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The G1 kinase CDK4 is amplified or overexpressed in some human tumors and promotes tumorigenesis by 
inhibiting known tumor suppressors. Here, we report that CDK4 deficiency markedly accelerated lymphoma 
development in the Eμ-Myc transgenic mouse model of B lymphoma and that silencing or loss of CDK4 aug-
mented the tumorigenic potential of Myc-driven mouse and human B cell lymphoma in transplant models. 
Accelerated disease in CDK4-deficient Eμ-Myc transgenic mice was associated with rampant genomic instabil-
ity that was provoked by dysregulation of a FOXO1/RAG1/RAG2 pathway. Specifically, CDK4 phosphorylated 
and inactivated FOXO1, which prevented FOXO1-dependent induction of Rag1 and Rag2 transcription. 
CDK4-deficient Eμ-Myc B cells had high levels of the active form of FOXO1 and elevated RAG1 and RAG2. 
Furthermore, overexpression of RAG1 and RAG2 accelerated lymphoma development in a transplant model, 
with RAG1/2-expressing tumors exhibiting hallmarks of genomic instability. Evaluation of human tumor 
samples revealed that CDK4 expression was markedly suppressed, while FOXO1 expression was elevated, in 
several subtypes of human non-Hodgkin B cell lymphoma. Collectively, these findings establish a contex-
t-specific tumor suppressor function for CDK4 that prevents genomic instability, which contributes to B cell 
lymphoma. Furthermore, our data suggest that targeting CDK4 may increase the risk for the development 
and/or progression of lymphoma.

Introduction
MYC oncoproteins function as transcription factors that coordi-
nate the expression of a large cast of genes that direct cell metabo-
lism, growth, and division. Elevated MYC levels are a hallmark of 
rapidly dividing human malignancies, and this has major effects 
on cell physiology, provoking hyperproliferative and DNA damage 
responses (DDRs) as well as apoptosis (1, 2). In the Eμ-Myc trans-
genic mouse, a model of human B cell lymphoma (3), bypass of 
these three checkpoints accompanies malignant transformation. 
First, MYC activates a DDR in premalignant B cells (4), perhaps via 
MYC’s effects on unscheduled firing of DNA replication origins 
(5). Second, MYC induces the Arf tumor suppressor that inacti-
vates the E3 ubiquitin ligase MDM2, leading to p53 stabilization 
and p53-dependent apoptosis (6, 7). Third, MYC triggers p27Kip1 
destruction by the SCFSkp2 complex by inducing Cks1 expression 
as well as the expression of cyclin D2 (Ccnd2), which sequesters 
p27Kip1, and both responses likely contribute to the hyperprolifer-
ative response of MYC (8).

c-MYC directly induces the transcription of Cdk4 (9), a G1 serine/
threonine kinase (10, 11) that is required for tumorigenesis in some 
contexts (12–14). CDK4 activation requires binding to the regula-
tory cyclin subunits cyclin D1, -D2, or -D3. CDK4:cyclin D com-
plexes phosphorylate and inactivate the retinoblastoma (Rb) tumor-
suppressor protein, releasing E2F transcription factors that regulate 
genes necessary for entry and progression through the S phase (15). 

Accordingly, CDK4 inhibitors block the activity of CDK4:cyclin D 
complexes and the proliferation of some cell types (15).

Given these facts, it has long been thought that CDK4 functions 
as an oncogene via its ability to suppress the functions of Rb or of 
the SMAD3 or FOXM1 tumor suppressors (16, 17). Indeed, some 
tumor types, for example mantle cell lymphoma, present with ampli-
fied CDK4 or CCND1 (cyclin D1) (18, 19). Further, loss-of-function 
mutations in the CDK inhibitors p16Ink4a and p15Ink4b occur in 
tumor types that display elevated CDK4:cyclin D activity (15, 20). 
In addition, loss or knockdown of CDK4 or cyclin-D1 disables RAS- 
and Neu-induced tumorigenesis (14, 21, 22), and a mutant form 
of cyclin D1 that binds to, but cannot activate, CDK4 also impairs 
Neu-induced tumorigenesis (23). Moreover, the CDK4:cyclin D2 
complex is necessary for tumorigenesis provoked by Apc loss, which 
is MYC dependent (24). Finally, melanoma cells are highly reliant 
on CDK4, or on the related kinase CDK6, to suppress senescence, 
making them particularly susceptible to CDK4/6 inhibition (17).

One of the conundrums in cancer biology is that there are 
context-specific contributions of the Rb pathway in harnessing 
malignancy. For example, cyclin D1 or Cdk4 loss does not impair 
MYC- or WNT-driven breast adenocarcinoma (14) or tumor devel-
opment in p53-deficient mice (25). Further, there is no selection 
for Rb loss during Myc-driven lymphomagenesis in Eμ-Myc trans-
genic mice (7), and selective inactivation of Ink4a does not affect 
MYC-driven lymphoma development (26).

Though DNA damage dampens CDK activity, for example, via 
p53-directed activation of the general CDK inhibitor p21Cip1, over-
all CDK activity also controls the DDR, where CDKs are necessary 
to repair double-strand breaks and for optimal activation of check-
points (27). Given the necessary role of CDK4 downstream of MYC 
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in epithelial cell tumorigenesis (12) versus the contrasting roles of 
MYC and CDKs in controlling the DDR (4, 28), we tested whether 
Cdk4 loss would affect Myc-driven lymphomagenesis. Surprisingly, 
we found that CDK4 deficiency markedly accelerates the onset of 
Myc-driven lymphoma, that loss or silencing of CDK4 augments 
the tumorigenic potential of extant lymphoma, and that CDK4 
expression is suppressed in many subtypes of human B cell lym-
phoma. Further, we show that the lymphoma-promoting effects of 
this CDK4 deficiency are associated with loss of a CDK4/FOXO1/
RAG1/RAG2 pathway that controls genomic stability.

Results
CDK4 deficiency accelerates Myc-driven lymphomagenesis. CDK4 defi-
ciency is associated with rather late-onset hyperglycemia and type 2  
diabetes that can lead to lethality in some animals, but these ani-
mals are not tumor prone (11, 13, 29). We therefore tested the 
potential role of CDK4 in Myc-driven lymphoma by crossing Cdk4+/– 
mice with Eμ-Myc transgenic mice (C57Bl/6). Eμ-Myc Cdk4+/– F1 
offspring were then bred with Cdk4+/– mice to generate the three 
desired transgenic cohorts, Eμ-Myc Cdk4+/+, Eμ-Myc Cdk4+/–, and 
Eμ-Myc Cdk4–/– mice (Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/JCI63139DS1), and 
these animals were then monitored daily for tumor onset and signs 
of morbidity. As expected, lymphomas were not observed in Cdk4+/+ 
or Cdk4–/– littermates. Eμ-Myc Cdk4+/+ mice displayed a typical 
course of lymphoma onset and survival, with a mean mortality of  
18 weeks (Figure 1A). Surprisingly, Eμ-Myc Cdk4–/– mice had an accel-
erated course of lymphoma onset and corresponding reductions in 
lifespan (mean mortality 11 weeks, Figure 1A). Indeed, by 7 weeks 
of age, most Eμ-Myc Cdk4–/– mice had enlarged LNs (Figure 1B)  
that were composed almost exclusively of large immature B220+ 
B cells, whereas this was not evident in LNs from age-matched 
Eμ-Myc Cdk4+/+ littermates (Figure 1, B, C, E, and Supplemental 
Figure 1A). Eμ-Myc Cdk4+/– mice displayed an intermediate pheno-
type, with a mean survival of 13 weeks (Supplemental Figure 2A).  
Notably, Eμ-Myc Cdk4+/– lymphomas did not display loss of the 
remaining wild-type Cdk4 allele, and they expressed approximately 
half the level of CDK4 protein (Supplemental Figure 2B). Thus, 
CDK4 deficiency accelerates Myc-driven lymphomagenesis, and 
CDK4 functions as a modifier of lymphoma development.

