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The Myc oncogene regulates the expression of several components
of the protein synthetic machinery, including ribosomal proteins,
initiation factors of translation, RNA polymerase III and ribo-
somal DNA1,2. Whether and how increasing the cellular protein
synthesis capacity affects the multistep process leading to cancer
remains to be addressed. Here we use ribosomal protein hetero-
zygote mice as a genetic tool to restore increased protein synthesis
in Em-Myc/1 transgenic mice to normal levels, and show that the
oncogenic potential of Myc in this context is suppressed. Our
findings demonstrate that the ability of Myc to increase protein
synthesis directly augments cell size and is sufficient to accelerate
cell cycle progression independently of known cell cycle targets
transcriptionally regulated by Myc. In addition, when protein syn-
thesis is restored to normal levels, Myc-overexpressing precancer-
ous cells are more efficiently eliminated by programmed cell
death. Our findings reveal a new mechanism that links increases
in general protein synthesis rates downstream of an oncogenic
signal to a specific molecular impairment in the modality of trans-
lation initiation used to regulate the expression of selective mes-
senger RNAs. We show that an aberrant increase in cap-dependent
translation downstream of Myc hyperactivation specifically
impairs the translational switch to internal ribosomal entry site
(IRES)-dependent translation that is required for accurate mitotic
progression. Failure of this translational switch results in reduced
mitotic-specific expression of the endogenous IRES-dependent
form of Cdk11 (also known as Cdc2l and PITSLRE)3–5, which leads
to cytokinesis defects and is associated with increased centrosome
numbers and genome instability in Em-Myc/1 mice. When accur-
ate translational control is re-established in Em-Myc/1 mice,
genome instability is suppressed. Our findings demonstrate how
perturbations in translational control provide a highly specific out-
come for gene expression, genome stability and cancer initiation
that have important implications for understanding the molecular
mechanism of cancer formation at the post-genomic level.
Deregulation of Myc activity is one of the most frequent oncogenic
lesions underlying human cancers6,7. Myc has an evolutionarily con-
served role in the control of cell size and protein synthesis rates,
which in Drosophila confers a cell survival advantage1,8,9. When
dMyc-induced protein synthesis is restrained in a minute mutant
background, which is haploinsufficient for ribosomal protein func-
tion, cells no longer possess a competitive advantage10,11. So far, the
relevance of Myc-dependent increases in protein synthesis and cell
growth in the multistep process leading to cancer remain unknown.

To restore protein synthesis rates in Myc-overexpressing cells to
normal, we used mouse minute mutants that are haploinsufficient for

ribosomal protein function. Haploinsufficiency in certain ribosomal
proteins decreases the overall protein synthesis rates to an extent that
is compatible with overall cellular and tissue homeostasis. L241/2

mice are viable12 and do not show any overt differences in
B-lymphocyte development, growth and cell division (Fig. 1 and
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Figure 1 | Myc-induced increases in protein synthesis regulates
B-lymphocyte size, division and apoptosis before lymphomagenesis.
a, Protein synthesis rates assessed by [35S] methionine incorporation and
densitometry analysis; *P , 0.01; n 5 3. b, Cell size analysis; n 5 3,
*P , 0.001 for Em-Myc/1 versus wild type (WT), **P , 0.01 for Em-Myc/1
versus Em-Myc/1;L241/2. c, d, Cell cycle distribution (c) and quantification
of the percentage of cells in S phase (d); n 5 3; *P , 0.01, **P , 0.05. The red
bar in c indicates S phase. e, Western blot analysis for cell cycle targets
transcriptionally regulated by Myc. f, In situ TUNEL analysis; n 5 3. Insets
(original magnification 320) are representative pictures of TUNEL analysis
comparing Em-Myc/1 and Em-Myc/1;L241/2 samples; *P , 0.05,
**P , 0.05. All experiments (a–e) were performed on freshly isolated
B-lymphocytes. Error bars, s.d.
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Supplementary Fig. 1). We intercrossed Myc transgenic mice, in
which Myc is overexpressed in the B-cell compartment (Em-Myc/
1)13, with L241/2 mice (Supplementary Fig. 2). By lowering the
threshold of protein production in L241/2 mice, the increased pro-
tein synthesis rates and cell size in Em-Myc/1 cells14 were restored to
normal levels in Em-Myc/1;L241/2 mice (Fig. 1a, b). Therefore, this
genetic approach shows that Myc-induced increases in general pro-
tein synthesis rates are responsible for augmented cell growth.
Moreover, Em-Myc/1;L241/2 mice are an important genetic model
for selectively rescuing increased protein synthesis rates and cell
growth downstream of oncogenic Myc signalling.

