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Deregulated expression of both Myc and Bcl-X| are consistent features of human plasma cell neoplasms
(PCNs). To investigate whether targeted expression of Myc and Bcl-X; in mouse plasma cells might lead
to an improved model of human PCN, we generated Myc transgenics by inserting a single-copy histidine-
tagged mouse Myc gene, Myc'!’s, into the mouse Ig heavy-chain Ca locus. We also generated Bcl-X; transgenic
mice that contain a multicopy Flag-tagged mouse Bcl-xF12¢ transgene driven by the mouse Ig k light-chain 3’
enhancer. Single-transgenic Bcl-X; mice remained tumor free by 380 days of age, whereas single-transgenic
Myc mice developed B cell tumors infrequently (4 of 43, 9.3%). In contrast, double-transgenic Myc/Bcl-X,
mice developed plasma cell tumors with short onset (135 days on average) and full penetrance (100% tumor
incidence). These tumors produced monoclonal Ig, infiltrated the bone marrow, and contained elevated
amounts of MycHs and Bcl-X F*¢ proteins compared with the plasma cells that accumulated in large num-
bers in young tumor-free Myc/Bcl-X; mice. Our findings demonstrate that the enforced expression of Myc
and Bcl-X; by Ig enhancers with peak activity in plasma cells generates a mouse model of human PCN that

recapitulates some features of human multiple myeloma.

Introduction

Plasma cell neoplasms (PCNs) in humans comprise multiple
myeloma (MM), Ig deposition and heavy-chain diseases, and
plasmacytoma (PCT), which occurs as solitary PCT of bone and
extramedullary PCT. Several mouse models of human PCN have
been developed to study mechanisms of neoplastic plasma cell
development and design new strategies for tumor treatment and
prevention. Established mouse models of human PCN include
tumors that arose spontaneously in old C57BL/KaLwRij mice
and that resemble human MM (reviewed in ref. 1), peritoneal
PCT that can be induced in strain BALB/c by intraperitoneal
injections of proinflammatory agents and further accelerated
by infection of mice with transforming retroviruses (reviewed in
ref. 2), and the transplantation of human MM cells into SCID
mice that harbor preimplanted human fetal bone as a nesting
ground for the tumor cells (3-5). Currently emerging mouse
models of human PCN are based on transgenic expression in B
cells of IL-6 (6) and NPM-ALK (7) (fusion protein of nucleophos-
min and anaplastic lymphoma kinase), or viral transduction of
NPM-ALK in bone marrow cells (8). While all of these models
afford valuable insights into the biology of human PCN, many
important features of human PCN have not been adequately
recapitulated in mice. One such feature with profound impli-
cations for pathogenesis, treatment, and prevention of human
PCN is the collaboration of deregulated Myc (c-Myc) with tumor
suppressor genes of the Bcl-2 family.
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Deregulated expression of Myc is a consistent feature of PCN
in humans and mice. In human MM, Myc appears to be acti-
vated in trans by a variety of signaling pathways converging at
the Myc promoter (9, 10), possibly including IL-6 via Stat3 (11).
Increased translation of Myc mRNA due to mutations in Myc’s
internal ribosome entry site (12), stabilization of Myc protein via
Ras (13) and other signaling pathways (14, 15), and chromosomal
translocations deregulating Myc (16-18) may further contrib-
ute to Myc overexpression in MM. Upregulation of Myc may be
of prognostic significance for MM patients (10). In contrast to
human MM, the mechanism of Myc activation in BALB/c mouse
PCT is uniform and well defined. Virtually all of these tumors
harbor chromosomal translocations (19, 20) that activate Myc
(21) by joining the Myc-PvtI locus at 15D1 with the Ig heavy-chain
locus Igh at 12F2 or one of the Ig light-chain loci, Igk at 6C1 or
Igh at 16A3, resulting in T(12;15)(Igh-Myc), T(6;15)(Igk-Prtl), and
T(15;16)(Pvtl-Igh), respectively. The most common translocation
(~90%) is T(12;15), which juxtaposes Myc in approximately 85%
of T(12;15)-harboring tumors to the most downstream Igh gene,
Co.. Mimicking the Myc-Igh(Ca) juxtaposition by gene insertion in
mice might result in a mode of Myc deregulation that is conducive
to plasmacytomagenesis and modeling of human PCN in mice.

Upregulation of death suppressor genes of the Bcl-2 family is
another consistent feature of human and mouse PCN. Human
MM s exhibit low levels of Bcl-2, but high levels of Mcl-1 and Bcl-
X1 (22), the main survival factors in MM (23-26). Overexpression
of Bcl-X; via Stat3, a possible prognostic factor in MM (27), may
be involved in growth factor independence of MM. In mouse
PCT (28) and normal plasma cells in mice (29, 30), Bcl-Xy, Bcl-2,
and A1, rather than Mcl-1, are the main survival genes. The criti-
cal role of Bcl-Xy in survival control of human MM and mouse
PCT suggests that the enforced expression of this Bcl-2 family
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member is particularly promising for modeling of human PCN
in mice. Studies on the biology of Bcl-X; and insights from trans-
genic mice expressing Bcl-Xy (31), Bcl-2 (32, 33), Mcl-1 (34), or Al
(35) in B cells support this proposition. In mature B cells, Bcl-X1.
is upregulated in response to signaling through the B cell recep-
tor (36-38), CD40 (39), and BAFF (Blys) (40). Bcl-X; enhances
the survival of follicular and germinal center B cells (41), the
presumed targets of the misguided DNA double-strand-break
repair that generates chromosomal translocations including
those involving Myc (42) in B cells undergoing V(D)] hypermu-
tation (43) and isotype switching (44). Bcl-X|. attenuates many
death signals, resulting in the rescue of B cells that would nor-
mally be eliminated because of aberrant Ig gene rearrangements
(31), autoreactivity (45), impaired affinity maturation (46), and
genetic defects (47-50). Bcl-Xy also mitigates Myc-dependent
apoptosis in B cells, an important mechanism of Myc-induced
lymphomagenesis (51). Targeting Bcl-X. expression to mature B
and plasma cells might thus promote the neoplastic transforma-
tion of plasma cells, specifically those harboring Myc-activating
chromosomal translocations or genetically engineered mutations
that mimic such translocations in the germ line.