Histological analyses revealed that the tumors arising in the LNs 
of Eμ-Myc Cdk4–/– mice were disseminated B cell lymphomas (Fig-
ure 1, C and D, and Supplemental Figure 1B). In contrast, normal 
LN architecture was present in 7-week-old Cdk4+/+, Cdk4–/–, and 
Eμ-Myc Cdk4+/+ mice (Figure 1D). We found that the lymphoma 
cells arising in the LNs of Eμ-Myc Cdk4–/– mice were large (Figure 1E)  
and were immature and mature B cell lymphomas typical of those 
found in Eμ-Myc transgenic mice (ref. 30, Supplemental Figure 1B, 
and Supplemental Table 2). Thus, CDK4 deficiency accelerates the 
onset of B lymphomas that typify Eμ-Myc mice.

CDK4 deficiency augments genomic instability of MYC-expressing  
B cells. The hyperproliferative response of premalignant Eμ-Myc  
B cells relies at least in part on the destruction of p27Kip1 (8) and 
this response is offset by the induction of ARF/p53-dependent 
apoptosis (6). Accordingly, loss-of-function mutations in ARF or 
p53 are a hallmark of Eμ-Myc lymphoma (6, 7, 31). We found that 
the CDK4 deficiency had no effect on the elevated levels of Arf 
transcripts in Eμ-Myc B cells (Figure 2A) and that the apoptotic 
index of Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/– premalignant B cells 
was similar (Supplemental Figure 3). Further, the frequency of Arf 

deletion in Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ lymphoma was 
similar (3 of 8 for each cohort) (Figure 2B), and CDK4 deficiency 
had no effect on the alteration of p53, p19Arf, or p27Kip1 protein 
levels that typify Eμ-Myc lymphomas (Figure 2C), in which p27Kip1 
levels are often reduced (8) and those of p19Arf and p53 are induced 
due to alterations in the ARF/MDM2/p53 circuit (6). As expected, 
sequencing established that high levels of p53 protein in some 
lymphomas (2 of 9 for each cohort) were due to hotspot missense 
mutations (R172H or R277H). Thus, CDK4 deficiency does not 
affect the ARF-p53 checkpoint in Eμ-Myc B lymphoma cells.

To confirm that there were no overt effects of CDK4 deficiency 
on Myc transgene expression or function, we assessed c-MYC pro-
tein levels in Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ B cells and 
expression of bona fide MYC transcription targets. CDK4 loss did 
not affect the elevated levels of c-MYC protein in Eμ-Myc B cells 
or tumors (Supplemental Figure 4A), and expression profiling of 
Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ lymphoma demonstrated 
that CDK4 deficiency did not overtly affect the direct MYC targets 
that have been defined in human B cells (ref. 32 and Figure 2D).

The lymphoma-promoting effects of CDK4 deficiency could be 
due to effects on the hyperproliferative response manifest in Eμ-Myc 
B cells (8) or on possible autophagy (33) or senescence (34) check-
points, particularly given the effects of the CDK4/Rb pathway on 
cell proliferation and on repression of senescence in melanoma (17). 
However, we observed no differences in the S phase indices of pre-
malignant Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/– B cells (Supplemen-
tal Figure 4B) or in the expression of Rb, p16Ink4a, or D-type cyclins 
in the lymphomas that arose in these mice (data not shown). We 
also detected no differences in the levels of p62/sequestrin, a bona 
fide target of the autophagy pathway, or in the levels of senescence- 
associated β-galactosidase (Supplemental Figure 5). Finally, there 
were no compensatory changes in the expression of the related 
kinase CDK6 in CDK4-deficient B cells, which were comparable in 
Cdk4+/+, Cdk4–/–, Eμ-Myc Cdk4+/+, and Eμ-Myc Cdk4–/– B cells and in 
the lymphomas that arose in Eμ-Myc Cdk4+/+, Eμ-Myc Cdk4+/–, and 
Eμ-Myc Cdk4–/– mice (Supplemental Figure 2B and data not shown).

Given these findings and the roles of overall CDK activity in con-
trolling the DDR (4, 28), we assessed the effects of CDK4 deficiency 
on genomic instability in Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ 
lymphomas. As noted previously (3, 35), many Eμ-Myc Cdk4+/+  
B lymphomas exhibited trisomy of chromosome (chr) 6 and/or chr 5, 
indicating frequent nonrandom chromosomal aberrations (Figure 3,  
A and C). Of note, we found that Eμ-Myc Cdk4–/– lymphomas had 
multiple alterations, including a t(6C2;12F12) translocation, fre-
quent trisomy of chr 18, loss of chr X, and complex translocations 
and rearrangements of chr 3 and chr 16 (Figure 3, B and C, and 
Supplemental Table 3). FISH analyses (36, 37) confirmed that 
there were marked increases in genomic instability (e.g., the Igh 
translocations) in Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ lympho-
mas (Figure 3, D and E). We also assessed the genomic alterations 
in these tumors (e.g., cleavage at fortuitous recombination signal 
sequences  [RSSs] within the Bcl11b gene) by genomic PCR analyses, 
and Eμ-Myc Cdk4–/– lymphomas also had markedly increased num-
bers of fortuitous recombination events within Bcl11b lymphomas 
compared with those within Eμ-Myc Cdk4+/+ lymphomas (Supple-
mental Table 4, A and B). Finally, these alterations were associated 
with the induction of select proto-oncogenes in Eμ-Myc Cdk4–/– ver-
sus Eμ-Myc Cdk4+/+ lymphomas, including Wnt16, c-Raf, Tcf3, and 
Tcf4, and with increased levels of somatic hypermutation (SHM) 
targets in B cell tumors, including Pax5 and Bcl6 (Supplemental 
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Figure 1
CDK4 deficiency accelerates MYC-induced lymphomagenesis. (A) Kaplan-Meier tumor-free mice (top) and survival (bottom) for Cdk4+/+, 
Cdk4–/–, Eμ-Myc Cdk4+/+, and Eμ-Myc Cdk4–/– littermates. Time to appearance of palpable cervical and peripheral LNs (>5 mm in at least one 
dimension) is shown for Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/– littermates. n = number of mice in each cohort. Statistical evaluation of tumor 
onset is based on the Mantel-Cox test for comparison of the Kaplan-Meier event-time format and on an unpaired Student’s t test for comparison 
of means and SDs. P = 0.0002 for E-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ mice. (B) Eμ-Myc Cdk4–/– mice developed rapid-onset lymphoma. 
Upper right panel: the majority of 7-week-old Eμ-Myc Cdk4–/– mice were moribund and had enlarged LNs (arrows, lower right panel). At this 
juncture, the LNs of Eμ-Myc Cdk4+/+ littermates were normal. (C) Approximately 90% of cells from the enlarged LNs of 7-week-old E-Myc 
Cdk4–/– mice were B220+ cells, whereas LNs from Cdk4+/+, Cdk4–/–, and Eμ-Myc Cdk4+/+ mice only had 34%–40% total B220+ B cells. Results 
are representative of 8 different mice in each cohort; mean ± SD, P = 0.0037. FACS analyses are shown in Supplemental Figure 1A. *P < 0.05. 
(D) H&E staining of LNs from 7-week-old Cdk4+/+ (upper left), Cdk4–/– (lower left), Eμ-Myc Cdk4+/+ (upper right), and Eμ-Myc Cdk4–/– (lower 
right) littermates. Enlarged LNs of Eμ-Myc Cdk4–/– mice had lymphomas with disseminated characteristics (black arrows) versus normal LN 
architecture in Cdk4+/+, Cdk4–/–, and Eμ-Myc Cdk4+/+ littermates. Original magnification, ×40. (E) FACS scatter plots showing that cells of LNs 
from 7-week-old Eμ-Myc Cdk4–/– mice were composed of a homogeneous population of large (B220+) cells.
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Figure 6). Thus, CDK4 deficiency leads to lymphomas that 
harbor rampant genomic alterations, and this is associated 
with dysregulation of at least some cancer-associated genes.