During cell cycle progression, cell growth normally precedes cell
division and it has been suggested that cells must reach a critical cell
size or ‘setpoint’ to facilitate G1–S progression15. In mammalian cells,
it remains undetermined whether an increase in cell growth is
coupled to an increase in cell division upon Myc hyperactivation.
The percentage of Em-Myc/1 cells in S phase is markedly increased
compared to wild-type cells (Fig. 1c, d). Notably, in Em-Myc/
1;L241/2 mice the augmented number of cells in S phase is restored
to normal levels (Fig. 1c, d). The rate of cell cycle progression in Em-
Myc/1 B-lymphocytes was also monitored by BrdU incorporation
(BrdU1 cells per h, wild-type 0.16 6 0.04 versus Myc 5.77 6 1.78,
P , 0.005) and was similarly restored to normal levels in Em-Myc/
1;L241/2 cells (BrdU1 cells per h, 0.11 6 0.02, P , 0.02). Important
cell cycle targets that are transcriptionally regulated by Myc such as
p27 (also known as Cdkn1b; ref. 16), p21 (Cdkn1a; ref. 17) and cyclin
D2 (Ccnd2; ref. 18), were expressed at similar levels in Em-Myc/1 and
Em-Myc/1;L241/2 cells (Fig. 1e and Supplementary Fig. 3). Thereby,
the overall protein synthetic capacity of the cell may dictate cell cycle
progression independently from the cell cycle program established at
the transcriptional level by Myc hyperactivation. These results
strongly suggest that Myc-induced cell growth is dependent on the
ability of Myc to regulate protein synthesis and is coupled to uncon-
trolled cell cycle progression in cancer.

Non-immortalized cells counteract Myc overexpression by under-
going programmed cell death as a tumour suppressive response, and
inhibition of cell death downstream of Myc activation accelerates
lymphoma initiation7. The percentage of dying cells in Em-Myc/
1;L241/2 mice was more than double that of Em-Myc/1 mice before
lymphoma onset (Fig. 1f). Therefore, the tumour suppressive res-
ponse elicited by Myc overexpression is strongly enhanced in the
background of normal protein synthesis and these findings suggest
that clonal derivatives of precancerous cells may be more efficiently
eliminated by programmed cell death in Em-Myc/1;L241/2 mice.

The restoration of normal protein synthesis downstream of Myc in
Em-Myc/1;L241/2 mice is first associated with a marked reduction in
splenomegaly—the earliest manifestation of Myc-induced lympho-
magenesis (Fig. 2a). We next scored for lymphoma formation in each
cohort of mice (Fig. 2b). The onset of lymphomas in the Em-Myc/
1;L241/2 mice is markedly delayed compared to Em-Myc/1 mice
(Fig. 2b). In addition, a significant percentage of Em-Myc/1;L241/2

mice do not develop lymphomas even after 1.5 years of age (Fig. 2b).
A second mouse minute line, heterozygous for the ribosomal protein
L38 (M.B., manuscript in preparation), was intercrossed with Em-
Myc/1 mice. Em-Myc/1;L381/2 mice also show a marked rescue in
cell growth and cell division as well as an increase in cell death of
precancerous cells compared to Em-Myc/1 cells (Supplementary Figs
1 and 4). Notably, lymphoma initiation in the Em-Myc/1;L381/2

mice was markedly suppressed, as in the Em-Myc/1;L241/2 mice
(Supplementary Fig. 5). The suppression of lymphomagenesis was
specific to the direct effect of Myc signalling on protein synthesis, as
ribosomal protein haploinsufficiency in the context of the p532/2

background did not have any effect on tumour formation (Fig. 2c).
These genetic results demonstrate that the ability of Myc to augment
protein synthesis is necessary for its oncogenic potential.

