which
specifically binds IL-6, and a shared 3 chain (gp130, CD130),
whichisresponsible for the signal transduction.> IL-6 isagrowth
factor for MM cells,*>13 and, worthy of mention in this work, it is
required in the early stages of plasma cells in the BM to escape
apoptosis.* We report herein a multistage process of myeloma
disease progression based on the evolution of serum M component
(paraprotein) and tumor load. Flow-cytometric analysis demon-
strated a CD457CD138~ IL-6Ra* phenotype of the majority of
MM cellsin theinitial stage of tumor progression. Toward the end
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stage the cells gradually acquired a CD45-CD138"IL-6R~ pheno-
type. Functional analysis of sorted MM cells from different stages
of disease progression indicated an increased proliferative activity
and apoptosis sensitivity and a decreased invasive capacity during
the disease progression.

Materials and methods

5T2MM myeloma model

5T2MM myeloma cells originate from spontaneously developed myeloma
in elderly C57BL/KaLwRijHsd mice.’>16 The model was initiated, and is
continued, by intravenous injection of diseased BM cells into young (6- to
10-week-old) syngenic recipients (Harlan, Horst, Netherlands) as described
previously.t’

Study design

A group of 33 naive mice were intravenously injected with 2 X 106
5T2MM cells. From this time point 3 mice were killed each week until the
remaining animalswere terminally diseased. From each mouse, paraprotein
level and tumor load was quantified and the MM cells in the BM were
phenotyped. In the second part of the study the MM cells were sorted from
animalsin different disease stages for functional experiments.

Serum paraprotein quantification and isolation of BM cells

Mice were bled before being killed and serum paraprotein levels were
quantified by standard electrophoretic techniques.'® BM cells were flushed

Figure 1. Gating, sorting, and microscopic examina-
tion of 5T2MM cells. (A) Gating of 5T2MM cells. Cell
debris was excluded by a lymphoblastoid gate (R1) on an
FSC/SSC dot plot. 5T2MM idiotype (18B9)* cells were
defined within a live gate (R2) on an SSC/18B9 dot plot.
Autofluoresence was excluded on an 18B9/FL-4 dot plot.
No marker was used in the FL-4 channel. 5T2MM cell
phenotype was then analyzed on an FL1/FL2 dot plot.
Upper panels are dot plots from a bone marrow sample
labeled with CD45-FITC, IL-6Ra—PE, and 18B9 with
rat-antimouse-PerCP as a secondary reagent. Lower
panels are from the same sample stained with isotype-
matched control antibody. (B) Sorting and microscopic
examination of 5T2MM cells. Dot plots illustrate expres-
sion pattern of 5T2MM idiotype (18B9) and CD45 on a
bone marrow sample before and after sorting. Photo-
graphs below illustrate May-Griinwald-Giemsa—stained
cytospin of same sample before and after sorting. These
data were obtained from a mouse with 0.57 g/dL parapro-
tein concentration and 40% of its 5T2MM cells CD45*.
After sorting, myeloma purity of 97% was obtained, as
analyzed by flow cytometry. Microscopic examination of
the cytospin indicated a purity of 99%. Original magnifica-
tion X 400.
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out from femora and tibiae and bone marrow mononuclear cells (BMNCs)
were isolated by centrifugation of the samples on Lympholyte M (Cedar-
lane Laboratories, Hornby, ON, Canada).