A CDK4/RAG1/2 pathway controls genomic stability and tum-
origenesis in Eμ-Myc B cells. To determine the mechanism by 
which CDK4 deficiency renders Eμ-Myc B cells susceptible 
to genomic alterations, we assessed factors known to con-
trol genomic instability in lymphoid cells. Elevated levels of 
the lymphocyte-specific recombinase complex composed of 
RAG1 and RAG2, which are physically linked in the genome 
and are coordinately expressed (38, 39), are sufficient to 
drive aberrant translocations, recombination, and rear-
rangements of chromosomes that promote lymphomagen-
esis (40, 41). Notably, RAG1 and RAG2 mRNA and protein 
levels were selectively elevated in premalignant and neoplas-
tic Eμ-Myc Cdk4–/– B cells (Figure 4, A and B).

Given the established roles of the RAG1/RAG2 complex 
in driving chromosomal alterations, we tested whether 
enforced coexpression of RAG1 and RAG2 was sufficient to 
provoke genomic instability and accelerate lymphoma onset 
in a fetal liver–derived Eμ-Myc HSC transplant model (20) 
and whether it was sufficient to augment the tumorigenic 
potential of extant Eμ-Myc lymphoma. Notably, lethally 
irradiated congenic recipients transplanted with Eμ-Myc 
HSCs cotransduced with MSCV-RAG1– and MSCV-RAG2–
expressing retroviruses had a greatly accelerated course 
of lymphoma onset (Figure 4, C and D). As predicted, we 
found that RAG1/RAG2-expressing tumors had markedly 
increased numbers of genomic alterations (translocations, 
genomic deletions, and cleavage events at bona fide and for-
tuitous RSSs) that were associated with enhanced recombi-
nation at Igh and Bcl11b loci compared with the later-onset 
lymphomas arising in recipients transplanted with Eμ-Myc 
HSCs that were transduced with control MSCV virus  
(Figure 4, E and F, and Supplemental Table 4, C and D).

To further test whether RAG1 and RAG2 overexpression 
was sufficient to augment the tumorigenic potential of 
extant Eμ-Myc lymphoma, we cotransduced a randomly 
chosen tumor with MSCV-Rag1-IRES-Puro and MSCV-
Rag2-IRES-Hygro viruses or with control MSCV-Puro virus. 
Syngeneic C57Bl/6 mice were then transplanted i.v. with  
1 × 106 lymphoma cells via the tail vein, and the recipient 
mice were followed for their course of disease and overall 
survival. Notably, enforced RAG1 and RAG2 coexpression 
in extant Eμ-Myc Cdk4+/+ lymphoma induced more rapid 
disease in these recipients than in those transplanted with 
lymphoma transduced with MSCV-IRES control virus 
(Supplemental Figure 7). Again, the accelerated course of 
disease in recipients bearing RAG1/RAG2-expressing lym-
phomas was associated with marked increases in genomic 
instability (translocations, deletions, etc.; data not shown). 
Thus, enforced expression of RAG1 and RAG2 is sufficient 
to accelerate the onset and augmented tumorigenic poten-
tial of Myc-driven lymphoma, and this is associated with 
marked increases in genomic instability.

CDK4 controls Rag1 and Rag2 transcription via FOXO1. To 
define the mechanism by which CDK4 loss controls RAG1 
and RAG2 expression, we assessed known regulators of 
Rag1/Rag2 transcription. The FOXO family transcription 
factors FOXO1 and FOXO3a were candidates, as FOXO1 

Figure 2
CDK4 deficiency does not affect the expression of Arf in Eμ-Myc B cells, 
alterations in the expression of p27Kip1, or inactivating mutations in p53 
or Arf in Eμ-Myc lymphomas; nor does it affect direct MYC target genes. 
(A) Relative levels of Arf mRNA in Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/–  
B cells were determined. Each rectangle shows levels in individual samples. 
(B) Biallelic deletions in Arf as detected by Southern blotting (asterisks) were 
evident in a similar fraction of Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/– lympho-
mas. (C) Levels of p53, p19Arf, p27Kip1, and actin proteins in the indicated rep-
resentative lymphomas were determined (“mt p53” is a lysate from a previous 
Eμ-Myc lymphoma known to bear mutant p53). Lymphomas expressing high 
levels of p53 were found to harbor dominant-negative hotspot mutations in 
p53 by sequencing cDNA prepared from these tumors (data not shown). 
Tumors expressing high levels of p19Arf protein also have alterations in the 
ARF/p53 pathway (6). (D) Scatter Plot of all genes expressed in Eμ-Myc 
Cdk4+/+ and Eμ-Myc Cdk4–/– lymphomas are shown. Genes marked as 
green squares are direct MYC target genes in B cells (145 probesets that 
are upregulated in premalignant Eμ-Myc B cells versus wild-type B cells; 
ref. 50). Note that most direct MYC targets, other than CDK4 itself, were not 
affected by the CDK4 deficiency (differences are nearly all less than 2-fold).
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Figure 3
CDK4 deficiency augments genomic instability of Myc-driven lymphoma. (A) Karyotype of E-Myc Cdk4+/+ lymphoma. Trisomy of chr 6 and/
or chr 5 was evident in most lymphomas. (B) Abnormal karyotypes are a hallmark of Eμ-Myc Cdk4–/– lymphomas, including deletions of chr 6 
at region C2, translocation of chr 6 and chr 12 with breakpoints (6;12)(C2;F1), trisomy of chr 18, loss of chr X, deletions of chr 3 and chr 16 at 
regions F2.2 and 16, respectively, translocation between chr 3 and chr 16, and the der(16) with [+der(3)t(3;16)(F2.2;C2),der(16)t(3;16) (F2.2;C2)
ins(16;?)(C2;?)]. Karyotypes shown are representative of 20 cells for each lymphoma. (C) Statistical analysis of genomic instability in Eμ-Myc 
Cdk4–/– versus Eμ-Myc Cdk4+/+ lymphomas. The numbers of aberrant chromosomes (translocation, partial genomic loss and gain) per lymphoma 
are shown for Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ lymphomas. Eμ-Myc Cdk4+/+ lymphomas (n = 6) with 0, 1, 2, and greater than or equal to  
3 aberrant chromosomes are indicated. All Eμ-Myc Cdk4–/– lymphomas (n = 6) had more than 3 aberrant chromosomes (Supplemental Table 3). 
(D) FISH analyses of Eμ-Myc Cdk4–/– lymphomas. Metaphase samples of B220+ cells from Eμ-Myc Cdk4+/+ and Eμ-Myc Cdk4–/– lymphomas 
were assessed by FISH with 5′ (green) and 3′ (red) Igh probes that flank the 2Mb Igh locus on chr 12 (37). An intact Igh locus had colocalized 
red and green signals, while a broken locus had split red and green signals. FISH analyses confirmed complex translocations in Eμ-Myc Cdk4–/– 
lymphomas. Original magnification, ×1,500. Ch, constant (C) region of Igh locus; Vh, variable (V) region of Igh locus. (E) Statistical analysis of 
translocated versus wild-type Igh loci in Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ lymphomas (n = 6, P < 0.01).
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directly induces Rag1 and Rag2 tran-
scription in B cells (39, 42, 43), and 
FOXO3a controls Arf transcription in 
Eμ-Myc B cells (44). Notably, levels of 
FOXO1, but not FOXO3a, were selec-
tively elevated in premalignant and 
neoplastic Eμ-Myc Cdk4–/– compared 
with Eμ-Myc Cdk4+/+ B cells (Figures 5A 
and Supplemental Figure 8A).

