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Abstract
Mantle cell lymphoma (MCL) is a B-cell lymphoma characterized by overexpression of cyclin D1
due to the t(11;14) chromosomal translocation. While expression of cyclin D1 is correlates with MCL
development, expression of wild type cyclin D1 transgene in murine lymphocytes is unable to drive
B-cell lymphoma. Because cyclin D1 mutants that are refractory to nuclear export display heighten
oncogenicity in vitro compared with wild type D1, we generated mice expressing FLAG-D1/T286A,
a constitutively nuclear mutant, under the control of the immunoglobulin enhancer, Eµ. D1/T286A
transgenic mice universally develop a mature B-cell lymphoma. Expression of D1/T286A in B
lymphocytes results in promiscuous S-phase entry and increased apoptosis in spleens of young pre-
malignant mice. Lymphoma onset correlates with loss of p53 suggesting that inactivation of the p53
signaling axis precedes lymphoma development. Our results describe a cyclin D1-driven model of
B-cell lymphomagenesis and provide evidence that nuclear-retention of cyclin D1 is oncogenic in
vivo.
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Introduction
Cyclin D1 functions as a critical mitogenic sensor that serves to integrate growth factor signals
with cell cycle progression. Growth factor stimulation triggers an increase in cyclin D1
transcription and translation as well as its assembly into an active cyclin D1/CDK4 complex.
The active kinase triggers phosphorylation of the retinoblastoma protein (RB) relieving its
transcriptional repressive activities and its capacity to regulate components of the DNA
replication machinery (Gladden & Diehl, 2003).

Cyclin D1 activity is also controlled through regulated changes in its sub-cellular localization
(Diehl et al., 1998; Diehl et al., 1997). During early G1 cyclin D1 assembly with CDK4 occurs
in the cytoplasm prior to nuclear translocation (Diehl & Sherr, 1997; Matsushime et al.,
1994). At the onset of S-phase, the GSK-3β kinase enters the nucleus and phosphorylates cyclin
D1 at a distinct threonine residue, Thr-286, targeting cyclin D1 for CRM1 dependent nuclear
export and subsequent degradation by the 26S proteasome (Alt et al., 2000; Diehl et al.,
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1998). Abolition of Thr-286 phosphorylation via site specific mutation of the phospho-acceptor
site (D1/T286A) or through an alternative splicing mechanism that removes sequences
directing cyclin phosphorylation results in the constitutive nuclear localization of cyclin D1
(Alt et al., 2000; Lu et al., 2003).

The subversion of normal growth signaling pathways is a hallmark of neoplasia, and
transformed cells generally exhibit reduced growth factor requirements. Cell cycle regulators,
particularly those governing mitogen-dependent G1 phase progression such as cyclin D1, make
natural targets during oncogenesis as this provides cells with a clear growth advantage.
Overexpression of cyclin D1 and its ensuing nuclear accumulation is frequently observed in
cancer cells due to gene amplification, chromosomal translocation, or protein stabilization
(Hall & Peters, 1996; Sherr, 1996). Cyclin D1 has been associated with a number of solid
tumors and additionally was identified as the BcL-1 gene associated with the chromosomal
translocation t(11;14)(q13;q32) in mantle cell lymphoma (MCL) (Akiyama et al., 1994; Seto
et al., 1992). Of particular note, the initial attempts to establish cyclin D1 as a dominant B-cell
oncogene were unsuccessful (Bodrug et al., 1994; Lovec et al., 1994a) implying that the
participation of additional regulatory mechanisms in the regulation of cyclin D1/CDK4
activity. In contrast, attempts to model genetic changes associated with other human B-cell
malignancies, such as those associated with Burkitt (c-myc) and follicular lymphoma (BcL-2),
have met with considerable success (Adams et al., 1985; Strasser et al., 1993).