To understand further the molecular mechanisms by which unres-
trained increases in global protein synthesis can lead to tumorigenesis,

we analysed protein synthesis control during specific phases of the cell
cycle in Em-Myc/1 B-lymphocytes. Unexpectedly, wild-type and Em-
Myc/1 cells synchronized in S phase did not show any differences in
protein synthesis rates (Fig. 3a). During mitosis, cap-dependent pro-
tein synthesis is normally decreased to facilitate cap-independent
translation of a subset of messenger RNAs required for accurate
mitotic progression19. On the contrary, Em-Myc/1 cells show
increased protein synthesis rates during mitosis; this is cap-dependent
as the increased protein synthesis rates are restored to normal levels
after rapamycin treatment (Supplementary Fig. 6) and in Em-Myc/
1;L241/2 cells (Fig. 3a, b). Moreover, increased activity of a cap-
dependent luciferase reporter gene is observed in Myc-overexpressing
cells synchronized in mitosis and this is restored to normal when Myc
is overexpressed in the L241/2 background (Fig. 3c).

Accurate mitotic progression relies on a very precise and orderly
switch in translational control through a general decrease in cap-
dependent translation and a switch to IRES-dependent translation
initiation19. We next addressed whether a persistent enhancement of
cap-dependent translation during mitosis downstream of Myc over-
expression would be unfavourable to an IRES-dependent translational
switch. The expression of a bicistronic reporter construct harbouring
the hepatitis C virus IRES element (HCV IRES)—a molecular readout
of IRES-dependent translation20—is impaired in mitotically synchro-
nized Myc-overexpressing cells and restored to normal when Myc is
overexpressed in the L241/2 background (Fig. 3d). Notably, L241/2

cells do not show differences in IRES-dependent translation
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Figure 2 | The ability of Myc to augment protein synthesis is necessary for
its oncogenic potential. a, Representative photographs of spleens (left) and
average spleen weight (right); WT, wild type; n 5 6 per genotype, 4 weeks of
age; error bars, s.d. b, Kaplan–Meier curves showing lymphoma-free survival
of Em-Myc/1 and Em-Myc/1;L241/2mice; n 5 30 per genotype.
c, Kaplan–Meier curves showing tumour-free survival of p532/2 and
p532/2;L241/2 mice; n 5 25 per genotype.
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compared to wild-type cells (Fig. 3d), suggesting that the rescue in
IRES-dependent translation downstream of Myc hyperactivation in
the L241/2 background is the result of restoring cap-dependent trans-
lation to normal levels (Fig. 3c). Taken together, these data dem-
onstrate that aberrant and continuous stimulation of cap-
dependent protein synthesis by Myc perturbs the mitotic switch to
IRES-dependent translation.

We next monitored the expression of a well-characterized endo-
genous mRNA that is only translated during mitosis by an IRES

element. Cdk11 (also known as Cdc2l and PITSLRE) is a member
of the Cdc2-like protein kinase family that undergoes cap-independ-
ent translation from an IRES element during mitosis to produce a 58-
kDa Cdk11 isoform, Cdk11p58, that facilitates accurate mitotic pro-
gression3,4. Notably, deletions containing the Cdk11 locus are found
in non-Hodgkin’s lymphoma21 and other cancers22,23, strongly sug-
gesting that Cdk11 may act as a tumour suppressor gene24. The
expression of Cdk11p58 was markedly reduced in mitotically syn-
chronized Em-Myc/1 cells (Fig. 3e and Supplementary Fig. 7) but
was rescued to normal levels in Em-Myc/1;L241/2 cells (Fig. 3e).
Moreover, expression of a reporter gene directed by the Cdk11p58

IRES element is also impaired in mitotically synchronized Myc-
overexpressed cells and restored to normal levels when Myc is over-
expressed in the L241/2 background (Fig. 3f). These findings indicate
that the general increase in cap-dependent translation downstream of
Myc activation prevents the accurate mitotic switch to IRES-dependent
translation that regulates Cdk11p58 expression.

Decreased Cdk11p58 expression during mitosis impairs accurate
cytokinesis, resulting in a binucleated cell phenotype5 that is assoc-
iated with aneuploidy25. We observed that Myc-overexpressing
mouse embryonic fibroblasts (MEFs) display cytokinesis defects
and have a significant increase in the number of binucleated cells, a
hallmark of Cdk11p58 loss of function5 (Fig. 4a). Notably, restoring
accurate mitotic Cdk11p58 expression in Myc-overexpressing cells
was sufficient to revert all of these cytokinesis defects (Fig. 4a–c).
These findings strongly suggest that the decreased IRES-dependent
translation of Cdk11p58 downstream of oncogenic Myc signalling
may be an early event in tumorigenesis that underlies the subsequent
development of genomic instability26.