To test the possibility that deregulation of Myc and Bcl-X. in
plasma cells might result in plasma cell tumors in mice, we devel-
oped two transgenic mouse strains. The first strain harbors a his-
tidine-tagged mouse Myc gene, Myct's, inserted into the Co gene
of an otherwise intact mouse Igh locus that contains Eu, Ea, and
all other regulatory elements residing in the Igh (Myc transgen-
ics). The inserted Myc mimics the Myc-activating chromosomal
T(12;15) translocation most commonly observed in peritoneal
PCT of BALB/c mice. The second strain contains a multicopy
Flag-tagged mouse Bcl-x™28 transgene driven by the mouse Ig k
light-chain 3’ enhancer (Bcl-X\ transgenics). This transgene effects
constitutive expression of Bcl-Xy, the major splice form of Bel-x
mRNA, in B cells and plasma cells. Here we show that single-trans-
genic Myc and Bcl-X; mice exhibit moderate phenotypes with little
or no impact on tumor development and lifespan of mice. In sharp
contrast, double-transgenic Myc/Bcl-X; mice develop plasma cell
tumors rapidly (135 days mean onset) and with full penetrance
(100% tumor incidence). Our results show that novel targeted

Figure 1

Experimental overview of the generation of double-transgenic
Myc/Bcl-X. mice. (A) Generation of Myc transgenic mice. Shown
are the normal mouse /gh locus (top) and the targeted /gh locus
with the inserted MycHis gene (bottom). The transcriptional orien-
tation of Igh and MycHis is indicated by a black and a red arrow,
respectively. (B) Generation of Bcl-X, transgenic mice. Depicted is
a scheme of the Bcl-x transgene, which consists of the mouse 3’
k enhancer; the promoter of the mouse variable k gene, Vk21; the
mouse Bcel-x cDNA fused to the Flag epitope—encoding sequence;
and the 3’ untranslated region of the human growth hormone (3’
hGH), a facilitator of Bcl-x expression. (C) Myc/Bcl-X bitransgen-
ics were on a mixed genetic background containing alleles from
strains C57BL/6, 129SvJ, and FVB/N.
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deregulation of Myc and Bcl-X leads to a mouse model of human
PCN that may be useful to elucidate the mechanism of the Myc/
Bcl-X;. collaboration and to design new approaches for treatment
and prevention of human PCN.

Methods

Generation of Myc transgenics. Gene targeting (52) and cre-loxP
recombination (53) were used to insert a mouse Myc gene into
the mouse germ-line Igh locus (Figure 1A). The inserted Myc con-
sisted of an intron-less cDNA clone, the noncoding first exon
with the natural P1/P2 promoter, 1.5 kb of genomic 5’ flank
containing the normal transcription-regulatory region, and a
short stretch of 3" untranslated region (UTR) harboring the Myc
major polyadenylation site. The UTR 3’ of the polyadenylation
signal, which has been shown to be dispensable in vivo (54), was
not present in the construct. The Myc coding region also con-
tained an artificial histidine tag added in frame at its 3" end.
The tag made it possible to distinguish Myc mRNA and Myc
protein encoded by the inserted MycHs gene from message and
protein encoded by the normal, endogenous Myc gene. MycHis
was inserted in opposite transcriptional orientation in intron 1
of the Ca locus. The construction of the inserted Myc, referred
to as iMyc®®, the assembly of the targeting vector, and the gen-
eration of the transgenic mice are described in the Supplemen-
tal Methods section and illustrated in Supplemental Figure 1
(suplemental material available at http://www.jci.org/cgi/con-
tent/full/113/12/1763/DC1). The Myc transgenic mice were of
mixed C57BL/6 x 129Sv] background (Figure 1C).

Generation of Bcl-X| transgenics. Injection of plasmid DNA into
male pronuclei of FVB/N zygotes was used to generate the Bcl-
Xy transgenic mice (Figure 1B). The transgene, referred to as
3'KE-Bcl-X1, was a modification of a previously developed Bcl-x
transgene developed by Tim Behrens (University of Minnesota,
Minneapolis, Minnesota, USA) (31). It contains the same Bcl-x28
gene but uses the 3’ k enhancer and Vg21 promoter (excised
from plasmid K3'E.KP.LUC; ref. 55) in place of the intronic Eu
enhancer and TK promoter to drive Bcl-x expression. Prior to
microinjection, plasmid 3"kE-Bcl-x was purified by cesium chlo-
ride centrifugation and linearized by digestion with NotI/Asel.
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Data presented in this report were collected using animals from
the founder line 1967 (56). The Bcl-X; transgenic mice were of
inbred FVB/N background (Figure 1C).

Generation of double-transgenic Myc/Bcl-X; mice. Hemizygous Myc
transgenic mice were crossed with hemizygous Bcl-X|. transgenic
mice to generate bitransgenics, which were born at the expected
frequency of approximately 25%. The bitransgenic mice, hence-
forth referred to as Myc/Bcl-X; mice, were of mixed C57BL/6 x
129Sv] x FVB/N background (Figure 1C). Single-transgenic Myc
and Bcl-X. F; progeny (~50% of offspring in the above-mentioned
cross) and nontransgenic F; progeny (~25% of offspring) were used
as controls unless otherwise noted. Breeding and maintenance
of mice and all experimentation involving mice were approved
under Institutional Animal Care and Use Committee Protocol
0006A56361 (University of Minnesota) and Animal Study Proto-
col LG-028 (National Cancer Institute [NCI]).

Histology and immunobistochemistry. Tissues were fixed overnightin
10% buffered formalin and embedded in paraffin. Deparaffinized
tissue sections were stained with H&E for histological examina-
tion by light microscopy or left unstained for marker analysis
by immunohistochemistry. The latter involved incubation with
biotin-conjugated antibodies to mouse B220 (RA3-6B2), CD138
(281-2; both from BD Biosciences, San Jose, California, USA), and
Igk (Southern Biotechnology Associates Inc., Birmingham, Ala-
bama, USA), or incubation with unlabeled antibodies from rab-
bit to mouse phosphohistone H3 (Ser10) and cleaved caspase-3
(Asp175; both from Cell Signaling Technology Inc., Beverly, Mas-
sachusetts, USA) followed by a labeled secondary, goat anti-rab-
bit antibody. Antibody binding in tissue sections was visualized
by the VECTASTAIN ABC alkaline phosphatase kit or the ABC
peroxidase kit (Vector Laboratories Inc., Burlingame, California,
USA) using Vector Blue or NovaRED as substrates. Endogenous
alkaline phosphatase and peroxidase activities were inhibited by
levamisole and hydrogen peroxide, respectively. Tissue sections
were counterstained with hematoxylin.

