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The INK4b/INK4a/ARF locus encodes three 
tumor suppressors: p15INK4b, p16INK4a and 
p14ARF.1 These three proteins play impor-
tant roles in cell cycle control and tumor 
suppression. Both p15INK4b and p16INK4a 
serve as inhibitors of cyclinD-Cdk4/6 activity, 
and prevent the Rb family tumor suppres-
sors from hyperphosphorylation, thus repress 
E2F-transactivated cell cycle genes. p14ARF 
antagonizes MDM-mediated ubiquitination 
and subsequent degradation of p53. As a 
transcription regulator, p53 transcriptionally 
promotes cell apoptosis and growth arrest, 
thus functions as a tumor suppressor. ARF also 
has been reported to suppress tumor growth 
by p53-independent pathway.2

Given the importance of the INK4b/INK4a/
ARF locus, mechanisms underlying its regula-
tion in normal cells, and more importantly, its 
inactivation in cancer cells have been inten-
sively studied. One established mechanism 
that silences the whole locus involves CDC6, 
which may represent the coordinated con-
trol of DNA replication and transcriptional 
repression during cell division.3 Genetic 
alterations including deletion and missense 
mutations have been reported in a variety 
of tumors. Interestingly, INK4a and ARF, each 
has a unique promoter and exon 1, share the 
other two exons but using alternative read-
ing frames. This genetic architecture increases 
the complexity of individualized regulation of 
expression. However, it has been known that 
some stimuli may specifically regulate either 
p16INK4a or p14ARF. Promoter-specific meth-
ylation has been reported to silence either 
INK4a or ARF.4 

In a previous issue of Cell Cycle, Roberti et 
al. provided data to suggest another layer of 
regulation of INK4a/ARF locus in Burkitt’s lym-
phoma cell lines (Fig. 1).5 They reported that 
in those cell lines the promoter of INK4a was 
heavily methylated but that of ARF was not. 
Accordingly, they found that the mRNA levels 
of INK4a were ubiquitously down-regulated 
whereas those of ARF, up-regulated. These 
up-regulated levels of ARF mRNA, however, 
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apparently failed to result in elevated levels of 
p14ARF proteins. To explain this discrepancy, 
the authors explored the protein turnover in 
those cell lines. They were able to show that 
inhibition of proteasomal activity by incubat-
ing cells with MG132, a well known inhibitor 
of proteasomes, increased the protein levels 
of p14ARF. Furthermore, ubiquitinated forms 
of p14ARF were detected in protein samples 
from MG132-treated cells. Taken together, 
these data provided strong evidence to sup-
port that in Burkitt’s lymphoma cell lines used 
in this study, INK4a was mainly repressed by 
promoter methylation, whereas p14ARF may 
be down-regulated by accelerated degrada-
tion by the ubiquitination-proteasome system. 

As perhaps all other excellent studies, this 
interesting one also raises more questions 
than it has answered. Since p14ARF lacks lysyl 
residue, its ubiquitination has been reported 
to be mediated by the N-terminal a-amino 
group, instead of the more commonly reported 

e-amino group of lysyl residues.6 For p14ARF is 
mainly localized in nucleolus and is stabilized 
by its interaction with NPM/B23,7 its degra-
dation by the proteosomes is slow in most 
cell lines. It would be interesting to explore 
the molecular and biochemical mechanisms 
underlying this cell type-specific instability of 
p14ARF in those Burkitt’s lymphoma cell lines. 
A particularly interesting question would be if 
this accelerated decay results from a mutation-
driven p14ARF misfolding or disruption of its 
interaction with NPM/B23. It is also possible 
that a mutation of NPM/B23 may alter p14ARF 
function and subcellular localization. In addi-
tion, ubiquitination-independent degradation 
of regulatory proteins such as HIF-1a, p53 
and p27 in tumor cells can be triggered by 
various chemotherapeutics or other stresses.8,9 
While the ubiquitination of p14ARF was dem-
onstrated, an interesting question would be 
whether such ubiquitination is a bona fide 
prerequisite for p14ARF degradation, or simply 

Figure 1. Proposed roles of protein ubiquitination and promoter methylation in control of INK4a/
ARF expression. See text for detailed explanation.