In addition to MCL, cyclin D1 is overexpressed in a variety of solid tumors implicating cyclin
D1 in tumor initiation or progression. The inability of overexpressed wild type cyclin D1 to
promote oncogenic transformation even in in vitro systems (Alt et al., 2000; Quelle et al.,
1993) is thus paradoxical. We have previously found that cyclin D1 mutants that remain
constitutively nuclear due to impaired Thr-286 phosphorylation, can indeed induce a
transformed phenotype in cultured murine fibroblasts (Alt et al., 2000); (Lu et al., 2003)
providing a potential resolution to this paradox. In addition, our laboratory and others have
recently identified a constitutively nuclear cyclin D1 isoform that arises due to alternative
splicing (Lu et al., 2003; Solomon et al., 2003). This alternative transcript lacks sequences
directing phosphorylation and nuclear export and its expression is restricted to cancer cells.
These results imply that the inability of overexpressed wild type cyclin D1 to promote cell
transformation in vitro and perhaps induce B-cell lymphomas in mice reflects the capacity of
the targeted cells to maintain proper temporal regulation of cyclin D1 activity through regulated
nuclear export. Given the oncogenic potential of constitutively nuclear cyclin D1/T286A in
vitro, we hypothesized that expression of this nuclear mutant would drive B-cell malignancies
in mice.

Results
D1/T286A associates with CDK4 in transgenic lymphocytes

To determine whether a constitutively nuclear cyclin D1 mutant, D1/T286A, can promote
neoplastic transformation in vivo, we generated transgenic mice wherein expression of FLAG
tagged cyclin D1/T286A was controlled by the lymphoid specific Eµ enhancer. Four transgenic
founder mice were identified; two were high copy carriers and were not useful in establishing
lines due to morbidity (lymphoma) prior to breeding age. In contrast, one low copy and one
single copy transgenic line was established and germ-line transmission confirmed (data not
shown). Both lines exhibited similar phenotypes, and thus the single copy line was subjected
to detailed analysis. The expression profile of FLAG-D1/T286A (D1/T286A) was evaluated
by Western analysis of lysates prepared from the indicated tissues of six-week-old mice (Figure
1A). High levels of D1/T286A were present in the spleen, intestine, and lung while lower levels
were observed in the thymus, kidney, and salivary gland (lower panel). Expression in non-
lymphoid tissue reflects in part constitutive expression driven by the Pim-1 promoter and also
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some contribution of lymphoid infiltrates (data not shown). Endogenous cyclin D1 expression
was not detectable in the non-transgenic spleen but was observed in the expected tissue
compartments upon longer exposure (1A, upper and middle panels). To assess D1/T286A
expression levels in transgenic lymphoid cells, we compared it with that of cyclin D1 in human
MCL cell lines containing the t(11;14) translocation. Total protein from two established human
MCL cell lines, SP49 and Mino along with total protein from wild type and transgenic spleens
was analyzed for total cyclin D1 (Figure 1B). Antibodies specific for β-Tubulin (top panel),
murine specific D1 antibody (72–13G) and an antibody that recognizes both mouse and human
cyclin D1 (DCS6) (middle panel) were utilized. Normalization to β-Tubulin, revealed that
levels of D1/T286A from transgenic spleens was similar to levels of cyclin D1 observed in the
SP49 and Mino cell lines demonstrating the single copy transgenic mouse line did not express
supra-physiological levels of cyclin D1.

A majority of cyclin D1 is assembled into high order complexes composed of cyclin D1, CDK4/
CDK6, and p21Cip1/p27Kip1 (LaBaer et al., 1997; Zhang et al., 1994). We initially assessed
expression levels of the potential components of this complex by Western analysis with
antibodies directed towards cyclin D1, CDK4, CDK6, p21Cip1 and p27Kip1 (Figure 1C).
Relative to non-transgenic controls, expression of D1/T286A in transgenic spleens
corresponded with increased levels of CDK4 and p27Kip1 while CDK6 levels remained
constant (Figure 1C). To determine whether cyclin D1/T286A was incorporated into
complexes containing CDK4/6 and p27Kip1, splenic lysates were subjected to precipitation
with antibodies directed towards either cyclin D1 or the FLAG epitope expressed by the D1/
T286A transgenic protein. While CDK4 and p27Kip1 co-precipitated with D1/T286A, CDK6
was not detected in precipitates (Figure 1D). This data demonstrates that CDK4 is the primary
catalytic partner for cyclin D1/T286A in splenic lymphocytes.