We therefore assessed whether Em-Myc/1 lymphocytes have
supernumerary centrosomes, an early characteristic of genome
instability. We observed a large percentage of Em-Myc/1 cells show-
ing centrosome duplications. These duplications are the result of
aberrant protein synthesis control downstream of Myc activation
because Em-Myc/1;L241/2 cells show normal centrosome numbers
(Fig. 4d). We next directly monitored genomic instability by using
comparative genomic hybridization (CGH) analysis. All of the lym-
phomas analysed from Em-Myc/1 mice had chromosomal abnor-
malities, but Em-Myc/1;L241/2 tumours either showed no
chromosomal abnormalities or showed them at a lower frequency
(Fig. 4e). These findings establish a direct and previously unrecog-
nized molecular connection between the aberrant control of protein
synthesis downstream of Myc activation and the accumulation of
genetic lesions in tumours.

In our study, we have used ribosomal protein haploinsufficiency as
a genetic tool to restore protein synthesis to normal levels down-
stream of oncogenic Myc activation. It is worth noting that subsets
of ribosomal proteins act as tumour suppressors in Zebrafish27.
However, L241/2 and L381/2 mice used in this study do not show
cancer susceptibility (D.R., unpublished observations). Our findings
provide genetic evidence that increased global protein synthesis
downstream of Myc activation is a rate-limiting determinant of can-
cer initiation, and delineate how deregulations in protein synthesis
control confer oncogenic potential (Fig. 4f). This strongly suggests
that oncogenic signals may monopolize the translational machinery
to elicit cooperative effects on cell growth, cell cycle progression and
cell survival (Fig. 4f). Moreover, Myc-overexpressing cells have cyto-
kinesis defects, supernumery centrosomes and genomic instability as
a consequence of augmented cap-dependent translation, dem-
onstrating a previously unrecognized molecular connection between
aberrant protein synthesis control and genome instability in cancer
(Fig. 4f).

We have identified a specific translational impairment as a con-
sequence of increasing protein synthesis downstream of oncogenic
signalling (Fig. 4f). The failure to suppress cap-dependent translation
during mitosis in Myc-overexpressing cells prevents the critical
switch to IRES-dependent translation that is required for accurate
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Figure 3 | Myc hyperactivation impairs the translational switch from cap-
to IRES-dependent translation control during mitosis and blocks mitotic
translation of the Cdk11 kinase. a, b, [35S]methionine incorporation in B
lymphocytes synchronized in S phase and mitosis. Densitometry analysis
(n 5 3) comparing protein synthesis levels in S phase and mitotically
arrested B lymphocytes is shown. c, Cap-dependent activity of the Renilla
luciferase (Rluc) reporter mRNA in asynchronous and mitotically
synchronized MEFs; n 5 6 experiments performed in triplicate, *P , 0.001
compared to wild type (WT), **P , 0.005 compared to asynchronous
values. d, HCV-IRES-dependent activity of the Firefly luciferase (Fluc)
reporter mRNA; n 5 6 experiments performed in triplicate in asynchronous
and mitotically synchronized MEFs; **P , 0.001 compared to
asynchronous values. e, Representative western blot of the endogenous
Cdk11p58 kinase in asynchronous and mitotically synchronized primary
B lymphocytes. Note that expression of Cdk11p58 is only present in
mitotically synchronized cells (left), and not asynchronous cells (right) via
an IRES-element positioned in its 59UTR. Densitometric analysis is shown at
the bottom; n 5 3. f, Cdk11p58-IRES-dependent activity of firefly luciferase
reporter mRNA transfected in asynchronous and mitotically synchronized
cells; n 5 4 experiments performed in triplicate; **P , 0.001 compared to
asynchronous values. Average steady state wild-type values in c, d and f were
set to 1. The y-axes show the fold change. Error bars, s.d. A tamoxifen-
inducible Myc vector was expressed in a wild-type and L241/2 background
in c, d and f.
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expression of mitotically expressed mRNAs and suggests that many
IRES-containing mRNAs, such as Cdk11, may be deregulated at the
translational level in Myc-overexpressing cells. Defects in the mitotic
translational switch are directly relevant for tumorigenesis, as we
have shown that impairments in IRES-dependent translation of
Cdk11p58 result in cytokinesis failure, an early event in cancer that
underlies the subsequent development of genomic instability5,25,28