ELISA. Serum IgG and IgM concentrations were measured by
ELISA using capture antibodies binding to both heavy chains and
light chains (2 pg/ml; Caltag Laboratories Inc., Burlingame, Cali-
fornia, USA). BSA (1%) was used for blocking. Serial dilutions of
serum samples (1:2,000, 1:10,000, 1:50,000, 1:250,000, 1:500,000)
were incubated at 4°C overnight in coated ELISA plates. Individual
isotypes (IgG1,1gG2a, IgG2b, IgG3, and IgM) were detected with the
help of biotinylated goat anti-mouse antibodies (Caltag Laborato-
ries Inc.), followed by binding to alkaline phosphatase-conjugated
streptavidin (Caltag Laboratories Inc.) and addition of 1 mg/ml
alkaline phosphatase substrate in diethanolamine buffer. The opti-
cal densities were measured at 405 nm using a microplate reader.

Flow cytometry and cell sorting. To determine subpopulations of
lymphocytes in mouse tissues, single-cell suspensions from bone
marrow, spleen, lymph nodes, and tumors were treated with
FcBlock (anti-CD16/CD32, 2.4G2) and directly stained with
mAD’s to mouse B220 (RA3-6B2), CD138 (281-2), CD3 (17A2), or
IgM (II/41; all from BD Biosciences). These antibodies were con-
jugated to FITC, phycoerythrin (PE), allophycocyanin, or biotin.
Isotype-specific controls demonstrated the specificity of labeling.
To estimate the proliferation of normal B and plasma cells from
spleen and bone marrow as well neoplastic plasma cells from plas-
ma cell tumors, BrdU incorporation was measured in vitro accord-
ing to the manufacturer’s protocol (BD Biosciences). Forty-eight
hours after intraperitoneal injection of 0.5 mg BrdU, the cells were
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stained with allophycocyanin-labeled anti-B220 and PE-labeled
anti-CD138 antibodies, fixed, permeabilized, treated with DNase,
and incubated with a FITC-labeled antibody to BrdU. To analyze
cell cycling in B and plasma cells, the cells were stained with 50 ug/
ml propidium iodide (PI) in the presence of 0.1% sodium citrate
and 0.1% Triton X-100. To determine rates of programmed cell
death in B cells and plasma cells, the FITC-conjugated monoclo-
nal active caspase-3 antibody apoptosis kit I from BD Biosciences
was used (catalog number 550480). In all experiments, cells were
analyzed on a Beckman Coulter FC 500 and sorted on an EPICS
ALTRA (Beckman Coulter Inc., Fullerton, California, USA).

Cell sorting with magnetic beads (MACS). To determine proliferation
and apoptosis in B splenocytes, the MACS mouse B cell sorting kit
with B220 beads (Miltenyi Biotec Inc., Auburn, California, USA)
was used to purify B220" cells. Briefly, spleen cells freed of red
blood cells were separated on MACS VS+ columns using magnetic
beads conjugated to an antibody to mouse B220 (CD45R). Recov-
ery of B cells from single-cell suspensions was approximately 35%.
The remaining cells were either B220~ (~35%) or lost (~30%) during
cell separation. The purity of MACS-sorted B220* splenocytes was
greater than 90%, as determined by FACS analysis.

Immunoblotting. Proteins from clarified lysates of FACS-sorted
homogenized cells from spleen, bone marrow, and plasma cell
tumors were resolved electrophoretically in denaturing 10% SDS-
PAGE gels and transferred by electroblotting to nitrocellulose
membranes. Membranes were probed with rabbit anti-mouse anti-
bodies to histidine tag (Cell Signaling Technology Inc.) and Flag
tag (Sigma-Aldrich, St. Louis, Missouri, USA), or rabbit anti-mouse
antibodies to cyclin D2 (sc-593), cyclin D1 (sc-717), and XBP-1
(sc-7160) from Santa Cruz Biotechnology Inc. (Santa Cruz, Cali-
fornia, USA). The positions of the Myc™s and Bcl-x; 28 proteins
were visualized using the Phototope-HRP detection system (Cell
Signaling Technology Inc.). To confirm equal loading, the mem-
branes were stripped and reprobed using an antibody specific for
actin (CLONTECH Laboratories Inc., Palo Alto, California, USA).

Southern analysis. Genomic DNA (20 ug) was digested with
BamHI and EcoRl, fractionated on a 0.7% agarose gel, transferred
to a nylon membrane, and crosslinked under UV light. Following
prehybridization (Hybrisol I; Intergen, Gaithersburg, Maryland,
USA) at 42°C, the membrane was hybridized to a 1.1-kb Ck probe
labeled with 32P-CTP using a random-priming kit. The probe was
generated by PCR using a primer pair that was designed by Michael
Kuehl (NCI, NIH): 5'-GATGCTGCACCAACTGTATCCA-3" and 5'-
GGGGTGATCAGCTCTCAG-CTT-3'.

Paraproteins. Paraproteins (M-spikes, extragradients) were detect-
ed using the Paragon SPE electrophoresis kit (Beckman Coulter
Inc.). Igisotypes were determined by ELISA using Immulon 2 plates
(DYNEX Technologies Inc., Chantilly, Virginia, USA) and isotype-
specific goat anti-mouse serum labeled with HRP (Southern Bio-
technology Associates Inc.). Mouse serum samples were diluted
from 1073 to 1.28 x 10-5. Plates were read on a Molecular Dynamics
(Sunnyvale, California, USA) microplate reader at 450 nm.