D1/T286A mice develop disseminated IgM positive B-cell lymphoma
Expression of wild type cyclin D1 in murine fibroblasts or murine lymphocytes does not
promote neoplastic transformation without co-expression of a cooperating oncogene such as
Myc or Ras (Bodrug et al., 1994; Lovec et al., 1994a; Lovec et al., 1994b; Uchimaru et al.,
1996). To ascertain whether expression of cyclin D1/T286A could drive lymphoid
malignancies in vivo, a cohort of 25 non-transgenic and Eµ-D1/T286A transgenic mice were
observed over a 24-month period. D1/T286A mice exhibited a significant reduction in lifespan
relative to the non-transgenic controls (Figure 2A). The decreased survival rate of the
transgenic mice was associated with the development of a widely disseminated malignant
process that involved the spleen and mesenteric lymph nodes as well as non-lymphoid organs
such as the lungs, intestine and liver. Southern blot analysis with the immunoglobulin heavy-
chain JH probe (Alt et al., 1984; Borzillo & Sherr, 1989) performed on DNA isolated from the
involved spleens, revealed clonal rearrangement of the IgH gene (Figure 2B, lanes 2, 4, 5) in
contrast to the germ line pattern observed in the wild type mouse (lane 1). Where available,
peripheral tumors from the same mouse were examined and found to exhibit identical IgH
rearrangement as splenic tumors (lanes 3, 6). Tumor histology revealed diffuse infiltrates of
lymphoid-appearing cells typically with large nuclei and with occasional cells exhibiting
immunoblastic and plasmacytoid differentiation (Figure 2D, panel B). Tumors were of high
mitotic indices, stained positive for cyclin D1 (Figure 2C panel E; 2D panel C) B220 (2C panel
f; 2D panel D), negative for T-cell markers (data not shown), and negative for immature
lymphoid markers (data not shown) confirming the malignant cells were of a mature B-cell
origin.

We also assessed potential tumor dissemination in non-lymphoid organs. Sizeable infiltrates
of lymphoid cells were identified within the intestinal wall and lung parenchyma.
Immunohistochemical analysis with antibodies specific for either B220 or cyclin D1
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highlighted the infiltrate confirming their B-cell phenotype and transgenic derivation (data not
shown).

To ascertain the B-cell targeted during cancer genesis, D1/T286A and age matched non-
transgenic mice were sacrificed and surface expression of B220 and IgM were assessed in
primary bone marrow derived B-cells by flow cytometry. Approximately two-fold fewer
recirculating B220high, IgM+ B-cells were present in non-transgenic controls compared to
newly derived B220low, IgM+ B-cells (Figure 3A). In contrast, D1/T286A transgenics
reproducibly contained four-fold fewer recirculating B-cells (Figure 3A). Once B-cells enter
the spleen from the bone marrow, they progress from an IgMhigh, IgDlow to an IgMhigh,
IgDhigh state and finally to an IgMlow, IgDhigh status as exemplified by the nearly 1:1:1 ratio
detected in non-transgenic splenic B-cells (Figure 4A and 4B). Bone marrow isolated from
Eµ-D1/T286A splenic B-cells have over two fold fewer IgMlow, IgDhigh and a lower proportion
of IgMhigh, IgDhigh B-cells compared with that from non-transgenic mice (Figure 3A and 3B).
To establish whether this change in surface immunoglobulin expression is similar in the fully
transformed cells, splenocytes from transgenic, tumor burden mice reproducibly exhibited a
significant enrichment of IgMhigh, IgDlow B-cells (Figure 3C). These results demonstrate the
prime target cell is an early mature B-cell.

Promiscuous S-phase entry induced by D1/T286A is countered by apoptosis in young
transgenic mice

A majority of B-cells are quiescent until exposed to antigen (Noelle & Snow, 1990). Given
that cyclin D1 overexpression results in reduced growth factor requirements and premature S-
phase entry in cultured cells (Quelle et al., 1993), we considered the possibility that D1/T286A
might trigger the promiscuous cell cycle entry of B lymphocytes. Total splenic B-cells were
isolated from 6-week-old non-transgenic and transgenic mice and cell cycle profiles were
assessed by FACS analysis. Essentially all (99%) of wild type splenic B-cells had a 2N DNA
content consistent with G0 arrest (Figure 4A). In contrast, B-cells from D1/T286A mice
reproducibly had 4 times (4%) more cells in S-phase and an accompanying increase in G2/M
phase cells (Figure 4A). To corroborate this finding, asymptomatic six-week-old mice were
injected with BrdU 24 hours prior to sacrifice. B-cells were purified from the spleens of both
non-transgenic and transgenic mice and BrdU incorporation assessed by ELISA. B-cells
expressing D1/T286A incorporated similar amounts of BrdU as wild type B-cells (Figure 4B).
Our inability to detect BrdU incorporation in the transgenic B-cells did not reflect relative
insensitivity of the assay, as we readily detected BrdU uptake in T-cells (Figure 4B). Thus,
while the increase in cells with >2N DNA content was reproducibly noted, the data suggest
that a majority of the cells remain quiescent or alternatively are rapidly eliminated following
promiscuous S-phase entry in the absence of appropriate activating signals.