and which can be reverted in Myc-overexpressing cells by restoring

accurate Cdk11p58 mitotic expression (Fig. 4a–c). A question remains
as to why an increase in cap-dependent translation downstream of
Myc activation would decrease IRES-dependent translation. An aber-
rant increase in cap-dependent translation during mitosis may cause
preferential recruitment of translational components (ribosomes
and translation initiation factors) to the cap structure at the expense
of IRES elements that govern accurate expression of a subset of
mRNAs29. Several tumour suppressor genes possess an IRES-element
and defects in IRES-dependent translation underlie the cancer sus-
ceptibility syndrome Dyskeratosis Congenita30. Therefore, IRES-
containing mRNAs may be preferentially affected as a consequence
of deregulations in translational control and may contribute to
tumorigenesis. Our data strongly suggest that alterations in quanti-
tative as well as qualitative translational control downstream of
oncogenic signalling provide a highly specific and rapid response that
may overshadow the effect of the transcriptosome towards cellular
transformation.

METHODS SUMMARY
Mice. Em-Myc/1, L241/2, L381/2 and p532/2 mice were all maintained on a

C57/BL6 background. Mice were monitored twice a week for signs of morbidity

and tumour development. Myc tumour initiation was scored by peripheral

lymph node palpation. Moribund mice or mice with obvious tumours were

killed, and tumours and different organs were analysed by histology or processed

for further analysis.

Cell culture and analysis of IRES-dependent translation in mitosis. Primary

B-lymphocytes were isolated from spleen or bone marrow from 4–5-week-old

mice using an autoMACS separator (Miltenyi Biotec). Primary B-lymphocytes

and MEFs were synchronized in mitosis by thymidine and aphidicolin block,

respectively. Bicistronic vectors, HCV IRES and Cdk11p58 IRES were transfected

as RNAs. IRES-dependent expression of the endogenous Cdk11p58 was assessed

by western blot using anti-Cdk11p58 (Abcam).

Analysis of global protein synthesis. Equal numbers of freshly isolated or cul-

tured primary B-lymphocytes synchronized in S phase or mitosis were incubated

in methionine-free DMEM and then 50 mCi per well (25mCi ml21) of [35S]

methionine was added to the cultures for 35 min. Radiolabelled proteins were

visualized by exposure to X-ray film and quantified by densitometry analysis.

Cellular and molecular analysis of B-lymphocytes. Freshly isolated and cul-

tured B-lymphocytes from 4–5-week-old mice were fixed and stained with the

following combination of monoclonal antibodies conjugated with fluorescein

isothiocyanate (FITC) or phycoerythrin (PE): CD19-PE and CD3-FITC, CD4-

PE and CD8-FITC, and CD43-PE and CD45R-B220-FITC. Cell volume mea-

surements were performed using a Coulter Model Z2 (Beckman Coulter).

CGH and cytokinesis analysis. Genomic DNA extracted from lymphomas of
Em-Myc/1 and Em-Myc/1;L241/2 mice was subjected to CGH analysis by stand-

ard methods. For cytokinesis analysis, primary MEFs were stably transfected

with a Myc-oestrogen receptor chimaera (MycER) harbouring puromycin res-

istance or with p58 cDNA plus MycER via a Phoenix viral vector and cultured.

After release from aphidicolin, Myc was activated by the addition of hydroxy-

tamoxifen (OHT). At the 20 h time point, cells were fixed and stained.

Binucleated cells were scored used automated segmentation routines.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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of binucleated cells (arrows). Inset (original magnification 340) illustrates
dysmorphic and variably sized nuclei frequently observed in Myc
overexpressing MEFs. WT, wild type. b, Western blot of mitotic Cdk11p58

expression showing decreased expression in MEFs expressing a Myc
inducible vector. Myc1p58 cells express a retroviral Cdk11p58 cDNA. c, The
increased number of binucleated cells in Myc-overexpressing cells is restored
to normal level when Cdk11p58 is reintroduced; n 5 4, at least 500 cells were
scored per experiment. Error bars, s.d. d, Percentages of cells with normal (1
and 2) and aberrant (3) centrosome numbers in freshly isolated
B-lymphocytes; n 5 6, at least 300 cells per experiment; *P , 0.001. Insets
show representative immunofluorescence staining with a centrosome
marker. e, CGH analysis of tumours; n 5 6; error bars, s.d. f, Proposed
model for how deregulations in translation control downstream of Myc
activation lead to cancer initiation. Myc-dependent increases in protein
synthesis augment cell growth and this effect is coupled to increased cell
cycle progression and a cell survival advantage. Increasing cap-dependent
translation downstream of Myc-activation also gives rise to a specific
molecular impairment in the modality of translation initiation used during
mitosis that leads to cytokinesis defects associated with genome instability.
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METHODS
Mice. Em-Myc/1 transgenic mice, L241/2, L381/2 and p532/2 mice were all