Flow cytometry

Tumor load in the BM was assessed by staining of the BMNCs with
anti-5T2MM idiotype-specific antibodies (1889, mouse 1gG;).'® Rat anti-
mouse 1gG;-PerCP (Becton Dickinson, San Jose, CA) was used as a
secondary reagent. To phenotype the 5T2MM cells, tricolor stainings were
performed. Cells were stained with anti-5T2MM idiotype-specific antibod-
ies as described above and with CD45-fluorescein isothiocyanate (FITC;
clone AM4508; Biosource International, Camarillo, CA), CD138-PE
(clone 281-2, rat 1gG,; Becton Dickinson), or phycoerythrin (PE)—
conjugated anti—-IL-6 receptor a chain (IL-6Ra) monoclona antibodies
(clone D7715A7, rat 19gG,p,; Pharmingen, San Diego, CA). For all stainings,
isotype-matched irrelevant antibodies were used as controls. All samples
were analyzed on a FACSCalibur flow cytometer (Becton Dickinson). The
first weeks after tumor injection, the frequency of myeloma cells in the
BMNC population was low. Therefore all sampleswere analyzed according
to the principle described for the phenotyping of rare hematopoietic stem
cellsin the BM.2® Cell debris was eliminated by setting a lymphoblastoid
gatein aforward scatter/side scatter (FSC/SSC) dot plot. 5T2MM idiotype™
cells were defined within a live gate on a SSC/18B9 dot plot. The 18B9 is
the anti-5T2MM monoclonal antibody and was labeled with rat antimouse
1gG;-PerCP (FL-3) as secondary reagent. Autofluoresence was excluded in
an 18B9/fluorescence channel 4 (FL-4) dot plot. Phenotypes of the 5T2MM
cells were analyzed on aFL-1 (CD45-FITC)/FL-2 (CD138-PE or IL-6Ra-
PE) dot plot (Figure 1A). In this way true 5T2MM idiotype™ cells were
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Figure 2. Evolution of serum paraprotein concentration during disease
progression and correlation between serum paraprotein concentration and
5T2MM myeloma tumor load in bone marrow. (A) Evolution of serum parapro-
tein concentration during disease progression. Mice injected with 5T2MM cells
were bled before being killed at indicated time points. Paraprotein in serum was
quantified by protein electrophoresis. Each point represents mean value = SD of
3 animals. (B) Correlation between serum paraprotein concentration and 5T2MM
myeloma tumor load in the bone marrow. Paraprotein concentrations were
measured as described in Figure 2A legend. Bone marrow mononuclear cells
from the same mice were analyzed for 5T2MM tumor load by flow-cytometric
staining with anti-idiotype—specific monoclonal antibodies. Each point represents
mean value of 3 mice + SD.

obtained, as confirmed by light microscopic examination of sorted cells
(Figure 1B). The data presented in Figure 1B also demonstrate that the
CD45*5T2MM idiotype* cells are true myeloma cells and not contaminat-
ing cells. All cell sortings were performed on a FACSvantage-SE flow
cytometer (Becton Dickinson).

Proliferation, invasion, and apoptosis of 5T2MM cells

For functional analysis, flow cytometric—sorted 5T2MM cells were
used. To assess the proliferation, 0.25 X 10° 5T2MM cells were
incubated for 1 hour with 12.5 wg/mL bromodeoxyuridine (BrdU;
Sigma, St Louis, MO) in Dulbecco modified essential medium (DMEM)
supplemented with penicillin-streptomycin, glutamine, Minimum Essen-
tial Medium (MEM; Gibco BRL, Merelbeke, Belgium) and 10% bovine
serum (Hyclone, Logan, UT). Cells incubated in medium without BrdU
were used as controls. Subsequently the cells were stained for flow
cytometric analysis with anti-BrdU monoclonal antibodies (clone
BRD.3, mouse 1gG;; Biosource International) according to the manufac-
turer’s instructions. Rat antimouse 1gG;-PE (Becton Dickinson) was
used as a second step. Invasion of 5T2MM cells was analyzed by
Matrigel invasion assay (Becton Dickinson) as described previously.?
Apoptosis sensitivity of the myeloma cells was measured after cocultur-
ing 0.25 X 106 cells per well on confluent layers of normal BM stromal
cells (BMSCs) in 24-well plates in 0.5 mL DMEM supplemented with
penicillin-streptomycin, glutamine, MEM, and 10% bovine serum.
Where indicated, 5uM dexamethasone (Sigma) was added to the cells.
After overnight incubation, the percentage of apoptotic cells was
analyzed by staining with annexin VV and propidium iodide according to
the manufacturer’sinstructions (Becton Dickinson).
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Figure 3. Phenotype of 5T2MM cells before injection. Bone marrow cells isolated from
tumor-bearing 5T2MM cells were phenotyped by flow cytometry. 5T2MM myeloma cells
were selected by staining with anti-5T2MM-specific antibodies as described in
Figure 1A. Expression of CD45, CD138, and IL-6Ra on gated 5T2MM is shown.
Results are expressed as bivariate plots. x-axis: expression level of the indicated
antigen; y-axis: autofluorescence; no marker was used in this channel (FL-4).
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Results
5T2MM myeloma disease progression is a multistage process