The small but reproducible fraction of S-phase cells suggested that while D1/T286A expression
increases proliferative potential, a majority of the lymphocytes are initially able to counter this
and maintain growth arrest. In fibroblasts, overexpression of the D-type cyclins reduces
mitogen dependence during cell cycle reentry and accelerates G1 progression (Quelle et al.,
1993). To determine whether transgenic B-cells exhibit increased proliferative potential
following mitogen stimulation, young D1/T286A splenic B-cells and age matched non-
transgenic controls were stimulated for 48hrs with increasing concentrations of LPS and
proliferation evaluated by 3H-Thymidine incorporation (Figure 4C). At all doses of
stimulation, the transgenic B-cells displayed a significant increase in 3H-Thymidine
incorporation relative to the non-transgenic controls suggesting that D1/T286A expression
does confer a proliferative advantage.

Given that D1/T286A expression provides B lymphocytes with a proliferative advantage, we
were surprised at the relatively small increase in the fraction of transgenic B-cells in S-phase
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as assessed by FACS. One potential mechanism underlying this phenotype is that the
promiscuous S-phase entry triggered by D1/T286A expression is countered by a high rate of
apoptosis. Consistent with this notion, we noted increased accumulation of apoptotic cells
(<2N) in transgenic B-cells (Figure 4A). To confirm this, spleens from 8-week old non-
transgenic or D1/T286A transgenic mice were assessed by TUNEL assay. Transgenic spleens
(Figure 5B) exhibited a significant increase in TUNEL positive cells relative to non-transgenic
spleens (Figure 5A). If apoptosis counters proliferation in young mice, outgrowth of a fully
transformed clone would only occur following a “second hit” that would counter or eliminate
apoptosis. Consistent with this hypothesis tumorigenic spleens from transgenic mice (Figure
5C; quantification in 5D) exhibited almost no TUNEL positive cells.

The inability of D1/T286A expressing B-cells in young mice to survive following entry into
S-phase must be overcome for malignant outgrowth. This should be reflected in a significant
increase in the percentage of cycling B-lymphocytes in tumor burden spleens. To test this
notion, splenic B-cells derived from either tumor burden transgenic mice or from age matched
non-transgenic mice were fixed and stained with propidium iodide and their cell cycle profile
analyzed by FACS. While the non-transgenic B-cells maintained a similar percentage of S-
phase cells as the young wild type mice, B-cells from the tumor burden spleen of an D1/T286A
mouse had 14.5 times more S-phase cells (18%). These results clearly demonstrate that the
malignant B-cells had overcome the high apoptotic rate thereby permitting cell cycle
progression (Figure 4D).

D1/T286A lymphomas exhibit alterations in pro-survival pathways
The latency in tumor development coupled with the proliferative block and increased apoptosis
in B-cells of young D1/T286A mice suggests the need for co-operating mutations during the
course of cancer genesis. Inactivation of the p19ARF-MDM2-p53 pathway accelerates
lymphoma onset in Eµ-Myc mice (Eischen et al., 2001a; Eischen et al., 1999; Eischen et al.,
2001b). While the p53 axis is rarely inactivated in human lymphoma, it is thought to be targeted
as a late event in human MCL (Gronbaek et al., 2002; Lai et al., 2002; Martinez et al., 2003;
Strasser et al., 1993). Inactivation of p53 predominantly occurs via point mutation of a single
allele resulting in hyperaccumulation of dominant negative p53 (Eischen et al., 1999; Levine,
1997). Accordingly, we assessed p53 accumulation by Western analysis (Eischen et al.,
1999; Zindy et al., 1998). Protein lysates from a cohort of B-cell tumors derived from Eµ-D1/
T268A mice and control splenic lysates from non-transgenic mice were subjected to Western
analysis using antibodies specific for MDM2, p53 or p19ARF. Lysates from Eµ-D1/T286A
tumors displayed increased levels of p53 (Figure 6A, lane 2, 4, 7–10). One tumor sustained a
loss of p53 (lane 3) resulting in the uncoupling of p53-p19ARF regulation and subsequent
overexpression of p19ARF. Although expression of MDM2 did not fit a pattern, hyper-
accumulation was noted in a majority of tumors examined (Eischen et al., 1999). In two tumors,
MDM2 accumulation was accompanied by hypo-accumulation of p53 as expected (lanes 5–
6). In other tumors, we noted accumulation of p53 and MDM2, suggesting that in these tumors,
the p53 pathway may remain intact, and tumor progression may not be dependent upon p53
inactivation.