DNA sequencing of 3' VDJ regions. The DNA sequence down-
stream of rearranged variable (V), diversity (D), and joining (J)
gene segments of the Igh locus was determined as described else-
where (57). DNA was amplified by PCR using a 5’ primer for the
third framework region of VHJ558 genes and a 3’ primer that
annealed 400 nucleotides downstream of the JH4 gene segment.
The sequences of the forward and reverse primers used for tumor
clones were 5'-AGCCTG-ACATCTGAGGAC-3' and 5'-TAGTGT-
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GGAACATTCCTCAC-3', respectively. PCR amplification condi-
tions were 95°C for 0.5 minutes, 63°C for 0.5 minutes, and 72°C
for 1.5 minutes for 35 cycles. The sequences of the forward and
reverse primers used for plasmablast clones (controls) were 5'-
TTTGAATTCCTGACATCTGAGGACTCTGC-3" and 5'-TTTGG-
ATCCCTCCACCAGACCTCTCTAGA-3', respectively. PCR con-
ditions were 95°C for 0.5 minutes, 60°C for 0.5 minutes, and
72°C for 1.5 minutes for 30 cycles. PCR products from tumors
were sequenced directly, and PCR products from controls were
sequenced after cloning into pBluescript (Stratagene, La Jolla, Cal-
ifornia, USA) at the DNA sequencing facility of Towa State Univer-
sity (Ames, Iowa, USA). An internal JH4 sequencing primer, iJH4
(5'-CTCCACCAGACCTCTCTAGA-3'), was used in either case.

Results

Features of single-transgenic Myc and Bcl-X| mice. Myc transgenic mice
were generated to recreate and study the molecular and cellular
consequences of the Myc-activating T(12;15) translocations that
characterize BALB/c PCT (Figure 1A). Several noteworthy fea-
tures of the newly developed mouse strain suggest that insertion
of Myctis into Igh resulted in representative modeling of T(12;15).
First is the precise reconstruction of the translocation breakpoint
region on mouse der(12); i.e., the 5'-to-5' juxtaposition of Myctlis
and Ca. Second is the potential for MycHis to interact with the com-
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Figure 2

Plasmacytosis and hypergammaglobulinemia in tumor-free Myc/Bcl-
X, transgenic mice. (A) Splenomegaly in double-transgenic Myc/Bcl-
XL mice relative to age-matched single-transgenic Myc and Bcl-X.
mice and nontransgenic littermate controls. (B) Massive accumula-
tion of plasmablasts and plasma cells in extrafollicular areas of the
spleen in Myc/Bcl-X, transgenics. Left: Low-power view of follicular
B cells (top) and plasma cells immunostained for B220 and « light-
chain expression, respectively (original magnification, x4). Right:
High-power view of plasmablasts and plasma cells stained with H&E
(original magnification, x63). (C) Marked elevation of serum Ig’s in
Myc/Bcl-X. transgenic mice, measured by ELISA. *Significant differ-
ence (P < 0.05) by Student’s t test.

plete set of correctly spaced Ea enhancers, designed to create the
same complex interplay of promoter and enhancer interactions
that govern the expression of translocated Myc in mouse PCT.
Third is the insertion of Myc™s in the Igh chromatin domain, which
presumably subjects the gene to the same higher-order regulatory
influences (e.g., those imposed by chromatin remodeling and posi-
tional effects in the interphase nucleus) that affect Myc involved
in the T(12;15) exchange. Bcl-Xi. mice were generated as part of
a program to elucidate in transgenic mice the oncogenic proper-
ties of death suppressor genes that are frequently overexpressed in
human MM (Figure 1B). The Bcl-x transgene is a modification of
a previously developed Bcl-x transgene (31) in which the intronic
heavy-chain enhancer En was substituted with the 3" x enhancer
(56). Compared with Ey, the 3’ k enhancer delays Bcl-X; "2 expres-
sion during B cell development to the mature B cell and plasma
cell stage (58), possibly favoring plasma cell tumor formation over
B lymphoma development.

Plasmacytosis and hypergammaglobulinemia in double-transgenic
Myc/Bcl-X; mice. Enforced expression of Myc and Bcl-x by tran-
scriptional control elements with peak activity in plasma cells
(3" Ca and 3’ x enhancers) might result in expansion of plas-
ma cells in vivo (plasmacytosis). To evaluate this possibility,
four 8-week-old Myc/Bcl-X; mice (Figure 1C) were necropsied,
and then lymphoid tissues were examined histologically and
immunohistochemically. Four age-matched Myc transgenic
mice, Bcl-X| transgenic mice, and nontransgenic littermates
were used as controls. Myc/Bcl-X| transgenic mice invariably
exhibited splenomegaly (Figure 2A), which was mainly caused
by the massive accumulation of plasma cells in extrafollicular
areas (Figure 2B). Immunostaining of tissue sections for B220
and x light-chain expression, analogous to the sections shown
in Figure 2B, demonstrated that the plasmacytosis sometimes
involved nonlymphoid tissues, such as liver (Supplemental Fig-
ure 2). The increased tissue load with plasma cells was accom-
panied by a marked elevation of serum IgM and IgG in the
Myc/Bcl-X; transgenic mice (Figure 2C). Bcl-X| transgenic mice
also exhibited increases in serum Ig, but these were more mod-
erate than in Myc/Bcl-X| transgenic mice and limited to three
IgG isotypes (IgG3 was not higher in Bcl-X; mice than in Myc
and normal mice). Myc transgenic mice were indistinguishable
from normal mice (Figure 2C). ELISPOT analysis confirmed the
ELISA results. It demonstrated a considerable increase in the
number of antibody-producing cells in spleen and bone marrow
of Myc/Bcl-X, transgenic mice compared with single-transgenic
Myc and Bcl-X1 mice and normal mice (Supplemental Figure
3a). Plasma cells obtained from tissues with plasmacytosis were
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Figure 3

Plasmacytosis in Myc/Bcl-X, trans-
genic mice. (A) The percentage of
B220-CD138* plasma cells in the
bone marrow (top row) and the
spleen (bottom row) is indicated
in the lower right quadrants of

the depicted FACS scatter plots.

The percentage of B220-CD3+ T
cells in the spleen (center row) is
indicated in the upper left quad-
rants. The red arrow denotes a
population of B220+*CD138* plas-
mablasts in the bone marrow of

Myc transgenic mice. (B) FACS-
sorted B220+*CD138+ cells from
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the bone marrow of Myc transgenic
mice express B220 (top), CD138
(center), and Igk (not shown) by
immunostaining and exhibit cyto-
logical features of plasmablasts and

plasma cells by H&E staining (bot-

CD138

not transplantable into pristane-primed BALB/c nude mice,
suggesting that these cells had not yet undergone malignant
transformation (Supplemental Figure 3b).