Proteasome-directed turnover of 
FOXO proteins is regulated by phos-
phorylation of select residues (e.g., 
Ser249 [S249] and S329 [mouse S326] 
of FOXO1 and S253 and S318/S321 
of FOXO3a) that trigger their nuclear 
export (45-47). Indeed, we observed 
marked reductions in phosphorylated 
FOXO1-S326 (p-FOXO1-S326) in pre-
malignant and neoplastic Eμ-Myc Cdk4–/–  
versus Eμ-Myc Cdk4+/+ B cells (Figure 5A).  
These effects on FOXO1 levels and 
phosphorylation were specifically 
linked to CDK4 status as: (a) there were 
no differences in CDK6 levels in wild-
type versus CDK4-deficient Eμ-Myc 
B cells (Supplemental Figure 2B); (b) 
stable knockdown of CDK4 in Eμ-Myc 
Cdk4+/+ lymphoma cells led to increases 
in total FOXO1, yet reductions in  
p-FOXO1-S326 (Figure 5B); and (c) res-
toration of CDK4 expression in E-Myc 
Cdk4–/– lymphoma led to reductions in 
total FOXO1 levels and to correspond-
ing increases in p-FOXO1-S326 levels 
(Figure 5C). In contrast, Cdk4 status did 
not affect p-FOXO1-S249 levels (Fig-
ure 5, A–C), nor did it affect p-S253- or 
p-FOXO3-aS318/S321 levels (Supple-
mental Figure 8A). Thus, FOXO1 expres-
sion is selectively controlled by CDK4 in 
MYC-expressing B cells, and increased 
FOXO1 levels in Eμ-Myc Cdk4–/–  
B cells are associated with decreased 
phosphorylation of FOXO1-S326.

Given these findings, we tested 
whether FOXO1 was a CDK4 substrate. 
Indeed, a consensus CDK4 site was con-
served in FOXO1 (Supplemental Figure 
8B), and in vitro kinase assays demon-
strated that recombinant cyclin D1/
CDK4 phosphorylates human FOXO1 
at S329 (Supplemental Figure 8C).  
Further, in Eμ-Myc Cdk4–/– versus 
Eμ-Myc Cdk4+/+ lymphomas engineered 
to express a human GFP-FOXO1 
fusion protein, we observed marked 
reductions in p-S329 GFP-FOXO1 lev-
els (Supplemental Figure 8D). Finally, 
CDK4-mediated phosphorylation 
of FOXO1 at S326/S329 promoted 

Figure 4
CDK4 controls RAG1 and RAG2 expression in Eμ-Myc B cells, and forced coexpression of RAG1 
and RAG2 is sufficient to augment the development of Myc-driven lymphoma. (A) Rag1 and Rag2 
mRNA levels in Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ premalignant bone marrow B220+ and lym-
phoma cells (n = 5 mean ± SD, P < 0.005, respectively). (B) RAG1 and RAG2 protein levels in 
Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ premalignant B220+ and lymphoma cells (data shown are 
representative of analyses of five cohorts of Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ B220+ B cells and 
lymphomas). (C) Overexpression of RAG1 and RAG2 in Eμ-Myc HSCs. HSCs from E13.5–E15.5 
Eμ-Myc fetal livers were transduced with MSCV-IRES-Puro (MSCV) control virus or were cotrans-
duced with MSCV-Rag1-IRES-Puro and MSCV-Rag2-IRES-Hygro (MSCV-RAG1/RAG2) retrovi-
ruses. Lysates from these HSCs were analyzed by Western blotting. (D) Enforced coexpression 
of RAG1 and RAG2 accelerates lymphoma development. 3 × 106 HSCs (nontransduced, MSCV, 
or MSCV-Rag1/Rag2-HSCs; n = 15) were transplanted into lethally irradiated congenic recipients 
that were then followed daily for lymphoma onset (P < 0.001). (E) FISH analyses of lymphomas 
arising in recipient mice engrafted with Eμ-Myc HSCs transduced with MSCV control retrovirus or 
cotransduced with MSCV-RAG1/RAG2-expressing retroviruses. Metaphase cells from each cohort 
were assessed by FISH with 5′ (green) and 3′ (red) Igh probes. An intact Igh locus had colocalized 
red and green signals, while a broken, translocated locus had split red and green signals. Original 
magnification, x1,500. (F) Statistical analysis of Igh translocations in the two cohorts of lymphomas, 
Eμ-Myc-MSCV and Eμ-Myc-MSCV-RAG1/RAG2 (n = 6, P < 0.01).
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FOXO1 cytoplasmic localization, as nuclear FOXO1 levels were 
elevated in Eμ-Myc Cdk4–/– lymphoma (Figure 5D), and mutation 
of FOXO1 S329 to alanine (FOXO1-S329A) increased nuclear 
GFP-FOXO1 levels in Eμ-Myc Cdk4+/+ lymphoma engineered 
to express this fusion protein (Supplemental Figure 8E). Thus, 
FOXO1 is a substrate of CDK4, and CDK4 deficiency is associated 
with increased levels of nuclear FOXO1.

To test whether the CDK4/FOXO1 circuit controls Rag1/Rag2 
expression in MYC-expressing B cells, we assessed the effects of 
knockdown or overexpression of CDK4 in Eμ-Myc lymphoma 
cells. Stable knockdown of CDK4 in Eμ-Myc Cdk4+/+ lymphoma 
cells increased levels of RAG1 and RAG2 (Figure 5B), whereas 
restoring CDK4 expression in Eμ-Myc Cdk4–/– lymphoma 
reduced levels of RAG1 and RAG2 (Figure 5C). Thus, CDK4 sup-
presses FOXO1, which normally induces Rag1 and Rag2 expres-
sion (39, 42, 43).