Naive mice were injected with 2 X 106 5T2MM cells. After
injection, 3 mice were killed each week until the remaining animals
were terminally diseased. Serum paraprotein concentration and
BM tumor load were quantified and were detectable above the
background 4 weeks after tumor injection. The serum paraprotein
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Figure 4. Expression of CD45, CD138, and IL-6Ra during disease progression.
(A) 5T2MM cells were gated as explained in Figure 1A. For each tumor stage, plots
from one mouse are illustrated. Each column of plots illustrates the expression of the
antigen indicated below at the different tumor stages. Results are expressed as
bivariate plots. x-axis: expression level of the indicated antigen; y-axis: autofluores-
cence; no marker was used in this channel (FL-4). Percentages of positive cells are
indicated. (B) Alterations in CD45, CD138, and IL-6Ra expression during disease
progression. Three mice were killed each week until the remaining animals were
terminally diseased. Myeloma cells were phenotyped as described in Figure 1A
legend. Percentages of CD45%, CD138~, and IL-6R*™ MM cells are shown. Each point
represents mean value of 3 mice = SD.
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concentration, illustrated in Figure 2A, showed an increase during
disease progression, as expected. There was a good correlation
between the serum paraprotein concentration and tumor load in the
BM (Figure 2B). These data demonstrate that the serum parapro-
tein concentration can be used as an independent indicator for
disease progression. Based on the paraprotein levels, 3 stages were
distinguished in the progression of the myeloma disease (indicated
in Figure 2A): a quiescent stage of slow tumor progression
(increase of paraprotein from O to 0.20 g/dL, during the 7 weeks
after tumor injection), an intermediate stage of moderate tumor
progression (increase of paraprotein from 0.30 to 0.57 g/dL, within
atimeinterval of 3 weeks[7-10 weeks after tumor injection]), and
an end stage of accelerated tumor progression (increase of parapro-
tein from 0.64 to 1.2 g/dL, within atime interval of 1 week [10-11
weeks after tumor injection]). These data clearly demonstrate that
5T2MM myeloma disease progression is amultistage process.

Phenotypical alterations in the expression of CD45, CD138, and
IL-6Ra during 5T2MM disease progression

The phenotype of the 5T2MM cells before injection into the naive
mice is illustrated in Figure 3. Three mice were killed each week
until the end stage of the disease. The MM cells were phenotyped
for CD45 expression as maturation markers and for CD138 and
IL-6Ra asindicators of invasive capacity and apoptosis sensitivity,
respectively. In Figure 4A, representative dot plots of the different
tumor stagesiillustrate clear phenotypical aterations in the expres-
sion of CD45, CD138, and IL-6Ra on the 5T2MM cells. Figure 4B
gives an overview of the alterations in subset composition during
the entire process of disease progression. In the quiescent stage, the
majority of the myeloma cells were CD45"CD138"IL-6Ra™,
corresponding to an immature, invasive, and apoptosis-resistant
phenotype. In the end stage the mgjority of the myelomacells were
CD45-CD138"IL-6Ra~, corresponding to amature, lessinvasive,
and apoptosis-resistant phenotype. In the intermediate stage there
was a (gradual) transition from the quiescent phenotype toward the
end-stage phenotype. These data indicate a differentiation of
CD45" myeloma cells into CD45~cells during the progression of
myeloma. Moreover, the data suggest alterations in the invasive
capacity and apoptosis sensitivity of the 5T2MM cells during
disease progression.

Proliferation, invasion, and apoptosis of 5T2MM cells during
disease progression

5T2MM cells sorted from BM of tumor-bearing mice in different
disease stages were anayzed for proliferation, invasion, and
apoptosis as described. Scatter plots in Figure 5 illustrate the
evolution during disease progression. As shown in Table 1, there

MYELOMA DISEASE PROGRESSION ISADYNAMIC PROCESS 3139

Table 1. Proliferation, invasion, and apoptosis at quiescent and end stages

Quiescent stage End stage
(paraprotein 0-0.2 g/dL) (paraprotein 0.64-1.2 g/dL) P
Proliferation 92+23 309 £3.7 <.0001
Invasion 58 1.0 24+12 <.02
Apoptosis 2405 256 £ 2.7 <.0001

was a significant increase 5T2MM cell proliferation and apoptosis
sensitivity and a decrease in invasive capacity. In the intermediate
stage there was a gradual transition from the quiescent toward the
end stage (Figure 5). These data are in line with the phenotype of
the 5T2MM cells in the corresponding disease stage and demon-
strate that 5T2 myeloma disease progression is a dynamic process
of proliferation, invasion, and apoptosis.