186	 Cell Cycle	V olume 10 Issue 2

a consequence of accumulation of p14ARF 
when proteasomal activity was blocked. 
Future investigations stimulated by this report 
surely will significantly advance our under-
standing of the regulation of p14ARF and 
growth suppression.

In conclusion, these interesting new find-
ings, together with published data from other 
researchers, depict an updated view of the 

regulation of tumor suppressive function of 
this locus. Both promoter methylation and 
accelerated ubiquitination may play roles 
in individualized control of INK4a and ARF 
expression, at least, in those Burkitt’s lym-
phoma cell lines. The insight and perspectives 
brought by this new study may facilitate the 
identification of novel drug targets for the 
development of novel cancer therapy.
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Breast cancer is one of the most common can-
cers among women worldwide. Cyclin D1 and 
cyclin E are frequently overexpressed in breast 
cancers.1 Cyclin D1 is overexpressed in ~45% 
of breast cancers, and cyclin E is overexpressed 
in ~30% of breast cancers.1 Cyclin D or cyclin 
E overexpression is often found in aggressive 
breast cancers.1 Several studies have shown 
that overexpression of cyclin E or amplification 
of the cyclin D1 gene is associated with a poor 
outcome.1 

Smad3, which is essential for mediating 
TGF-b antiproliferative response, is phosphory-
lated by cyclin D-CDK4 and cyclin E-CDK2.2-4 
CDK phosphorylation of Smad3 inhibits its 
transcriptional activity and contributes to G1 

cell cycle arrest.2-3 Several lines of evidence 
suggest that Smad3 plays an important role 
in the inhibition of breast tumorigenesis. For 
instance, TGF-b-induced growth inhibition 
and apoptosis is essentially lost in Smad3-/-  
mammary epithelial cells.5 Overexpression 
of Smad3 in a breast cancer cell line causes 
cell cycle arrest accompanied with increased 
p15 levels, decreased cyclin A expression, and 
inhibition of Rb phosphorylation; conversely, 
overexpression of a dominant negative Smad3 
accelerated cell proliferation. Furthermore, 
introduction of Smad3 into a breast cancer cell 
line reduced its tumorigenicity.6 Low levels of 
nuclear Smad3 are associated with high-grade 
tumor, large tumor size, and estrogen receptor-
negative tumors in human patients. c-myc is 
overexpressed in ~38% breast cancers.1 Smad3 
plays a key role in mediating downregula-
tion of c-myc in response to TGF-b, and this 
response is lost in breast cancer cell lines.7

To address the question whether inhibition 
of Smad3 activity contributes to the onco-
genic effects of cyclin E overexpression in 
breast cancer, Cooley et al. introduced the 
wild-type Smad3 or Smad3 with mutations at 
the CDK phosphorylation sites into the paren-
tal, vector control, or cyclin E-overexpressing 
(EL1) MCF7 breast cancer cell line.8 MCF7 cells 
were used as they contain increased cyclin E 
levels. Smad3 containing CDK phosphoryla-
tion site mutations led to higher p15 tran-
script levels and lower c-myc transcript levels 
than the wild-type Smad3, with the great-
est effect in the cyclin E-overexpressing cells. 
In transient Smad3-responsive reporter gene 
assays, overexpression of cyclin E repressed 
the wild-type Smad3 transcriptional activity, 
resulting in the CDK phosphorylation mutant 
Smad3 having a much higher activity than 
the wild-type Smad3. Moreover, cotransfec-
tion with a CDK2 siRNA or treatment with a 
CDK2 inhibitor led to a higher Smad3 reporter 
gene activity than the control cells. Thus, cyclin 
E-overexpression is associated with phos-
phorylation and inhibition of Smad3 activity 
by cyclin E-CDK2 in breast cancer cells. In a 
similar study, Zelivianski et al. showed that 
cyclin D-CDK4 inhibits Smad3 activity in cyclin 
D1-overexpressing breast cancer cells.9