Since Rag1 and Rag2 are physically linked in the genome and 
are coordinately expressed and their transcription is directly reg-
ulated by FOXO1 (39, 42, 43), we tested whether the increases 
in RAG1 and RAG2 levels in the malignant B cells of Eμ-Myc 
Cdk4–/– mice were FOXO1 dependent. As predicted, ChIP analy-
ses demonstrated FOXO1 binding to enhancers in the Rag1/Rag2 
locus (ERAG1 and ERAG2) that harbor FOXO1 binding element 
motifs (refs. 39, 43, 48, and Figure 6A), and revealed that FOXO1 
binding was augmented in Eμ-Myc Cdk4–/– B cells (Figure 6A). 
Moreover, we found that FOXO1 knockdown in Eμ-Myc Cdk4–/– 
lymphoma cells reduced RAG1 and RAG2 levels, whereas FOXO1 
overexpression augmented RAG1 and RAG2 levels (Figure 6B). 
Further, enforced FOXO1-S329A expression in Eμ-Myc Cdk4+/+ 
lymphoma increased RAG1 and RAG2 levels, and reductions of 
RAG1 and RAG2 following FOXO1 knockdown were rescued 
by a FOXO1-S329A wobble mutant resistant to FOXO1 siRNA  

Figure 5
CDK4-dependent control of the levels and phosphorylation of FOXO1 in Eµ-Myc B cells. (A) Levels of the indicated proteins were determined 
by immunoblotting lysates of Eμ-Myc Cdk4+/+ versus Eμ-Myc Cdk4–/– lymphomas. Right: ratio of p-FOXO1/total FOXO1 (n = 5 for each cohort). 
p-FOXO1-S326 levels were markedly reduced in Eµ-Myc Cdk4–/– lymphomas (P < 0.01). (B) CDK4 silencing affected the levels and phosphorylation 
of FOXO1 and RAG1 and RAG2 expression in Eµ-Myc Cdk4+/+ lymphomas. Bottom: ratio of p-FOXO1/total FOXO1. Note the marked reduction in 
p-FOXO1-S326 following knockdown of CDK4 in malignant Eµ-Myc Cdk4+/+ B cells (P < 0.05, n = 5). (C) Restoring CDK4 expression in Eμ-Myc 
Cdk4–/– lymphoma cells affected the levels and phosphorylation of FOXO1 and RAG1 and RAG2 expression. Bottom: ratio of p-FOXO1/total FOXO1. 
Note the marked increase in p-FOXO1-S326 following restoration of CDK4 in malignant Eμ-Myc Cdk4–/– B cells (P < 0.05, n = 5). (D) Increased 
levels of nuclear FOXO1 are a hallmark of Eμ-Myc Cdk4–/– lymphoma. Left panels: FOXO1; middle left panels: DAPI; middle right panels: light 
microscopy; right panels: merge. Quantification of FOXO1 localization is shown at right: C, cytoplasm; N, nucleus; C+N, cytoplasm and nucleus. 
The mean of triplicate experiments is shown (n = 100 Eμ-Myc Cdk4–/– and Eμ-Myc Cdk4+/+ lymphoma cells). Original magnification, ×600.
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(Figure 6C). Thus, FOXO1 controls CDK4-dependent regulation 
of Rag1 and Rag2 transcription in Eμ-Myc B cells.

CDK4 loss augments the tumorigenic potential of Myc-driven lymphoma. 
The effects of CDK4 deficiency on the development of Eμ-Myc 
lymphoma suggested that CDK4 might also affect tumorigenic 
potential. To test this notion, limiting numbers of lymphoma cells  
(1–3 × 105) from tumors arising in Eμ-Myc Cdk4–/– and Eμ-Myc 

Cdk4+/+ (C57Bl/6) littermates (three independent 
lymphomas from each cohort) were transplanted 
into 6- to 8-week-old Cdk4+/+ (C57Bl/6) recipients, 
which were followed for the onset of disease and 
overall survival. Notably, disease was more pene-
trant and accelerated in recipients transplanted 
with Eμ-Myc Cdk4–/– lymphoma (P < 0.001; Figure 
7A). Thus, CDK4 loss augments the tumorigenic 
potential of Myc-driven lymphoma.

Though we suspected that the accelerated dis-
ease in CDK4-deficient Eμ-Myc was associated with 
their inherently high genomic instability (Figure 3),  
we reasoned that CDK4 deficiency could have 
other effects on the tumor cells and tumorigen-
esis. To test this, we reintroduced CDK4 into 
Eμ-Myc Cdk4–/– mouse lymphomas by infecting 
these tumors with MSCV-CDK4-IRES-Puro virus 
(or with control MSCV-IRES-Puro virus; Supple-
mental Figure 9A). These CDK4-overexpressing 
tumors were then transplanted into syngeneic 
recipients that were followed for disease onset and 
overall survival. Eμ-Myc Cdk4–/– lymphomas trans-
duced with CDK4-expressing retrovirus had a tum-
origenic potential similar to that of the lymphomas 
transduced with control retrovirus (Supplemental 
Figure 9B). Thus, the augmented tumorigenic 
potential of CDK4-deficient Eμ-Myc lymphomas 
is due to defects such as genomic alterations that 
are acquired during tumor progression and that 
cannot be undone. Similarly, forced overexpression 
of CDK4 did not significantly enhance the tum-
origenic potential of human Burkitt lymphoma 
(BL) cell lines (Supplemental Figure 10).

Although most human B cell lymphomas that we 
analyzed expressed little to no CDK4 (see below), 
two human BL cell lines (Ramos and CA46) 
expressed modest levels of CDK4 (Figure 7B). 
We thus used these cells to test whether silencing 
CDK4 also augments the tumorigenic potential of 
human MYC-driven B cell lymphoma. Efficient sta-
ble knockdown of CDK4 was achieved in both BL 
cell lines (Figure 7B). Of note, CDK4 knockdown 
led to decreased levels of p-FOXO1-S329 (Figure 7, 
B and C). Importantly, silencing CDK4 augmented 
the tumorigenic potential of both human BL cell 
lines when we injected them into immunocom-
promised nude recipient mice (Figure 7, D and E). 
Further, knockdown of CDK4 in these human lym-
phomas also led to tumors with greater genomic 
alterations (Supplemental Figure 11, A and B).

CDK4 behaves as an oncogene in other con-
texts (14, 49). Therefore, we tested the effects of 
silencing CDK4 on the tumorigenic potential 

of human estrogen receptor–positive MCF7 breast cancer cells. 
Notably, we found that stable knockdown of CDK4 impaired 
the tumorigenic potential of MCF7 xenografts in transplanted 
immunocompromised nude mice (Supplemental Figure 11C). 
Thus, the effects of CDK4 on tumorigenesis are context specific 
and, in contrast to other scenarios, CDK4 functions in lymphoma 
to harness tumorigenesis.