Overexpression of BcL-2, is also associated with B-cell lymphoma (Zhou et al., 2001).
Overexpression of BcL2 and BcL-XL inhibits Myc induced apoptosis and accelerates
lymphoma (Bissonnette et al., 1992; Eischen et al., 2001b; Fanidi et al., 1992). As expression
of D1/T286A is associated with apoptosis, we considered the possibility that lymphoma onset
might be associated with overexpression of BcL-2 or BcL-XL. Levels of BcL-2 and BcL-XL
in D1/T286A tumors were determined by direct Westerns analysis of primary tumors. A
majority of the tumors examined expressed elevated BcL-2 (Figure 6B; lanes 3, 5, 6, 8) relative
to that found in non-transgenic spleen (lane 1, 2). We also noted elevated expression of BcL-
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XL in a smaller subset of tumor samples (lanes 4, 6, 7, 9); these higher levels of BcL-XL
correlated with lower levels of BcL-2 suggesting that selective overexpression of one of the
anti-apoptotic BcL-2 family members occurs in the tumors from D1/T286A mice. These data
suggest that secondary mutations in either the p53 pathway and/or overexpression of anti-
apoptotic BcL-2 family members contribute to lymphoma genesis in D1/T286A transgenic
mice.

Discussion
While evidence suggests a role for cyclin D1 in either the onset or progression of human
cancers, experimental evidence demonstrating a role for cyclin D1 as a bone fide oncogene in
vitro or in mouse models is scarce. In an early attempt to model human MCL, wherein cyclin
D1 is expressed due to the t(11;14) translocation, wild type cyclin D1 was placed under the
control of the Eµ enhancer (Bodrug et al., 1994; Lovec et al., 1994a). Remarkably, the Eµ-
wtD1 mice did not exhibit detectable lympho-proliferative disorder and showed little to no
alterations in B or T-cell development. In contrast, we now demonstrated that expression of
the nuclear export deficient and thus constitutively nuclear cyclin D1 mutant, D1/T286A,
predisposes mice to B-cell lymphoma. The lymphoma-prone phenotype of the D1/T286A mice
is consistent with our hypothesis that cyclin D1 oncogenicity is manifested upon deregulation
of nuclear export and the resulting nuclear retention of the kinase during S-phase. Based on
these findings we expect that in MCL and other malignancies wherein cyclin D1 is implicated,
further analysis will reveal aberrations in the regulation of cyclin D1 nuclear export. Indeed
we have recently identified a nuclear export deficient cyclin D1 isoform, cyclin D1b, in primary
esophageal carcinoma (Lu et al., 2003), providing correlative support for our hypothesis. In
addition, the cyclin D1b alternative transcript, which phenocopies the murine D1/T286A (Lu
et al., 2003), has previously been identified in primary human MCL (Hosokawa et al., 1999;
Howe & Lynas, 2001). Consistent with these findings, we have observed the cyclin D1b protein
in human MCL-derived cell lines (data not shown) providing further evidence that nuclear
accumulation of cyclin D1 is likely the contributing factor in cyclin D1-driven neoplasia.

While the D1/T286A mice develop lymphoma with complete penetrance, there is a relatively
long incubation prior to overt lymphoma development. Given the proliferative advantage
provided by D1/T286A, why don’t the transgenic mice exhibit a more distinct hyper-
proliferative disorder or early tumorigenesis? Like other cancer promoting proteins, most
notably c-Myc, cyclin D1 overexpression in certain contexts is associated with apoptosis
(Sofer-Levi & Resnitzky, 1996). Indeed, we found that expression of the D1/T286A transgene
in spleens of young pre-malignant mice was associated with a significant increase in apoptosis.
Thus, the initial proliferative response to D1/T286A is countered by cell death such that
development of lymphoma only results from secondary mutations that disrupt this response
(e.g. overexpression of BcL-2 or loss of p53). Indeed, analysis of D1/T286A tumors revealed
the frequent inactivation of the p53 pathway and overexpression of BcL-2. This suggests that
p53 and or BcL-2 play a pivotal role in preventing D1/T286A-dependent cell growth.