Therapeutics targeting CDKs or cyclins 
hold promise for subsets of breast cancers. 
For example, Her2 activates cyclin D1 expres-
sion. Ablation of cyclin D1 protects against 
Her2-induced breast tumorigenesis in animal 
models.1 In human breast cancer, approxi-
mately 25% of Her2-overexpressing tumors 
contain high levels of cyclin D1. This subset 

of patients may benefit from inhibiting CDK4 
kinase.1 For the ER-positive postmenopausal 
breast cancer patients, a subset of them over-
express the low molecular weight forms of 
cyclin E, which are derived mainly from the full 
length cyclin E by posttranslational process-
ing and result in higher CDK2 activity.10 This 
subset of patients is associated with a poor 
prognosis and more likely to develop resis-
tance to endocrine therapy that causes G1 cell 
cycle arrest.10 The study further showed that 
treatment of breast cancer cells with a CDK2 
inhibitor can reverse the resistance.10 These 
observations support clinical investigations of 
CDK2 inhibitor therapy for this subset of breast 
cancer patients. These potential therapies are 
expected to restore Smad3 tumor suppres-
sive function. Furthermore, inhibition of CDK-
mediated phosphorylation of Smad3 not only 
restores its tumor suppressive function, but 
also is expected to eliminate its invasive func-
tion.4 Future studies in these important areas 
are fully anticipated. 
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Over the past several decades, the TGF-b path-
way has simultaneously captivated and con-
fused scientists. TFG-b binding to cell-surface 
receptors induces a complex circuit of sig-
naling events with diverse targets of gene 
regulation; dissection of the effects of these 
downstream events are further complicated 
by context dependent mechanisms. Indeed, 
one of the most intriguing aspect of the TGF-b 
axis is the ability to serve as both a tumor sup-
pressor and a pro-tumorigenic factor depend-
ing on the stage of cancer development1. In a 
previous issue of Cell Cycle, work from Cooley 
and colleagues suggest that CDK2 plays a 
critical role in tempering the anti-proliferative 
activity of the TGF-b pathway.9 

Upon ligand binding, TGFβRII phosphory-
lates and activates TGRFβRI, a serine/threonine 
kinase responsible, in turn, for phosphorylation 
of Smad2 and Smad3 (R-Smads). Ultimately, 
phosphorylated Smad2/3 translocates to the 
nucleus and associates with Smad4 where 
they trigger increased expression of a number 
of key genes including anti-proliferative fac-
tors such as p15ink4b and p21Cip1.2,3 The result-
ing effect is net inhibition of the cell cycle 
components Cdk4 and Cdk2, respectively. 
Furthermore, activated Smads also transcrip-
tionally repress the potent oncogene c-Myc, 
among other growth-related targets.4 Thus, 
Smad-dependent signaling through TGF-b 
provides robust anti-proliferative influences. 

While TGF-b/Smad activates p15ink4b and 
p21Cip1 to inhibit cell cycle progression, Cdk2 
(and Cdk4) can also phosphorylate Smad3 
at multiple sites distinct from those targeted 
by TGFβRI.5 In contrast to receptor-mediated 
phosphorylation, Cdk2-dependent phos-
phorylation is inhibitory to Smad3 function;6 
perturbation of Cdk2 activity or mutation of 
these phosphorylation sites leads to increased 
Smad3-dependent p15ink4b/Myc transcriptional 
regulation. These findings directly link cyclin 
E/Cdk2 with the inhibition of the Smad anti-
proliferative pathway of the TGF-b axis and 

suggest that TGF-b/Smad3 and cyclin/Cdk 
signals provide opposing influences on prolif-
eration. The current work of Cooley et al. dem-
onstrate that indeed cyclin E overexpression in 
breast cancer leads to attenuation of Smad3 
transcriptional activity towards anti-prolifera-
tive mediators. In human breast cancer cells, 
the target genes p15ink4b, p21cip1, and c-Myc 
were regulated in the presence of ectopically 
expressed Smad3 and this regulation of was 
attenuated by increased cyclin E expression. 
Critically, targeted mutations in documented 
Cdk2 phosphorylation sites of Smad3 abro-
gated regulation, as did pharmacologic inhibi-
tion of Cdk2, providing a direct link between 
Cdk2 and Smad3. 