Bcl-X; promotes survival of Mycts-harboring plasmablasts. To better
quantify the apparent expansion of plasma cells in Myc/Bcl-X| trans-
genic mice, FACS analysis of bone marrow cells and splenocytes
was performed. Six 6- to 10-week-old bitransgenics were com-
pared with six age-matched single-transgenics and normal mice.
Representative examples of each strain are shown in Figure 3A. Myc/
Bcl-X|. transgenic mice harbored up to 63% (average 42%, mini-
mum 19%) B220-CD138" plasma cells in the bone marrow, a
striking increase compared with the Myc transgenics, Bcl-Xy. trans-
genics, and normal mice (Figure 3A, top). Similarly, Myc/Bcl-Xp.
spleen contained up to 57% plasma cells (average 34%, minimum
14%), whereas spleen from the Myc transgenic, Bcl-X, transgenic,
and normal mice contained less than 2% plasma cells (Figure 3A,
bottom). Although the relative number of B220-CD3* T cells was
reduced in spleen from Myc/Bcl-X; bitransgenics compared with
the other strains (Figure 3A, center), the absolute number of T cells
remained comparable (because of the splenomegaly of strain Myc/
Bcl-X1). Thus, neither transgene by itself, nor the combination of
both transgenes grossly interfered with T cell homeostasis in the
spleen. Studies with lymph nodes and bone marrow confirmed
this observation (results not shown). A special feature of the Myc
transgenic mice relative to all other mice was the presence of a dis-
tinct population of B220MCD138" cells in the bone marrow (22.5%
in the example shown in the top panel of Figure 3A). Although
the nature of these cells has not been fully elucidated, they likely
represent plasmablasts (Figure 3B). The presence of expanded
populations of plasmablasts in the Myc mice and plasma cells in
the Myc/Bcl-X1 mice suggested that most plasmablasts harbor-
ing only deregulated Myc fail to undergo terminal differentiation.
However, when protected by Bcl-Xi, Myc transgenic plasmablasts
survive and mature into plasma cells.

Increased turnover of Myc-harboring B cells is reduced by Bcl-X;.
Myc’s potential to induce proliferation can be mitigated in vivo
by Myc’s ability to trigger apoptosis (59). To compare prolifera-
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tom; original magnification, x63).

tion and apoptosis in mature B cells of Myc/Bcl-X; bitransgenic
mice with those in single-transgenic Myc and Bcl-X; mice and
nontransgenic littermates, tissue sections of lymph nodes from
8-week-old mice were immunostained with antibody to phospho-
histone H3 (a marker of mitosis) and cleaved caspase-3 (a marker
of apoptosis). B cell proliferation in lymph nodes, predominantly
in follicles and germinal centers, was most vigorous in Myc trans-
genic mice, followed by Myc/Bcl-X; transgenic, normal, and Bcl-Xp.
transgenic mice, which had the lowest (Figure 4). To better evalu-
ate the apparent increase in Myc-dependent proliferation, FACS
analysis of Pl-stained cells was combined with BrdU labeling in
vivo. Myc-harboring B cells proliferated nearly 2.5 times faster by
PI staining (Supplemental Figure 4a, left) and three times faster
by PI/BrdU staining (Supplemental Figure 4a, center) than the
controls. Apoptosis in B cells measured by immunostaining for
cleaved caspase-3 was also highest in Myc transgenic mice, low-
est in Bcl-X; transgenic mice, and intermediate in Myc/Bcl-Xi.
and normal mice (Figure 4). TUNEL of lymph node, spleen, and
bone marrow sections confirmed this result (not shown). To better
assess the apparent increase in Myc-dependent apoptosis, freshly
isolated Myc-harboring B cells were analyzed by FACS for activa-
tion of caspase-3. Apoptosis in these B cells was elevated approxi-
mately 4.5-fold compared with normal B cells (Supplemental Fig-
ure 4a, right). The propensity of Myc-containing B cells to undergo
apoptosis was further increased (about twofold) upon activation
of cells in vitro with LPS, anti-IgM, or both (Supplemental Figure
4b). Together, these findings indicated that the high turnover of B
cells in the Myc transgenic mice is attenuated by Bcl-X.
Myc/Bel-X; CD138* cells actively proliferate. Normal plasma cells are
end-stage B cells that have lost the ability to proliferate. To evaluate
whether plasma cells of Myc/Bcl-X;. transgenic mice adhered to this
rule, immunostaining of tissue sections for phosphorylated histone
H3 was combined with immunostaining for syndecan-1 (CD138, a
marker for plasmablasts and plasma cells) or B220 (CD45, a pan-
B cell marker). Doubly stained spleen sections from 8-week-old
mice clearly showed that CD138"* cells participated in cell cycling
(Supplemental Figure 5a, left). The same result was obtained with
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lymph node and bone marrow sections (not shown), and when
BrdU incorporation in vivo was used as the indicator of prolifera-
tion instead of phosphorylated histone H3 (not shown). Double
staining of spleen sections (Supplemental Figure 5a, right) or
lymph node and bone marrow sections (not shown) for cleaved
caspase-3 and CD138 indicated that Myc/Bcl-X; plasmablasts
and plasma cells underwent apoptosis. This observation was con-
firmed with TUNEL of lymph node, spleen, and bone marrow
sections (data not shown). Of importance, the semiquantitative
comparison of the extent of proliferation and apoptosis in serial
tissue sections of double-transgenic mice, such as those shown in
Supplemental Figure 5b, indicated that although there was ongo-
ing apoptosis in Myc/Bcl-X; CD138" cells, the balance was tipped
in favor of proliferation. This resulted in an enormous expansion
of plasma cells, which was unique to the Myc/Bcl-X;, mice and
not observed in single-transgenic and control mice. These find-
ings suggested that the interaction of Myc and Bcl-X; results in an
expanded pool of actively proliferating CD138" cells (most likely
plasmablasts) in the double-transgenic mice.