maintained on a C57/BL6 background and their offspring were bred in accord-

ance with protocols approved by the committee for animal research at the

University of California, San Francisco, to obtain the genotypic combinations

described in this paper. In all cases, Em-Myc/1 transgenic mice were maintained

and studied on a heterozygote background. Mice were monitored twice a week

for signs of morbidity and tumour development. Myc tumour initiation was

scored by peripheral lymph node palpation as previously described31. Moribund

mice (Em-Myc/1, Em-Myc/1; L241/2, Em-Myc/1; L381/2, p532/2,

p532/2;L241/2) or mice with obvious tumours were killed, and tumours and

different organs were analysed by histology or processed for further analysis.

Cell culture and analysis of IRES dependent translation in mitosis. Primary

B-lymphocytes were isolated from spleen or bone marrow from 4–5-week-old

mice using an autoMACS separator (Miltenyi Biotec) according to the manu-

facturer’s instructions. To synchronize primary B-lymphocytes in mitosis,

2 3 106 cells ml21 were plated in culture medium (RPMI-1640 supplemented

with 10% fetal bovine serum (FBS), 1% penicyllin/streptomycin, 0.5% b-mer-

captoethanol, 5mg ml21 CD40 and 15 mg ml21 IL-4). After 24 h, cells were resus-

pended in fresh culture medium supplemented with 2.5 mM thymidine and

incubated for 18 h to arrest cells in S phase. Cells were released from the thymi-

dine block by washing in PBS plus 2% FBS and incubated in fresh culture

medium for 6 h. Thymidine (2.5 mM) was then added to the medium for 24 h.

The cells were released from the second thymidine block as described above and

incubated in fresh culture medium containing 1.5mM nocodazole for 16 h to

arrest cells in mitosis. Mouse embryonic fibroblasts (MEFs) were isolated from

wild-type and L241/213–14 days post coitum embryos and infected with

MycER32. Cells were transfected at steady state and in mitosis. For the steady

state condition, MEFs were plated in 6-well culture plates at ,5 3 105 cells per

well and allowed to grow overnight to ,50% confluency. Transfection and

subsequent steps were performed concurrently in both steady state and mitosis.

Synchronization in mitosis was performed as previously described33. In brief,

after release from the aphidicolin block, MEFs were transfected with the HCV

IRES or Cdk11p58 IRES RNA bicistronic vector as previously described30. At this

time MycER was activated by the addition of OHT. Cells were collected 12 h in

mitosis and Firefly and Renilla activities were quantified using the Glomax

luminometer. Bicistronic messenger RNA levels were normalized by quantitative

PCR (qPCR) using Rluc 59-AACGCGGCCTCTTCTTATTT-39; 59-ATTTG-

CCTGATTTGCCCATA-39 and Fluc 59-GAGGTTCCATCTGCAGGTA-39; 59-

CCGGTATCCAGATCCACAAC-39 primers. IRES-dependent expression of

endogenous Cdk11p58 was performed by western blot using rabbit polyclonal

anti-CDK11p58 from Abcam. Expression of b-actin was detected to confirm

equal loading.

Analysis of global protein synthesis. Equal numbers of freshly isolated or cul-

tured primary B-lymphocytes (synchronized in S phase or mitosis) from 4–5-

week-old mice were incubated in methionine-free DMEM for 45 min and then

50 mCi per well (25 mCi ml21) of [35S] methionine (Perkin Elmer) was added to

the cultures for 35 min. Whole cell lysates were prepared with protein extraction

buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 1 mM

EDTA, 1% Triton X-100, 13 protease inhibitor cocktails) by freezing in dry

ice for 3 min and thawing at 37 uC for 3 min. Thirty micrograms of protein was

loaded on a 4–20% Tris-HCl gradient gel (Bio-Rad) and transferred onto a

nitrocellulose membrane. In certain experiments, cells were pretreated with

200 nM rapamycin (Sigma) and incubated for 45 min at 37 uC34. Thirty micro-

curies of 35S was added to each well and incubated for 90 min at 37 uC.

Radiolabelled proteins were visualized by exposure to X-ray film at 280 uC for

16 h. The radioactivity of each lane was quantified by densitometry analysis.