Dexamethasone-induced apoptosis of 5T2MM cells during
disease progression

Dexamethasone is a principal agent for treatment of MM. There-
fore, we analyzed the sensitivity to this drug of the 5T2MM cells
sorted from different disease stages. 5T2MM cells isolated from
the quiescent and intermediate stages were resistant to dexametha-
sone-induced apoptosis, both in the presence and in the absence of
BMSCs (Figure 6). Dexamethasone was not able to induce
apoptosis of end-stage 5T2MM cells in coculture with BMSCs.
However, when these MM cells were cultured without stromal
cells, apoptosis of the end-stage 5T2MM cells increased and was
further augmented by dexamethasone (Figure 6). These data
indicate that end-stage 5T2MM cells, corresponding to human MM
cells at clinical presentation, are dexamethasone sensitive but are
protected by the BM microenvironment.

Discussion

According to current concepts there are 2 types of MM emerging
from different oncogenetic transformation processes: MM second-
ary to pre-existing monoclonal gammopathy of undetermined
significance (one third of new MM cases) and de novo MM, in
which anormal plasmacell directly transformsinto overt myeloma
(two thirds of new MM cases).?! In the latter situation, at the time
of diagnosis MM is already an established disease with clinical
symptoms. The processes involved in the earlier, preclinical, stages
of disease progression in this type of MM are unknown. The
murine 5T2MM model originates from de novo myeloma? with
symptoms similar to the human variant.2 In this work we used this
model to analyze the differentiation, proliferation, invasion, and
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Figure 5. Proliferation, invasion, and apoptosis of 5T2MM cells during disease progression. 5T2MM cells at different stages of disease progression were sorted as
described in Figure 1. Proliferation was assessed by incubation of the cells with bromodeoxyuridine for 1 hour followed by flow-cytometric analysis of nuclei. Invasion was
measured by assessing migration of the cells through Matrigel-coated Transwell filters overnight. Apoptosis was analyzed by staining of the cells with annexin VV and propidium
iodide after overnight incubation on bone marrow stromal cells. Data are illustrated as a function of the corresponding paraprotein concentration, which is an indicator of the
tumor stage. Each point represents data from one mouse in an independent experiment.
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Figure 6. Dexamethasone-induced apoptosis of
5T2MM cells during disease progression. 5T2MM
cells from different stages of disease progression were
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apoptosis of the myeloma cells during disease progression. The
MM cells were selected by stringent flow-cytometric sequential
gating of anti-idiotype* cells. May-Griinwald-Giemsa staining of
sorted cells demonstrated that this method resultsin the selection of
true 5T2 myeloma cells. Based on the evolution of paraprotein
concentration and the tumor load, we distinguished 3 phasesin the
disease progression: a quiescent stage of slow tumor progression,
an intermediate stage of moderate tumor progression, and an end
stage with accelerated progression. In the quiescent stage the
majority of the 5T2MM cells were CD45*. This expression was
gradually lost during the disease progression and, in analogy to the
human situation, in the end stage the magjority of the cells were
CD45-. This evolution in the CD45 expression pattern demon-
strates a clear maturation process of the 5T2MM cells during the
disease progression. Although the proportion of CD45* 5T2MM
cellswaslow (onethird) in the population initially injected into the
mice, the majority of the MM cells detected in the early stage
expressed CD45. We reported previously that the BM homing of
CD45~ 5T2MM cellsisimpaired, compared with the CD45" MM
cells?* Moreover, like human CD45~ MM cells®% in the
presence of IL-6, aportion of the CD45~ 5T2MM cells dedifferen-
tiate into CD45" cells, both in vitro and in vivo.?* Apparently, it is
advantageous for the 5T2MM cells to express CD45 in the early
stage of the disease, when remodeling of the BM microenviron-
ment is still in progress to make it more supportive for the MM
cells. The CD45* 5T2MM cellsexpresshigh levelsof IL-6R, and it
is known that IL-6 has a crucial role in the onset of plasma cell
tumorsin vivo and prevents apoptosisin the early stages of plasma
cellsinthe BM.1#27 In line with the latter finding, we observed that
invitro the 5T2MM cells are less sensitive to apoptosisin the early
stage of the disease, when the expression of IL-6R on the cell
surface is high. Moreover, these cells were resistant to dexametha-
sone-induced cell death, in contrast to end-stage 5T2MM cells. The
|atter cells were protected from the effects of dexamethasone when
they were cocultured with BMSCs. This finding is in agreement
with the human situation at clinical presentation. Protection of
human MM cells (corresponding to end-stage 5T2MM cellsin our
model) from dexamethasone-induced apoptosis by BMSCs has
been well documented.?82° Remodeling of the extracellular matrix,
to activate the local microenvironment, is an important process in
cancer progression.3>31 Matrix metalloproteinases (MMPs), in
particular MMP-9, play an essentia role in this process.®? These
proteases appear to be important in the early stage of cancer