Rapid development of plasma cell tumors in Myc/Bcl-X| transgenic mice.
To evaluate whether the sustained proliferation of Myc/Bcl-Xy.
plasma cells leads to the development of plasma cell neoplasms,
11 double-transgenic mice were monitored for tumor incidence
and survival (Figure SA). Unlike Bcl-X; transgenic mice (n = 22)
and normal mice (n = 18), which remained tumor free by 380 days
of age, Myc/Bcl-X|. mice exhibited a drastically reduced survival.
This was caused by malignant plasma cell tumors (Figure 5B) that
developed rapidly (mean onset 135 days) and with full penetrance
(incidence 100%). Myc transgenic mice (n = 43) also developed
neoplasms, but tumor development took a long time (mean
onset 330 days), occurred with low penetrance (incidence 9.3%),
and resulted in B cell lymphomas rather than plasma cell tumors:
diffuse large B cell lymphoma in three of four cases (Figure SA,
inset) and unclassified B lymphoma in one case (not shown). The
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Figure 4

Proliferation and apoptosis in
lymph node follicles of 8-week-
old Myc, Myc/Bcl-X., and Bcl-
X, mice compared with normal
nontransgenic litermates. (A)
Sections of a peripheral lymph
node containing two follicles.
Follicular B cells undergoing
proliferation or apoptosis are
immunostained (brown spots)
for phosphohistone H3 or acti-
vated caspase-3, respectively
(original magnification, x40).
The images are ordered from
top to bottom according to the
apparent turnover of follicular
B cells, which was highest in
the Myc mice and lowest in the
Bcl-X. mice. (B) The result of
the microscopic enumeration
of proliferating B cells (black
bars) and dying B cells (gray
bars) in lymph node follicles.
Three lymph nodes of each
mouse strain were evaluated
to determine mean values and
SDs of the mean.
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weak tumor phenotype of the Myc mice suggested that although
the Myc's transgene reproduced the requisite molecular changes
that initiate neoplastic B cell and plasma cell development in
mice, MycHs’s true oncogenic potential in vivo was tempered in
the absence of Bcl-X;.

Features of Myc/Bcl-X; plasma cell tumors. Plasma cell neo-
plasms of Myc/Bcl-X, transgenic mice were CD138" by
immunohistochemistry (Figure 5C), proliferated vigorously by
flow cytometry of Pl-stained tumor cells (Figure 5C, inset), and
expressed transcription factors typical of plasma cells, such as XBP-1
and Blimp-1 message (RT-PCR results not shown) and XBP-1 protein
(Figure 5D, top). Immunoblotting showed that Myc/Bcl-X;, tumor
cells expressed Myc and Bcl-X at higher levels (Figure SE, lanes 5
and 6) than plasma cells from tumor-free Myc/Bcl-X; mice (lanes
1 and 8). Flow-sorted tumor cells had a mean Myc's/actin ratio of
2.75 and thus contained 1.8-fold and 2.6-fold higher Myc™s pro-
tein levels than flow-sorted plasma cells from tumor-free spleen
(lane 1) and bone marrow (lane 8), respectively. Consistent with
the high Myc level, cyclin D2, a validated Myc target (60), and
cyclin D1 were overexpressed in the tumors (Figure SD, bottom,
lanes 1-4) relative to B220°*CD138* plasmablasts from tumor-free
Myc/Bcl-X; mice (control, lane 5). Myc/Bcl-X; tumors were read-
ily cransplantable upon transfer of fewer than 10° tumor cells into
pristane-primed BALB/c nude mice, with tumor take occurring in
less than 2 weeks in two of two cases (not shown). Continuous
cell lines were readily derived from two additional cases of primary
plasma cell neoplasia. Together, these findings indicated that Myc/
Bcl-X; transgenic mice are predisposed to plasma cell neoplasms
that exhibit high levels of MycHs and Bcl-X; M8 and that have com-
pleted malignant transformation.

Origin and distribution of plasma cell tumors. The presentation of
Myc/Bcl-X| transgenic mice with plasma cell tumors in multiple
tissues raised the question of whether the tumors originated
from a single precursor with the potential for early, widespread
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Figure 5

Plasma cell neoplasms in Myc/Bcl-X. transgenic mice. (A) Bcl-X. transgenic mice (n = 22), nontransgenic littermates (n = 10, not shown), and
C57BL/6 mice (n = 18) remained tumor free. Three of four tumors that developed in Myc transgenic mice (n = 43) were diffuse large B cell lym-
phomas containing abundant neoplastic centroblasts (inset, H&E; original magnification, x63). (B) Typical Myc/Bcl-X, plasma cell tumor stained
with H&E (original magnification, x63). (C) Myc/Bcl-X, plasma cell neoplasm immunostained for CD138 (brown; original magnification, x40). The
inset shows a FACS profile of the vigorously proliferating propidium iodine—stained tumor cells. (D) Western analysis of five Myc/Bcl-X, plasma
cell tumors for expression of cyclin D2 (Myc target), XBP-1 (plasma cell transcription factor), and actin (loading control, top panel). Cyclin D1/D2
expression in Myc/Bcl-X, plasma cell tumors (lanes 1-4) compared with “premalignant” plasmablasts from tumor-free Myc/Bcl-X. mice (lane 5,
bottom panel). (E) Western analysis of MycHis and Bcl-X_ F29 expression in flow-sorted Myc/Bcl-X. tumor cells (lanes 5-6) compared with cells
from spleen (lanes 1—4) and bone marrow (lanes 7-8) of tumor-free Myc/Bcl-X. mice. Bcl-X, occurs in two alternative splice forms, with and
without transmembrane domain. Myc and Bcl-X, were detected with antibodies against the histidine and Flag epitopes. (F) Southern analysis
for clonotypic Igk rearrangements in PCNs (lanes 2—4, 6, and 7), spleen (SPL) with plasma cell hyperplasia (PCH; lane 1), thymus (lane 5),
and peripheral blood leukocytes (PBL; lane 8) from three Myc/Bcl-X. mice compared with liver and spleen from nontransgenic littermates. ALN,
axillary LN; ILN, inguinal LN; MLN, mesenteric LN; GL, germline.

dissemination (monocentric origin), or from multiple precursors  tissue, as reflected by the loss of the k germ-line fragment. A third
resulting in the outgrowth of tumors with different molecular

features (multicentric origin). To investigate this, genomic tumor

category of tissues, e.g., the lymph nodes in mouse no. 2 (lanes 2-4),
harbored different tumor cell clones with distinct K rearrange-