Figure 6
CDK4 deficiency induces Rag1 and Rag2 transcription via FOXO1 in Eμ-Myc lymphoma 
cells. (A) ChIP analyses of FOXO1 binding to enhancers in the Rag1/Rag2 locus. ChIP 
was performed with anti-FOXO1 antibody or an isotype IgG control antibody, followed 
by qPCR analysis of FOXO1 binding to regulatory elements (ERAG1-ERAG3) in the 
Rag1/Rag2 locus (39, 43, 48, 65) in Eμ-Myc Cdk4–/– versus Eμ-Myc Cdk4+/+ lymphoma. 
Results are the fold enrichment in immunoprecipitates of FOXO1 antibody relative to 
control antibody (mean and SD of triplicate ChIP; P < 0.01). (B) Control of RAG1 and 
RAG2 expression by CDK4 is FOXO1 dependent. Eμ-Myc Cdk4–/– lymphoma cells were 
transfected with siRNA targeting FOXO1 (FOXO1-RNAi), a control siRNA (Ctrl RNAi), or 
a vector driving FOXO1 expression. Levels of FOXO1, RAG1, RAG2, CDK4, and CDK2 
proteins were determined by immunoblotting. Note that FOXO1 knockdown reduced 
RAG1 and RAG2 levels, whereas FOXO1 overexpression increased their levels. Results 
shown are representative of three separate analyses. (C) FOXO1-mediated induction of 
RAG1 and RAG2 in Eμ-Myc B cells requires phosphorylation of S329 in FOXO1. Eμ-Myc 
Cdk4+/+ lymphoma cells were cotransfected with siRNA targeting FOXO1 and vectors 
expressing FOXO1-S329A or a wobble mutant of FOXO1-329A (FOXO1-S329A-RE) resis-
tant to the FOXO1 siRNA. Note that FOXO1 knockdown decreased RAG1 and RAG2 
levels and that this was reversed by expression of FOXO1-S329-RE. Immunoblotting with 
CDK4 and CDK2 showed equal loading. Results are representative of three independent 
experiments. Graphs display the median ± SD (n = 3; mean ± SD, with error bar).
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Suppression of CDK4 and elevated expression of FOXO1 are man-
ifest in human B cell lymphoma subtypes. The profound effects of 
CDK4 deficiency on Myc-driven lymphoma in mice suggested 
that CDK4 might be altered in human B cell lymphoma. Indeed, 
immunohistochemical (IHC) analyses showed little to no expres-
sion of CDK4 protein in approximately 90% of the primary human 
B cell lymphomas tested (n = 125) when compared with the rela-
tively high levels of CDK4 detected in normal LNs (n = 10) (Figure 8)  
and other tumor types (Supplemental Figure 12). Suppression of 
CDK4 levels was evident in most subtypes of non-Hodgkin lym-
phoma (NHL) including MALT, follicular lymphoma (FL), diffuse 
large B cell lymphoma (DLBCL), and BL (Supplemental Table 5). 
Furthermore, IHC analyses demonstrated that p-FOXO1-S329 
levels were reduced and that total levels of FOXO1 were highly 
elevated in nearly 70% of human B cell lymphomas versus the lev-
els expressed in normal LNs (Figure 8). Finally, we found that ele-
vated levels of RAG1 in human B cell lymphomas were associated 
with reduced levels of CDK4 and were concordant with high levels 
of FOXO1 (Figure 8 and data not shown). These data suggest that 
a CDK4/FOXO1 pathway is also disabled in a significant propor-
tion of non-Hodgkin B lymphomas.

To address the mechanism by which CDK4 protein levels were 
suppressed in non-Hodgkin B cell lymphoma, we performed 
genomic CDK4 copy number analyses and quantitative RT-PCR 
(qRT-PCR) analyses of CDK4 transcript levels. We detected only 
about 4 of 60 lymphomas analyzed for copy number that showed 
a reduction to 1N, and although CDK4 amplification has been 

reported in human lymphoma and other tumor types, only 8 of 
these lymphomas had more than two copies of CDK4, and most of 
these tumors showed no overt amplification of CDK4 (Figure 9A).  
Strikingly, the reductions in CDK4 protein levels directly cor-
related with markedly reduced levels of CDK4 transcripts in the 
majority of human B cell lymphoma subtypes analyzed (Figure 9B).  
Thus, either CDK4 transcription or mRNA half-life is suppressed 
in many human non-Hodgkin B cell lymphomas.

Discussion
Given the established connections between c-MYC and CDK4 (9, 32)  
and that Cdk4 loss often impairs tumorigenesis, we predicted 
that Cdk4 deficiency would impair Myc-driven lymphomagenesis. 
Surprisingly, our studies revealed instead that Cdk4 loss acceler-
ates Myc-driven lymphoma development and augments the tum-
origenic potential of extant lymphoma. Furthermore, we discov-
ered that CDK4 deficiency increases genomic instability in Eμ-Myc 
lymphomas, suggesting that this accelerates lymphomagenesis (4). 
Mechanistically, the effects of CDK4 deficiency are linked to the 
CDK4 substrate FOXO1 and to its transcription targets RAG1 
and RAG2, which are associated with the aberrant chromosomal 
translocations that are manifest in Eμ-Myc Cdk4–/– lymphomas and 
which we show are sufficient to provoke genomic instability and to 
accelerate the development and augmented tumorigenic potential 
of Myc-driven lymphoma.

Our findings strongly support the notion that CDK4 harnesses 
Myc-driven lymphomagenesis despite the fact that it promotes 

Figure 7
CDK4 deficiency augments the tumorigenic poten-
tial of Myc-driven lymphoma. (A) B220+ cells  
(3 × 105) from individual Eμ-Myc Cdk4+/+ or Eμ-Myc 
Cdk4–/– lymphomas were transplanted i.v. via the 
tail vein into 6- to 8-week-old syngeneic C57Bl/6 
recipient mice. Note the marked differences in the 
tumorigenic potential of Eμ-Myc Cdk4–/– versus 
Eμ-Myc Cdk4+/+ lymphomas (P < 0.001). n = number 
of mice per group. A Student’s t test was used for 
statistical analysis. Horizontal lines indicate mouse 
survival after inoculating lymphoma cells. (B) Knock-
down of human CDK4 in human BL cells: Ramos 
(left) and CA46 (right) increased levels of FOXO1, 
yet led to decreases in p-FOXO1-S329 expression 
levels. There were no changes in CDK2 or actin 
levels following CDK4 knockdown. (C) The effects 
of CDK4 knockdown on the ratio of total FOXO1/p-
FOXO1-S329 and p-FOXO1-S249 were determined 
for Ramos (left) and CA46 (right) BL cells. P < 0.05. 
(D and E) Knockdown of human CDK4 augments the 
tumorigenic potential of Ramos (D) and CA46 (E) 
lymphoma cells. Ramos or CA46 BL cells with stable 
CDK4 knockdown or cells harboring control RNAi 
were transplanted via the tail vein into 6- to 8-week-
old nude recipients that were then followed for lym-
phoma onset. Statistical analyses were performed as 
above. n = 12 mice per group (P = 0.019 and P = 0.04,  
respectively).
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responding higher levels of FOXO1. These findings were surprising, 
given that there is no selection for Rb loss in the Eμ-Myc model (7) 
or effects of INK4a deficiency (26) and that CDK4 loss had no effect 
on senescence in premalignant B cells (Supplemental Figure 5B). 
However, our findings are generally consistent with previous stud-
ies showing that most human mantle cell lymphomas express very 
low levels of CDK4 protein and that only a small fraction of these 
tumors display an increased CDK4 gene copy number (only 4 of 62) 
(51). Further, others have reported that among 180 primary DLB-
CLs, there were only 21 recurrent copy number alterations (11.6%), 

and/or is required for tumorigenesis in other contexts (refs. 14 and 
49 and Supplemental Figure 11B). Indeed, despite the fact that 
enforced cyclin D1 expression accelerates lymphoma development 
in Eμ-Myc transgenic mice (50), we show that loss of CDK4 acceler-
ates the onset and augmented tumorigenic potential of Eμ-Myc lym-
phoma and that knockdown of human CDK4 also augments the 
tumorigenic potential of human BL cell lines. Finally, our analyses 
suggest that there is a strong selection for silencing CDK4 expres-
sion in several human B cell lymphoma subtypes, as many of these 
tumors express low levels of CDK4 mRNA and protein and the cor-