end stage™

intermediate stage™

progression and may no longer be required once the tumor has been
established.®! Our observation of higher invasive capacity of the
5T2MM cells in the quiescent stage than in the end stage is in
agreement with these findings in solid tumors. Moreover, we have
recently demonstrated that CD45* 5T2MM cells (the major
population in the quiescent stage) secrete high levels of MMP-9, in
contrast to CD45~ MM cells (the major population in the end
stage).?° The absence of syndecan-1 (CD138) on the cell surface of
the MM cellsin the early stageisaso in linewith these cells more
invasive and CD45" characteristics. The expression of CD45 and
the expression of CD138 on MM cells are negatively correlated
with each other, and CD45" 5T2MM cells are dso CD138~ (K. A.,
unpublished observation, July 2001). In arecent report we demonstrated
that theCD45" 5T2MM cellsare much moreinvasivethan CD45- MM
cells?® Others have demonstrated that syndecan-1-transfected
ARH-77 B-lymphoid cells are less invasive than the wild-type
cells, which have no endogenous syndecan-1.38 Syndecan-1 is also
congtitutively shed from the cell surface3*3> and ARH-77 cells
engineered to produce a soluble form of this transmembrane
heparan sulfate proteoglycan are hyperinvasive.3

The proliferation of the 5T2MM cells increased during the
disease progression, parallel with their differentiation into CD45~
cells. It istempting to speculate that in early disease stages the BM
microenvironment is remodeled by the 5T2MM cells to create a
more supportive niche for their expansion in later tumor stages.
Although the 5T2MM cells were more sensitive to apoptosis in
vitro toward the end stage of the disease, the tumor load and
paraprotein increased. Thisindicates that the net balanceisin favor
of proliferation. The proliferative capacity of CD45 subsetsin MM
is controversial. Some groups report that only a small subset of
CD45" MM cells form a proliferating population in MM®2;
another group recently reported that CD45* and CD45~ MM cells
have equal proliferative capacities.®” In vivo studies in the severe
combined immunodeficiency human (SCID-hu) mouse model38
and the 5TMM model?* demonstrated that purified CD45~ MM
cells are able to proliferate and can induce myeloma disease.
Moreover, our group demonstrated a higher in vivo proliferation of
CD45~ 5T2MM cellsthan of CD45" MM cells.®* These dataarein
line with the findings in this work. The signaling pathways by
which CD45 affects the proliferation of MM cells are unclear.
However, recent reports demonstrate that CD45 gene disruption
leads to hyperactivation of Janus kinase-signal transducer and
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activator of transcription (JAK-STAT) and mitogen-activated pro-
tein kinase (MAPK) signaling pathways, resulting in enhanced
cytokine-triggered proliferation of hematopoietic cells, including B
cells.3940 | n addition, it has been well documented that JAK-STAT and
MAPK dgnaling pathways are involved in the proliferation of

MM cells#t

Together, the data presented in thiswork open new perspectives
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multistage and dynamic process of differentiation, proliferation, invar
son, and apoptoss. Most important, they form a new foundation for
further investigations pointing toward novel therapeutic ap-

in myeloma hiology. Our in vivo data obtained in the 5T2MM

murine model demonstrate that myeloma disease progression is a
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