Our analysis of the p53 pathway and BcL-2 family members is consistent with
lymphomagenesis being a multi-step process wherein expression of D1/T286A provides a
constant proliferative stress that in turn sensitizes mice to secondary genetic alterations.
Similarly, while Eµ-Myc mice develop B-cell lymphoma with an earlier onset than D1/T286A
mice, overt lymphoma in this model also reflects acquisition of secondary mutations. Extensive
analysis of this model has revealed the frequent inactivation of p53 signaling components and
the overexpression of BcL-2 and BcL-XL (Eischen et al., 1999; Eischen et al., 2001b). Similar
to the Eµ-Myc mice, lymphomas arising in the D1/T286A mice have selected for inactivation
of p53 and/or overexpression of the anti-apoptotic proteins BcL-2 or BcL-XL. Noteworthy in
this context, micro-array analysis of human MCL indicates that both the p53 pathway and the
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BcL-2 proteins are targeted in a subset of high-grade mantle cell lymphomas (Rosenwald et
al., 2003) suggesting these pathways may be commonly targeted during lymphoma progression
wherein cyclin D1 represents the initiating step.

Using microarray-based gene expression profiling of purified B-lymphocytes from young
asymptomatic mice, we identified Myc as highly expressed in transgenic mice (data not
shown). Myc overexpression was in a subset of tumors by western analysis (data not shown).
Myc is commonly overexpressed in MCL and was previously shown to cooperate with wild
type cyclin D1 in doubly transgenic mice (Bodrug et al., 1994; Lovec et al., 1994a). Indeed,
the overexpression of BcL-2 in a majority of Eµ-D1/T286A tumors may reflect deregulation
of Myc-dependent transcriptional control as has been suggested for Eµ-Myc lymphomas
(Eischen et al., 2001b; Hernandez et al., 1999; Nagy et al., 2003). In human MCL, expression
of Myc is generally observed in the advanced, blastic type. Similarly, based on morphology,
the analogous presence of the additional genetic changes in the p53 pathway and their
disseminated nature, the B-cell lymphomas arising in D1/T286A mice resembled the blastic
variant of MCL. D1/T286A transgenic mice exhibit a reduced percentage of IgMlow, IgDhigh

splenic B-cells in pre-malignant stage. This imbalance is even more accentuated in lymphoma-
bearing mice and is associated with an accumulation of IgM, IgD double positive B-cells that
closely resemble the mature B-cell phenotype of human MCL.

The cyclin D1 translocation t(11;14) is a defining characteristic of human MCL. Considering
the relatively poor prognosis and lack of durable response to current treatment modalities
(Argatoff et al., 1997; Bosch et al., 1998), new therapies are needed for MCL. Accordingly,
targeting the cyclin D1-dependent kinase appears therapeutically efficacious in vitro, where
CDK4/6 inhibition reduced proliferation of a variety of tumor derived cell lines, whereas CDK2
inhibition was ineffective (Strasser et al., 1993). The recent development of a highly specific
small molecule CDK4/6 inhibitor exhibited striking efficacy in both cell culture and
subcutaneous tumor models (Fry et al., 2004). The development of a mouse model, that is
dependent upon the cyclin D1/CDK4 kinase, should provide an excellent opportunity to
evaluate the efficacy of targeting the cyclin D-dependent kinase in vivo and also provides a
platform to further study the role that nuclear retention of cyclin D1 has on S-phase progression
and cellular proliferation.

Materials and Methods
Transgenic Mouse Generation

FLAG tagged D1/T286A was sub-cloned into the HpaI site of TDK-TG90 and the subsequent
6.5kb HindIII fragment of TDK D1/T286A was injected into C57/BL6 pronuclei and implanted
into C57/BL6 host mice. Founder mice were identified by Southern blot of BamHI digested
genomic DNA and by PCR using primers specific for the FLAG tag (5’-
CTGCTCCTCAGTGGATGTTGCC-3’) and murine cyclin D1 (5’-
CTCACAGACCTCCAGCAT-3’), positive mice were subsequently bred to C57/BL6 mice to
generate the Eµ-D1/T286A colony.