Figure 8
CDK4 expression is suppressed, and FOXO1 and RAG1 expression is elevated in several subtypes of human B cell lymphomas. (A) 125 cases 
of randomly collected patient B cell lymphoma samples from The Ohio State University Department of Pathology and US Biomax Inc., along 
with 10 normal LNs, were stained with antibodies specific to CDK4 (top panels), p-FOXO1-S329 (second panels), FOXO1 (third panels), or 
RAG1 (bottom panels). Original magnification, ×400. (B) For statistical analysis, the samples were graded on a scale of staining scores from  
1 (lowest) to 5 (maximum), based on signal intensity for CDK4, p-FOXO1-S329, FOXO1, or RAG1. Approximately 90% of B cell lymphoma samples  
(111 of 125) had low or nondetectable levels of CDK4 (stages 1 and 2), and nearly 70% (87 of 125) of B cell lymphoma samples had low levels 
of p-FOXO1-S329 (stages 1 and 2). Accordingly, approximately 70% of these tumors (86 of 125) had elevated levels of total FOXO1 (stages 4 
and 5), and approximately 64% (80 of 125) had elevated levels of RAG1 (stages 4 and 5). Among the lymphomas with elevated levels of FOXO1, 
more than 70% (61 of 86) had elevated levels of RAG1. 
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Eμ-Myc B cells. The effects of CDK4 on FOXO1 were selective, as 
we observed no changes in FOXO3a expression or phosphoryla-
tion in Eμ-Myc Cdk4–/– B cells. These findings are in accord with 
a lack of effect of CDK4 deficiency on Arf expression, as FOXO3a 
regulates Arf transcription in Eμ-Myc B cells (44). Thus, CDK4 
targets FOXO1 through a mechanism independent of links 
between FOXO3a, ARF, and lymphomagenesis.

CDK2- or CDK1-dependent phosphorylation of FOXO1 at 
S249 blocks FOXO1 activity by provoking its cytoplasmic local-
ization and destruction, and this response is disabled following 
DNA damage (45–47). However, we found that CDK4 status did 
not affect the levels of p-FOXO1-S249 in Eμ-Myc B cells. Rather, 
CDK4-directed phosphorylation of FOXO1 at S326 (human 
FOXO1 at S329) holds FOXO1 activity in check in lymphoma 
cells, and thus CDK4 loss leads to marked reductions of p-FOX-
O1-S326 or p-FOXO1-S329 and to increased levels of nuclear 
FOXO1 and induction of the FOXO1 targets Rag1 and Rag2, which 
are sufficient to provoke genomic instability and augment Myc-
driven lymphomagenesis.

Precisely how CDK4 deficiency triggers genomic instability in 
MYC-expressing B cells is not resolved, but the data strongly sug-
gest that this deficiency reflects aberrant activity of the RAG1/
RAG2 complex, which can promote the formation of complex 
translocations coined “complicons” in the B cell milieu (40, 41, 
57, 58). Although it has been reported that RAG1 deficiency also 
accelerates the development of lymphoma in the Eμ-Myc model 
(59), any genetic insult that provokes a progenitor B cell develop-
mental blockade such as that seen with Rag1 deficiency (60) will 
trigger such a phenotype, leading to increased pools of highly 
proliferating, at-risk progenitor B cells (30). Indeed, genomic 
instability typifies Eμ-Myc Cdk4–/– B cell lymphoma, which 
selectively accumulates complex genomic abnormalities and is 
associated with the induction of several oncogenes that have 
been implicated in B cell malignancies. Collectively, increased 

which include copy gains of all possible genes, and that of these, 
there was a low frequency (only 13%) that had amplified CDK4 (52). 
Further, IHC analyses have shown that indolent FLs express no  
(12 of 21, 57%) or very low (9 of 12, 43%) levels of CDK4 and that 
68% (15 of 22) of DLBCLs have no or low CDK4 levels (6 of 22 were 
negative and 9 of 22 had low levels of CDK4 (53).

Our findings have also revealed that CDK4 substrates other than 
Rb are important for tumorigenesis. Specifically, FOXO1 is now 
revealed as a CDK4 substrate that is important for lymphoma-
genesis, and FOXO1 is suggested to play oncogenic roles in this 
context by virtue of its ability to activate the expression of RAG1 
and RAG2, which are sufficient to drive genomic instability and 
lymphomagenesis. Interestingly, recent reports have shown that 
FOXO1, FOXO3a, and FOXO4 can behave as oncoproteins in 
acute myeloid leukemia, but not in solid tumors (54), and that 
FOXO1 is highly expressed in NHLs (55). The latter findings 
are consistent with our studies (Figure 8), which show elevated 
FOXO1 expression in non-Hodgkin B cell lymphoma. Collec-
tively, these findings suggest that the different roles of CDK4 and 
FOXO1 in tumorigenesis hinge on cell context.

We found that typical proliferative (p27Kip1) and apoptotic 
(ARF and p53) checkpoints of MYC-induced lymphoma were 
not affected by the CDK4 deficiency, nor were there effects on 
Myc transgene levels or on direct MYC transcription targets. 
However, we found that the effects on genomic instability were 
clearly manifest in Eμ-Myc Cdk4–/– lymphoma. Although altera-
tions in cyclin E have been linked to genomic instability (56), we 
observed no effects of CDK4 loss on cyclin E levels in Eμ-Myc  
B cells (data not shown). However, there were profound effects 
on the FOXO1/RAG1/RAG2 pathway. Specifically, the data show 
that CDK4 phosphorylates FOXO1 at S326 (S329 in man) and 
that this modification is necessary for FOXO1 cytoplasmic local-
ization, where it is destroyed by the proteasome (45–47). Accord-
ingly, CDK4 loss leads to increased levels of nuclear FOXO1 in 