Cellular and molecular analysis of lymphocytes. Freshly isolated and cultured

B-lymphocytes from 4–5-week-old mice were fixed in 95% ethanol, labelled with

propidium iodide and cell cycle analysed using a BD Biosciences FACSCalibur

system. For in vivo analysis of cell cycle rates, mice (4–6 weeks old) were admi-

nistered 1 mg of BrdU (BD Biosciences BrdU Flow Kit) by intraperitoneal (i.p.)

injection 6 h before being killed. Spleenocytes were washed with PBS containing

3% FBS and 0.09% NaN3 and B-lymphocytes were labelled with pacific blue-

conjugated rat-anti mouse B220 (BD Biosciences). BrdU staining was performed

using the BD Biosciences BrdU Flow Kit following manufacturer’s instructions.

Samples were analysed using a BD Biosciences LSRII flow cytometer and the BD

Biosciences FACSDiva software. The percentage of BrdU-positive

B-lymphocytes was determined using the FlowJo 8.7.1 software. For the immu-

nophenotypic analysis of blood and spleen from L241/2 and L381/2 mice, 100ml

of peripheral blood and splenic cell suspensions obtained by mechanical disrup-

tion of the spleen, were processed and stained with the following combination of

monoclonal antibodies conjugated with FITC or PE: CD19-PE and CD3-FITC,

CD4-PE and CD8-FITC, and CD43-PE and CD45R-B220-FITC. Fluorochrome-

conjugated isotypic antibodies of irrelevant specificity were used as negative

controls. Red blood cells were lysed immediately after labelling by incubation

with 2 ml of FACS lysis solution (BD Biosciences) as recommended by the

manufacturer. A minimum of 10,000 events per tube were acquired with a BD

Biosciences LSRII flow cytometer. Mononuclear cells were gated and the per-

centage of each cell subset was determined using the CellQuest software (BD

Biosciences). TUNEL assay (Roche) was performed on freshly isolated lympho-

cytes by following the manufacturer’s instructions. Cell volume measurements

were performed using a Coulter Model Z2 (Beckman Coulter). Cells were diluted

in Isoton II (Beckman Coulter) at 100,000 cells ml21 in 10 ml. A 1-ml sample was

analysed according to the manufacturer’s instructions. Fifty-thousand sorted

cells were resuspended in 6 ml of Isoton II, and 1 ml was analysed.

Centrosome analysis was performed on cell cytospins fixed in cold methanol

for 10 min and then briefly incubated in ice-cold acetone. The antibodies used

for immunofluorescence staining were anti-mouse c-tubulin (T-6557 Sigma;

1:1,000) and 4,6-diamidino-2-phenylindole (DAPI). For western blot analysis

total proteins were extracted in buffer A (150 mM NaCl, 20 mM NaH2PO4,

2 mM EGTA, 2 mM EDTA, 0.5 % Triton X-100, 1 mM dithiothreitol and

Complete Protease Inhibitor Cocktail Tablets (Roche)), and 30 mg of proteins

were used. The membrane was probed with the appropriate antibody; anti-

mouse p27 (BD Biosciences), anti-rabbit cyclin D2 (Santa Cruz) and anti-mouse

p21 (BD Biosciences). Expression of b-actin was detected to confirm equal

loading.

CGH analysis. Genomic DNA extracted from lymphomas of six Em-Myc/1

transgenic mice and six Em-Myc/1;L241/2 mice was subjected to CGH array

analysis. High-molecular-mass mouse DNA was extracted from mutant mice

and normal tissue by standard methods and subjected to CGH according to the

previously published method with some modifications35. In brief, the test DNA

and reference DNA were labelled by nick-translation with fluorescein-12-dUTP

and Texas Red-5-dUTP (NEN-DuPont), respectively. Equal amounts of test and

reference DNA were coprecipitated along with 10 mg of mouse Cot-1 DNA

(GIBCO/BRL) and resuspended in the hybridization mix before in situ hybrid-

ization to mouse metaphase chromosome spreads on hybridization. The chro-

mosomes were counterstained with DAPI to allow their identification. Then, 10

to 15 separate metaphases were captured for each case using a cooled charge-

coupled devices (CCD) camera attached to a Nikon Eclipse 800 microscope.

Copy number changes were detected on the basis of the variance of the red:green

ratio profile from the standard of one. Ratio values of 1.20 and 0.80 were used as

upper and lower thresholds to define gains and losses, respectively.