Paradoxically, significant literature also 
reveals a role for TGF-b/Smad3 in promoting 
tumorigenesis, which has been demonstrated 
through several mechanisms.7 First, Smad3 
mediates TGF-b dependent immune suppres-
sion. Immune-related targets of Smad3 signal-
ing include MHC class II, interferon-gamma, 
and interleukins. Loss of Smad3 may impair 
tumor cells ability to escape immune surveil-
lance. Second, Smad3 signaling contributes 
directly to TGF-b induced epithelial-mesen-
chymal transition by acting as a transcriptional 
activator of Snail, a repressor of E-cadherin. 
Cells with a dysfunctional TGF-b pathway, such 
as those derived from Smad3-deficient mice, 
fail to induce EMT. Finally, Smad3 activity has 
been positively correlated with metastatic 
potential and angiogenic responses through 
regulation of factors such as MMPs and CTGF. 
Thus, because Smad3 protects against and 
later also facilitates tumor progression, it may 
be advantageous for malignant cells to sup-
press Smad3 activity reversibly; upon devel-
opment of resistance to the downstream 
anti-proliferative effects of TGF-b/Smad3, 
cancer cells may harness Smad3 to promote 
tumor growth and metastatic potential.

Consistent with this idea, Smad3 is rarely 
mutated in human cancer. Instead, in several 

cancers, such as breast and gastric, Smad3 
is often subjected to down-regulation at the 
protein level. Furthermore, attempts to model 
Smad3 deficiency in the mouse have met 
with conflicting results,7 perhaps a testament 
to the dual role for Smad3 in tumor suppres-
sion and oncogenesis. Taken together, these 
observations suggest that dynamic regulation 
of Smad3 protein expression/activation could 
be an important determinant of cancer fate.

Cooley et al. investigate cyclin E/Cdk2 
regulation of Smad3-dependent transcrip-
tion, seeking to uncover the mechanism by 
which breast cancers over-expressing Cyclin 
E correlate with aggressive phenotypes and 
carry poor prognosis.8 The authors provide 
evidence that overexpressed cyclin E, through 
the Cdk2 kinase activity, neutralizes the anti-
proliferative signaling of Smad3. Future stud-
ies might address whether the inhibitory Cdk 
phosphorylation of Smad3 represses its func-
tion universally or only conditionally. That is, 
given the diverse biological functions medi-
ated by Smad3 targets, it is reasonable to sus-
pect that phosphorylation of Smad3 by Cdks 
specifies activity towards a subset of down-
stream genes. If the pro-tumorigenic effects of 
Smad3 transcriptional regulation, eg. targets 
such as Snail and MMPs, are un-perturbed 
Cdk phosphorylation, it would suggest a very 
intriguing mechanistic clue as to why Smad3 is 
epigenetically regulated and seldom mutated 
in human cancer.
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In most tissues, metabolism operates 
according to the “bend-but-don’t-break” prin-
ciple. Homeostatic mechanisms allow cells to 
respond to changes in nutrient availability or 
workload, thereby matching metabolic supply 
and demand. The end result is that cells can 
survive and maintain function during fluctua-
tions in the availability of preferred nutrients 
like glucose. A classic example is the enhanced 
b-oxidation of fatty acids that occurs in mus-
cle during energy deprivation or increased 
energy demand.1 This transition is regulated by 
the fuel sensor AMP-activated protein kinase 
(AMPK), which shifts the metabolic balance 
from anabolic, energy-consuming activities 
towards catabolic, energy-generating ones.