Figure 9
CDK4 expression is repressed in subtypes of non-Hodgkin B cell lymphoma. (A) The CDK4 gene copy number in human B cell lymphoma sub-
types was determined by genomic qRT-PCR. Horizontal dotted line represents the mean CDK4 gene dosage detected in B cells from normal LN 
controls. Solid horizontal lines indicate the mean average copy number for the indicated lymphoma subtype. Most lymphomas (48 of 60 NHLs) 
were 2N. (B) CDK4 mRNA levels were suppressed in the majority of human non-Hodgkin B cell lymphomas. CDK4 transcript levels from the 
lymphomas assessed for the CDK4 copy number in A were determined by qRT-PCR. Values shown are relative to those of CDK4 transcripts 
expressed in normal B cells. Again, the dotted line represents the mean value of CDK4 mRNA in normal B cells, and solid lines represent the 
means found in the indicated subtypes of NHLs. Primary liposarcomas were also assessed for CDK4 transcript levels as controls.
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sites and then cloned into the MSCV-IRES-Puro and MSCV-IRES-Hygro 
retroviruses (Clontech), respectively. Retrovirus stocks were gener-
ated as described (13, 20). Days E13.5–E15.5 pregnant Eμ-Myc mice were 
humanely euthanized to obtain fetal livers, which were minced and cul-
tured at approximately 3 × 106 cells/ml in media supporting HSC growth 
as described (13, 20). For transplantation, 6- to 8-week-old lethally irradi-
ated C57Bl/6 recipient mice were reconstituted 6 hours later with approx-
imately 3 × 106 viable fetal liver Eμ-Myc HSCs (control) or with Eμ-Myc 
HSCs transduced with MSCV control virus or cotransduced with MSCV-
RAG1 and MSCV-RAG2 retroviruses by tail-vein injection. Lymphoma 
onset was defined as the occurrence of palpable cervical or peripheral LNs 
(at least 5 mm in diameter in one dimension). Statistical evaluation of 
tumor onset data was based on the log-rank (Mantel-Cox) test for compar-
ison of the Kaplan-Meier event-time format and on an unpaired Student’s 
t test for comparison of the means and SDs. Three independent HSC trans-
plantations were performed, and control and transduced Eμ-Myc HSCs 
were transplanted into 5 to 6 recipients.

Lymphoma transplantation assay. Lymphoma cells (3 × 105) were injected 
into the tail veins of 6- to 8-week-old Cdk4+/+ female mice. Recipient ani-
mals were monitored for morbidity and tumor onset by palpating the LNs.

Expression profiling analyses. The effects of CDK4 deficiency on direct 
MYC targets were assessed by comparing total gene expression profiles of 
Eμ-Myc Cdk4+/+ versus Eμ-Myc Cdk4–/– lymphomas with the 668 direct MYC 
target genes defined in human B cells (32). This gene list was imported into 
the wild-type B220+/precancerous Eμ-Myc B220+ gene chip robust multiar-
ray averaging (GC-RMA) normalized database, and probesets were selected 
that were deferentially expressed (Student’s t test, P < 0.05, 2-fold change 
or higher) between wild-type B220+ and precancerous Eμ-Myc samples and 
that were expressed higher than the chip median in one or more samples. 
The resulting list was then imported into the Eμ-Myc Cdk4+/+and Eμ-Myc 
Cdk4–/– Affymetrix MAS5 normalized database. Microarray data were 
deposited in the Gene Expression Omnibus database (GEO GSE21683).

Statistics. A Student’s t test was used to validate the significance of the 
observed differences. A P value less than 0.05 was considered statistically 
significant.

Additional methods are described in Supplemental Methods.
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genomic instability and/or aberrant expression of such targets 
would explain, at least in part, the accelerated course of lympho-
magenesis manifest in Eμ-Myc Cdk4–/– transgenic mice as well as 
the increased tumorigenic potential of mouse and human lym-
phomas in transplant models.

Finally, it is important to note that anti-CDK4 strategies are being 
widely applied as anticancer therapies (49). Quite strikingly, the 
effects of CDK4 silencing are the opposite of those provoked by a 
small-molecule inhibitor that has been touted as a selective inhibi-
tor of CDK4 and CDK6 (Supplemental Figure 13). In fact, given the 
limited profiling that has been done to date, it is unclear whether 
there are other kinases that are inhibited by these agents that then 
affect other critical factors needed to support lymphoma cell growth 
and survival (61–64). Along these lines, we note that it is striking 
that treatment of BL cells with these agents results in downregu-
lation of steady-state levels of both CDK4 and CDK6, consistent 
with off-target effects. The effects of CDK4 deficiency on B cell lym-
phoma described herein indicate that the use of CDK4 suppression 
strategies in anticancer therapies needs to be carefully tailored, as 
such strategies may have untoward lymphoma-promoting effects.

Methods
Mice and tumor monitoring. Cdk4+/– mice (C57Bl/6) were interbred with 
Eμ-Myc transgenic (C57Bl/6) mice. F1 Eμ-Myc Cdk4+/– mice were then 
backcrossed to Cdk4+/– mice to generate the desired cohort: Cdk4+/+, Cdk4+/–,  
Cdk4–/–, Eμ-Myc Cdk4+/+, Eμ-Myc Cdk4+/–, and Eμ-Myc Cdk4–/– mice. Mice 
were monitored daily for signs of morbidity and tumor onset, and log-rank 
survival tests were performed. Tumors were harvested immediately after 
euthanasia. Single-cell suspensions were obtained from the tumors and 
were analyzed by FACS; the remainder was snap-frozen in liquid nitrogen 
for DNA, RNA, and protein analysis. All animal-related procedures were 
performed in accordance with protocols approved by the IACUC of The 
Ohio State University.

Expression constructs. The GFP-FOXO1-S329A construct was generated by 
site-directed mutagenesis of GFP-FOXO1 (provided by A. Bonni of Harvard 
University, Cambridge, Massachusetts, USA and S. Guo of Texas A&M 
Health Science Center, College Station, Texas, USA). The GST-FOXO1 and 
GST-FOXO1-S249A plasmids were also provided by A. Bonni. The RNAi- 
resistant FOXO1-RE plasmid was generated as described (45, 46).

Western blot analysis. Lysates of cells and tissues were generated in SDS 
sample buffer (60 mM Tris-HCl at pH 6.8, 10% glycerol, 2% SDS, and 5% 
2-mercaptoethanol). Equal amounts of lysate protein (50 μg) were sep-
arated on 8% to 12% SDS-PAGE gels, transferred to PVDF membranes 
(Amersham), and then incubated with primary antibodies specific to 
CDK4 (SC-260; Santa Cruz Biotechnology Inc.), CDK2 (2546; Cell Sig-
naling Technology), CDK6 (SC-177; Santa Cruz Biotechnology Inc.), 
p-FOXO1 (S329) (ab52857; Abcam), RAG1 (NPP1-74190; Novus Biologi-
cal), RAG2 (ab133609, i.e., Epitmics 5485-1 for mouse cells; Abcam); RAG2 
(ab959955 for human cells; Abcam), p62 (SC-28359; Santa Cruz Biotech-
nology Inc.), p27Kip1 (610242; Transduction Labs), p53 (Ab-7; Oncogene 
Research), p19Arf (ab80; Abcam), FOXO1 (2880; Cell Signaling Technol-
ogy), p-FOXO1-S249 (441245G; Invitrogen), FOXO3a (2497; Cell Signal-
ing Technology), p-318/321-FOXO3a (9465; Cell Signaling Technology), 
or β-actin (A00702; Sigma-Aldrich). Blots were then rinsed in TBST and 
further incubated in peroxidase-conjugated anti-mouse or anti-rabbit 
secondary antibodies, respectively. Proteins were visualized using an ECL 
detection system (Pierce Biotech) and were exposed to film. All experiments 
were repeated in triplicate.

Eμ-Myc HSC transduction and transplantation. Mouse Rag1 and Rag2 cDNA 
fragments were amplified with primers containing compatible restriction 
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