DNA was analyzed by Southern hybridization for clonotypic Igk
rearrangements (Figure SF). Three different states of tumor dis-
semination were observed, often coexisting in the same mouse.
Some tissues, such as the spleen of mouse no. 1, a borderline case
of plasma cell hyper- and neoplasia, harbored multiple clones of
aberrant plasma cells (lane 1), reminiscent of the clonal diversity
observed in early stages of peritoneal plasmacytomagenesis in
BALB/c mice (61). Other tissues, such as the mesenteric lymph
node of mouse no. 3 (lane 7), contained one dominant tumor
clone (yellow asterisk) that had essentially replaced the normal
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ments (red asterisks). The detection of an additional cell clone in
the peripheral blood leukocyte sample of the same mouse (lane 8,
blue asterisk) indicated the emergence of a leukemic clone that
had infiltrated the spleen (lane 6) but had not yet reached the thy-
mus (lane 5). These findings reflected a considerable variability in
the progression of Myc/Bcl-X; plasma cell tumors. Some tumors
remained confined to lymphoid tissues, where they evolved in
mono- or multicentric fashion, whereas other tumors acquired
the ability for systemic dissemination, leading to full-blown plas-
ma cell leukemia in some cases (not shown).
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Figure 6

Myc/Bcl-X. PCNs infiltrate the bone marrow, produce monoclonal Ig, and cause osteolytic lesions. (A) Bone marrow infiltration with Igk-pro-
ducing neoplastic plasma cells (original magnification, x63). (B) Palisades of neoplastic plasma cells (brown) destroying the luminal face of a
femur’s corticalis (IgG immunostaining; original magnification, x40). Two bone resorption lacunae are denoted by arrows. (C) Radiographs of
large osteolytic lesion with apparent pathological fracture (1, left humerus), osteolytic lesion without fracture (2, right femur), and hairline fracture
without visible osteolytic lesion (3, left forearm). (D) Protein electropherogram of serum and peritoneal lavage samples containing M-spikes (red
arrows) isotyped using ELISA (bottom). (E) Frequency and type of mutations in the 3’ JH4 region of rearranged variable (V) genes. Shown at the
top is a scheme of the mouse /gh locus. PCR primers J558 and JH4 were used to amplify rearranged VDJ genes and linked 3'JH4 sequences.
Sequencing primers iJH4-5" and iJH4-3' were used to detect mutations in the 344-bp 3’ JH4 region. Shown in the center are bar diagrams of the
number of mutations in the 3' JH4 region in PCNs and plasmablasts from tumor-free Myc/Bcl-X. mice (PB, left panel). The corresponding muta-
tion frequencies (mutations/3440 bp) are plotted to the right. Shown at the bottom are types and occurrences of base substitution mutations in
the 3’ JH4 region of rearranged VH genes in PCN and PB. The tumor sample also contained a deletion, AT. The location of the mutation in the

3' JH4 regions is depicted in Supplemental Figure 6.

Bone marrow involvement of plasma cell tumors. Myc/Bcl-X. plasma
cell tumors demonstrated proclivity to bone marrow involvement,
generating coalescent, wall-to-wall tumor masses in several mice
with terminal neoplasia (Figure 6A). Histological examination
of bone sections from mice with less advanced tumors routinely
revealed multifocal lesions of aberrant, pleomorphic plasma cells
adjacent to diminished or dissolved osseous trabeculae or located
in resorption pits at the inner surface of the corticalis (Figure 6B).
Some bone sections contained large sheets of neoplastic plasma
cells in soft tissues surrounding the bones, indicating that the
tumor had penetrated the corticalis at an obscure, nearby site.
Whole-body radiographs showed osteolytic lesions and puta-
tive pathological fractures in long bones of three mice (Figure
6C). Serum and peritoneal lavage fluid of tumor-bearing mice
often contained monoclonal Ig spikes (extragradients, M com-
ponents) that were readily detectable by protein electrophoresis
(Figure 6D). Two of three tumors from mice without evidence
for M-spikes in lavage samples (Figure 6D, lanes 3, 5, and 7) did
not express heavy chain (PCN-3) or light chain (PCN-7) by West-
ern analysis (result not shown), possibly because Ig genes were
deleted because of genomic instability in the tumors. To deter-
mine whether Myc/Bcl-X; plasma cell tumors exhibit evidence for
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hypermutation of expressed Ig genes, the 344-bp 3’ JH4 region
just downstream of the rearranged VD] gene was sequenced (Fig-
ure 6E, top). Ten tumor-derived clones with unique VH rearrange-
ments were assessed for frequency and type of somatic mutations,
and then compared with ten analogous clones from plasmablasts
of tumor-free Myc/Bcl-X; mice (controls). Fifteen mutations were
identified in the tumors, and four mutations were found in the
plasmablasts (P = 0.022, x? analysis; Figure 6E, center left). The
corresponding mutation frequencies in the tumors and plasma-
blasts were 4.36 x 10-3 per bp and 1.16 x 10-3 per bp, respectively
(Figure 6E, center right). All mutations except one (a 1-bp dele-
tion) were base substitutions (Figure 6E, bottom). Three muta-
tions in the tumors occurred at WA dinucleotides (W = A or T),
a preferred target of the VD] hypermutation machinery (Supple-
mental Figure 6). Although these findings are too preliminary
for firm conclusions, they suggest that Myc/Bcl-X; plasma cell
tumors have germinal center experience.

Discussion
This study reports the development of a rapid-onset high-
penetrance mouse model of human PCN that is based on forced
coexpression of Myc and Bcl-X; in plasma cells. Novel targeted
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deregulation of Myc (insertion in the proximity of the heavy-
chain 3'-Ca enhancer) and Bcl-x (activation by the k light-chain 3
enhancer) resulted in the formation of transplantable, Ig-produc-
ing, CD138" plasma cell tumors in double-transgenic Myc/Bcl-X.
mice. Tumor development was preceded by massive expansion of
normal plasma cells (generalized plasmacytosis) admixed with
atypical, dividing plasmablasts (plasma cell hyperplasia), the pos-
sible targets of the combined oncogenic attack of Myc and Bcl-X;.
The striking tumor phenotype in Myc/Bcl-X| bitransgenics — rela-
tive to the weak tumor phenotype in single-transgenic Myc mice
and the apparent absence of tumors in single-transgenic Bcl-Xi.
mice — demonstrated that complementation of a proliferation-
inducing oncogene (Myc) with a death suppressor gene (Bcl-x) can
greatly accelerate plasma cell neoplasms in mice. This finding was
consistent with previous studies on plasmacytomagenesis in mice
and recent insights into the biology of Myc and Bcl-Xy in B cells
and plasma cells in humans and mice.