Cytokinesis analysis. A full-length Cdk11p58 cDNA was generated from mitoti-

cally synchronized B cells using PCR with reverse transcription (RT–PCR) with

the following primers: 59-GAATTCTGAGGAAATGAGTGAAGATGAAGAC-39

and 59-GTCGACGACCTCAGAACTTGAGGCTGAA-39. p58 PITSLRE cDNA

was cloned in retroviral pBABE construct harbouring hygromycin resistance.

Primary MEFs were stably transfected with MycER harbouring puromycin res-

istance or with Cdk11p58 cDNA plus MycER via a Phoenix viral vector and

cultured in DMEM containing 10% FBS. Wild type, MycER and p58;MycER cells

were each plated in chamber slides at 2 3 1024 cells per well. Synchronization in

mitosis was performed as previously described33. After release from aphidicolin,

Myc was activated by the addition of OHT. At the 20 h time point, cells were fixed

in 4% paraformaldehyde and stained with an antibody againsta-tubulin (Sigma)

and with DAPI. Binucleated cells were scored from more than four independent

experiments with a minimal of 500 cell counts each. The slides were scanned

using a motorized XY stage and acquired images were processed using the

taxonomy features in Nikon Elements software V3 to quantify the number of

binucleated cells for each well.

Semi-quantitative and quantitative RT–PCR. Total RNA from B-lymphocytes

was extracted using Trizol (Invitrogen) and purified using RNeasy (Qiagen)

following the manufacturer’s instructions. From each sample, 3 mg RNA was

treated with DNase (Turbo DNA Free, Ambion). Then, 1 mg was used for

cDNA synthesis with the SuperScript III First-Strand Synthesis System

(Invitrogen) following manufacturer’s instructions and using 2.5mg random

primers (Promega), 0.5 mM dNTPs and 400 U SuperScript III in a reaction

volume of 100ml. From each sample, 1 mg RNA was used as negative control

by the omission of reverse transcriptase. For PCR, 1/10 (v/v) of cDNA was used

with 300 nM of the specific primers in a reaction volume of 25 ml. qPCR was used

for the analysis of p21 and p27 expression. SYBR GREEN PCR Master Mix

(Applied Biosystems) was used and the thermal profiles were: pre-denaturation

for 10 min at 95 uC, followed by 42 cycles of denaturation at 95 uC for 20 s,

annealing at 57 uC for 30 s and extension at 72 uC for 30 s. Reactions were per-

formed in duplicate in an Applied Biosystems 7300 thermocycler and the 7300

software system v1.4.0 was used for analysis. At the end of each PCR reaction,

dissociation curves were generated to verify the formation of a specific amplicon.
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Primer sequences used were: p21, 59-GACAGTGAGCAGTTGCG-39, 59-CTCA-
GACACCAGAGTGC-39; p27, 59-TCAAACGTGAGAGTGTCTAACGG-39;

b-actin, 59-CCTAGCACCATGAAGATCAAG-39, 59-ATCGTACTCCTGCTT-

GCTG-39. Forward and reverse primers used for Gadd45a qPCR were purchased

from SuperArray (PPM02927B). As a positive control for cellular stress and

induction of Gadd45a mRNA expression, 3T3 cells were incubated with

100mg ml21 methyl methanesulphonate in culture medium (DMEM, 10%

FBS and 1% streptomycin/penicillin) for 4 h and total RNA was extracted using

Trizol. Semi-quantitative PCR was used for the analysis of cyclin D2 expression.

GoTaq Master Mix (Promega) was used and the thermal profiles were: pre-

denaturation for 3 min at 94 uC, followed by 25 cycles (denaturation for 30 s at

94 uC, annealing for 30 s at 53 uC (for cyclin D2), and 57 uC (for b-actin), elonga-

tion for 1 min at 72 uC) and final elongation for 10 min at 72 uC. Primer

sequences were: cyclin D2, 59-GTTCTGCAGAACCTGTTGAC-39, 59-ACAGCT-

TCTCCTTTTGCTGG-39; b-actin, 59-GTATGGAATCCTGTGGCATC-39, 59-AA-

GCACTTGCGGT GCACGAT-39. Amplicons were resolved in 1.5% agarose gel

containing 40 mM Tris-acetate, 1 mM EDTA, pH 8.0, and 0.5mg ml21 ethidium

bromide. Gels were photographed by ultraviolet transilumination using an

AlphaInnotec camera and software. Relative expression ratios were obtained by
densitometry using the ImageJ software.
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