Cell Purification and Cell Culture conditions
Splenic B-cells from wild type or transgenic mice were purified by disassociating whole spleen
in cold DMEM and ensuing purification using StemSep™ murine B-cell enrichment cocktail
and negative selection columns per manufacturer’s directions (StemCell Technologies).
Purified B-cells were cultured in RPMI 1640, 2mM L-glutamine (BioWhitaker), antibiotics
and 5% heat inactivated fetal calf serum (FCS) (Gemini Bioproducts), stimulated with
indicated concentrations of lipopolysaccharide (Sigma), and pulsed with 1 µCi of 3H-
Thymidine.
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Western Blotting and Immunoprecipitation
Fresh tissue was isolated and dissociated in Tween 20 buffer (50 mM HEPES (pH 8), 150 mM
NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween 20, 0.1mM PMSF, 1 µg/ml aprotinin, 1 µg/
ml leupeptin, 25 mM glycerol phosphate, 1 mM NaF and 1 mM dithiothreitol), sonicated two
times and remaining debris cleared by centrifugation. Protein complexes were collected with
the cyclin D1 monoclonal antibody (D1-17-13G) or the M2 monoclonal antibody (Sigma) and
protein A Sepharose (Amersham Pharmacia); bound complexes were washed four times in
Tween 20 buffer. Immunoprecipitated protein complexes and total protein lysates were
resolved by polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes
(Millipore). Membranes were blotted with antibodies specific for cyclin D1 (D1-17-13G,
Oncogene Research Products, Ab-3, or Dako, DCS-6), CDK4 (Santa Cruz Biotechnologies,
C-22 or H-22), CDK6 (Ab3, Neomarkers), p21 (Santa Cruz, C-19), p27 (BD Transduction
Laboratory, clone 57), MDM2 (Santa Cruz, C-18), p19 ARF (Abcam, ab80), p53 (PAB421),
BcL-2 (3F11), and BcL-X. Antibody binding was visualized using protein A-conjugated
horseradish peroxidase (PA-HRP, EY Laboratories), anti-mouse conjugated HRP, or anti-
rabbit conjugated HRP (Cell Signaling).

BrdU analysis and Flow Cytometry
Mice were injected i.p. with 30 µg of BrdU per gram of body weight 24 hours prior to sacrifice.
Splenic B-cells were purified and BrdU ELISA was performed according to the manufacturers
instructions (Roche Applied Science). For cell surface marker analysis, the specified tissues
were dissociated and washed in PBS containing 2% FCS. Staining was performed in PBS/2%
FCS using antibodies specific for B220-APC, IgM-PE and IgD-FITC (BD Bioscience). For
DNA analysis lymphoid cells were washed in PBS 2 times and resuspended in PI staining
buffer (50 µg/ml propidium iodide, 1 µg/ml sodium citrate and 0.1% Triton-X). Analysis was
performed with a BD FacsCalibur using CellquestPro software.

Southern Analysis
Genomic DNA from wild type or transgenic tissue was isolated, subjected to digestion with
XbaI and separated on a 1% agarose gel. DNA fragments were then transferred to nylon
membrane (Millipore) and probed with the JH probe made by random-prime labeling of a 1.2kb
fragment released from the pJR34 JHIg plasmid by BamHI-XbaI double digestion (generous
gift from M. F. Roussel and C. J. Sherr) (Borzillo & Sherr, 1989).