The weak oncogenic potency of Myct’s, on its own, was some-
what surprising. It was probably caused by Myc-dependent apop-
tosis of tumor precursors, rather than failure of the transgenic
construct to recreate the biological features of the Myc-activat-
ing T(12;15) translocation seen in BALB/c PCT. Studies on Myc
and PCT development in BALB/c mice support this contention.
Although, normally, Myc promotes cell growth and proliferation
in the presence of growth factors (62, 63), deregulated Myc, in the
absence of growth factors, can force quiescent cells into active cell
cycle (64, 65) and then trigger apoptosis. Myc has been shown to
augment apoptosis by suppressing Bcl-X1. (66). Myc-induced apop-
tosis is a safeguard mechanism for eliminating aberrant cells with
active Myc (67, 68). In agreement with this, PCT induction stud-
ies in BALB/c mice have shown that tumor precursors containing
activated Myc are removed when positive survival signals provided
by IL-6 (69, 70) and environmental antigen stimulation (71, 72)
are missing or limiting. Likewise, PCR studies on the occurrence of
T(12;15) translocations in mice have demonstrated that the major-
ity of T(12;15)-harboring cells do not evolve into PCT (reviewed in
ref. 73), presumably because they are eliminated by Myc-induced
apoptosis. Although the principal target of Myc-dependent apop-
tosis during tumor development is not known, our observations in
the Myc/Bcl-X; model suggest that the Myctis-harboring plasma-
blast is a candidate. Additional studies are warranted to elucidate
Bcl-X\’s survival function in Myc-activated plasmablasts.

The finding that 11 of 11 Myc/Bcl-X; bitransgenics developed
plasma cell tumors by 200 days of age demonstrated that Bel-Xp
collaborates with Myc to promote neoplastic plasma cell develop-
ment. Studies on lymphomagenesis in Eu-Myc transgenic mice
(74) have provided intriguing insights concerning the underlying
biology of the Myc/Bcl-X; collaboration. Eu-Myc-driven B cell
tumors appear to depend on abrogation of Myc-induced apop-
tosis, e.g., by selection for mutants with upregulated expression
of Bcl-2-family proteins, such as Bcl-X. (75). However, the fact
that Bcl-X, attenuates apoptosis does not exclude that Bcl-X;,
uses additional mechanisms to accelerate PCT in mice. Bcl-X1 can
delay Myc-induced cell cycle entry by interfering with the ability
of Myc to downregulate p27 and activate cyclin/cdk complexes
(76). Bcl-X1 can exert promutagenic and genome-destabilizing
effects by reducing DNA repair efficiency (77), a possible factor in
the development of inflammation-induced PCT in BALB/c mice
(78-80). Bcl-Xy is involved in bypassing growth factor require-
ments and resistance to anoikis (death initiated by loss of contact
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with ECM components) (81), which may be important for the
mobilization and systemic dissemination of malignant plasma
cells. Finally, as mentioned above, Bcl-X; may facilitate the termi-
nal differentiation of Myctls plasmablasts, which would be in line
with Bcl-X/’s differentiation-enhancing properties in B lympho-
cytes (45, 50). Thus, although the mechanism of the Myc/Bcl-X;.
collaboration may be complex, and although differences in Myc
deregulation between Eu-Myc mice and Myc!is mice may further
modify this collaboration, the findings in the Eu-Myc model
strongly suggest that protection from Myc-induced apoptosis is
a critical component of Bcl-X(’s ability to promote plasma cell
tumor formation in Myc/Bcl-X; mice.

Bone marrow infiltration with malignant plasma cells, a consis-
tent feature of neoplasms arising in Myc/Bcl-X|. mice, indicated
that further modification of strain Myc/Bcl-X. might lead to an
improved mouse model of human MM. Possible approaches for
modeling human MM in Myc/Bcl-X|, transgenic mice involve the
transgenic expression of (a) MM progressor genes, such as ABL,
FGFR3, RAS, and WNT, (b) transcription factors that commit B
cells to the plasma cell fate, such as Blimp-1, IRF4, and XBP-1, (c)
chemokine receptors that direct plasma cells from lymph node to
bone marrow, such as CXCR4, (d) adhesion molecules that medi-
ate the interaction between plasma cells and stroma cells and/or
ECM in the bone marrow, such as syndecan-1, VLA-4, and osteo-
protegerin, and (e) mediators of bone destruction, such as MIP-1a,
RANKL, and DKK1. Considering that human MM occurs pre-
dominantly in elderly patients, it may also become important to
delay the expression of the Myc and Bel-x transgenes, because their
inducible expression in aging mice and their constitutive expres-
sion in young mice may favor different types of plasma cell tumor.
Furthermore, the well-established importance of modifier genes in
peritoneal BALB/c PCT (82) suggests that it may also be necessary
to introduce the Myc and Bel-x transgenes on a genetic background
(e.g., DBA/2N) that is resistant to peritoneal (extramedullary) PCT
and, therefore, possibly more conducive to plasma cell tumor for-
mation in the bone marrow.

In conclusion, the remarkable efficiency with which Bcl-X; syner-
gizes with Myc in plasma cell tumor development in mice extends
studies by other investigators who have used Bcl-X,. to promote
Myc-dependent oncogenesis in pancreas (59), skin, and other tissues
(83). It further extends work with two independently developed Bcl-2
transgenes that facilitated the malignant transformation of B cells
and plasma cells harboring deregulated Myc (84, 85). Plasma cell
tumors in Myc/Bcl-X; transgenics may afford a good model system
for studying the mechanism by which overexpression of Myc and
Bcl-X{ facilitates human PCN. It would be particularly interesting to
elucidate whether the known mechanisms of Myc enhancement at
the transcriptional level (NF-kB [ref. 86] and Stat3 [ref. 87]) and/or
the protein level (Ras [ref. 13], NF-kB [ref. 14], and CK2 signaling
[ref. 15]) are also operational in the Myc/Bcl-X plasma cell tumor
model. This information and other insights gleaned from Myc/Bcl-X,,
mice may lead to new interventions to inhibit the Myc/Bcl-X,. col-
laboration for the benefit of the human PCN patient.
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