Immunohistochemistry
Tissue was fixed in 10% buffered formalin and subsequently dehydrated, embedded and
sectioned. Tissue sections were subjected to antigen retrieval using Vector antigen unmasking
solution followed by blocking of endogenous peroxidase activity by treating with 1% peroxide
for 15 minutes. Sections were then incubated in blocking buffer for 30 minutes followed by
incubation with the primary antibody overnight. Sections were washed five times with TT
buffer and incubated with a secondary biotin conjugated antibody (Vector Laboratories),
washed again and incubated with ABC reagent (Vector Laboratories) followed by detection
with DAB substrate (Vector Laboratories). TUNEL analysis was performed according to the
manufacture’s suggested protocol (Roche).
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Figure 1. D1/T286A associates with CDK4 and p27 in transgenic splenocytes
a) Cyclin D1 direct Western of whole tissue protein lysates from either 6-week-old non-
transgenic wild type (WT) or Eµ-D1/T286A (Eµ) mice. L.E. denotes longer exposure of the
Western blot. b) Western analysis of protein lysates from NIH-3T3 cells (3T3), wild type
spleens (WT), D1/T286A spleens (Eµ) or two human MCL cell lines performed with antibodies
specific for β- Tubulin, human and mouse cyclin D1 (DCS6) or mouse D1 only (7213G). A
non-specific background band recognized by the DCS6 antibody is noted by the (*). c) Western
analysis with the indicated antibodies was performed on splenic extracts prepared from non-
transgenic wild type (WT), D1/T286A (Eµ) mice, or NIH-3T3 fibroblasts. d) Protein lysates
from (c) were precipitated using either a cyclin D1 antibody (D1), the M2 antibody (FLAG),
or with normal rabbit serum (NRS). Proteins were separated by electrophoresis and probed
with the indicated antibodies.
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Figure 2. D1/T286A mice have a decreased lifespan due to the onset of B-cell lymphoma
a) Survival curve representing mean survival of either wild type (WT) (Green Line) or D1/
T286A (Eµ) (Red Line) cohort over a 24-month period. b) Southern blot analysis of
immunoglobulin heavy chain gene rearrangements in transgenic splenic tumors and available
peripheral tumors from the identical mouse. Bold line represents the germline size of the IgH
gene and (*) notes rearranged gene products. c) Representative histology of either wild type
spleen (a, b, c) or a tumor burden D1/T286A spleen (d, e, f) stained with hematoxylin and eosin
(a, d) with arrowheads denoting mitotic figures. Immunohistochemistry for either total cyclin
D1 (b, e) or B220 (c, f). d) Higher magnification of D1/T286A tumor burden spleens stained
with hematoxylin and eosin (A,B), for cyclin D1 (C) or B220 (D).
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Figure 3. D1/T286A splenic B-cells display an altered surface immunoglobulin profile
a) Bone marrow cells from either non-transgenic wild type (WT) or D1/T286A (Eµ-TA) six-
week old mice were analyzed by flow cytometry with antibodies specific for either B220 or
surface IgM. Likewise total splenic lymphocytes from either wild type or Eµ-D1/T286A mice
were stained with B220, surface IgD and surface IgM. B220 positive cells were gated on and
surface IgM and IgD expression was analyzed. b) Splenic cells from six-week-old pre-
malignant mice were stained with B220, surface IgM and IgD, B220 cells were gated on and
surface immunoglobulin levels were analyzed. c) Cells from a tumor burden spleen (EµTA)
or an age-matched mouse were stained with B220, surface IgM or IgD. B220 positive cells
were gated on and surface immunoglobulin levels were analyzed by flow cytometry.
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Figure 4. D1/T286A B-cells have a decreased dependence on mitogen stimulation
a) Purified splenic B-cells from six-week old wild type or D1/T286A mice were stained with
propidium iodide and DNA content was determined by flow cytometry. b) Six-week-old wild
type or D1/T286A mice were injected with BrdU 24 hours prior to sacrifice. BrdU
incorporation was quantitated by ELISA from purified splenic B or thymic T-cells. c) Purified
splenic B-cells from pre-malignant transgenic (Eµ) and age matched wild type (WT) mice were
stimulated with the indicated concentrations of LPS for 48 hrs. Proliferation was determined
by incorporation of 3H-Thymidine. d) Cells from a tumor burden spleen (Eµ) or an age-
matched mouse were stained with propidium iodide and DNA content was determined by flow
cytometry.
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Figure 5. D1/T286A transgenic spleens display an increased proportion of apoptotic cells
Representative TUNEL analysis performed on a) non-transgenic spleens, b) age matched pre-
malignant D1/T286A spleens, and c) tumors from malignant transgenic mice. d) Quantitation
of TUNEL analysis.

Gladden et al. Page 15

Oncogene. Author manuscript; available in PMC 2010 March 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. The p53 pathway is targeted D1/T286A tumors
a) Direct western analysis was performed on protein lysates from either wild type spleen (WT)
or D1/T286A (TA) tumors using antibodies specific for MDM2 (top panel) (*) denotes cross
reacting band, p53 (middle panel) or p19ARF (bottom panel). b) Total protein lysates from wild
type spleens or D1/T286A tumors were separated electrophoretically, transferred to
nitrocellulose and probed with antibodies for either BcL-2 (top panel) or BcL-XL (bottom
panel).
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