In cancer cells, transforming mutations 
can limit metabolic flexibility and lead to an 
inescapable requirement (“addiction”) for spe-
cific nutrients. These abnormally rigid meta-
bolic networks prevent cells from surviving 
acute interruptions in nutrient availability. 
Constitutive activation of PI3K/Akt signaling 
addicts tumor cells to glucose by interfering 
with the induction of fatty acid oxidation when 
glucose is withdrawn.2 c-Myc addicts cells to 
glutamine by preventing them from supplying 
the tricarboxylic acid cycle using other nutri-
ents.3 Thus nutrient addiction is often cited 
as a basis for metabolic therapy in cancer. The 
essential premise: even though most tissues 
prefer to use glucose, glutamine, or other 
abundant nutrients to supply essential meta-
bolic functions, systemic inhibition of these 
activities might preferentially kill malignant 
cells that cannot normally adapt by engaging 
compensatory pathways.

But other work suggests that metabolic 
rigidity is not a universal feature of malig-
nant transformation. A subset of enzymes, 

particularly glutamate dehydrogenase, can 
enable intensely glycolytic tumor cells to sur-
vive inhibition of glucose metabolism.4,5 Some 
mutations in KRAS or BRAF provide colorec-
tal cancer cells with a growth advantage in 
low-glucose conditions.6 And now, in a previ-
ous issue of Cell Cycle, Chen and Shtivelman 
provide evidence for another mechanism of 
metabolic plasticity in cancer cells. They show 
that the protein CC3/TIP30 commits cells to 
glycolytic metabolism, and when its expres-
sion is chronically suppressed (as observed 
in tumors), cells achieve the ability to resist 
glucose deprivation.7

Cells derive energy from glycolysis, oxida-
tive phosphorylation or both. In glycolysis, 
ATP is produced very rapidly in the cytosol, 
although the yield of ATP per glucose is low. 
In oxidative phosphorylation, oxidation of 
various nutrients (fatty acids, amino acids, 
glucose and other sugars) in the mitochondria 
results in the delivery of reducing equivalents 
to the electron transport chain, producing a 
maximal yield of ATP. Chen and Shtivelman 
find that CC3, a tumor suppressor,8 limits cel-
lular ability to survive culture in low glucose. 
When the authors experimentally suppressed 
CC3 expression in HeLa and MCF7 cells to 
mimic levels observed in tumors, the modi-
fied cells displayed improved viability when 
challenged with low glucose. They were also 
better at sustaining their ATP levels than CC3-
expressing cells. This difference may have 
been the result of an augmented capacity 
for oxidative metabolism, because cells with 
silenced CC3 had higher oxygen consumption 
and higher expression of electron transport 
chain subinits during prolonged low-glucose 
culture. Bioenergetic stability in low glucose 
was also suggested by diminished activation 

of AMPK. Thus CC3 suppression appears to 
result in a state of enhanced metabolic agility, 
allowing cancer cells to protect their energy 
stores in the face of limited access to glucose. 
More work is needed to understand how CC3, 
which lacks an obvious role in metabolism, 
influences nutrient dependence. It is interest-
ing that CC3 is also proposed to suppress 
metastasis9—surely metabolic agility would 
be advantageous as cells attempt to survive 
the rigors of matrix detachment, migration 
to a remote site, and establishment of a new 
focus of tumor growth.

Where tumor cells reside along the spec-
trum of metabolic flexibility/rigidity may well 
determine their sensitivity to therapy. This issue 
is more than an intellectual exercise related to 
the dream of future therapies directed against 
nutrient utilization. Many agents already in 
use likely impact tumor metabolism by inter-
fering with the signaling pathways that regu-
late metabolic flux and flexibility. Cells with 
reduced levels of CC3 might be quite success-
ful at resisting the metabolic stress brought 
on by targeting PI3K, mTOR, Bcr-Abl and other 
nodes of signal transduction. Forcing these 
cells to implement a more rigid metabolic 
platform could be a key factor in causing them 
to “break” rather than “bend.”
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Emerging evidence implicates that the TNF 
superfamily member B lymphocyte stimula-
tor (BLyS), also known as (B-cell activating 
factor) BAFF, as well as its receptors, particu-
larly BAFF-R, as critical factors for the growth 
and survival of both normal and malignant 
B cells.1,2 Although the signaling pathways 
mediated through BAFF-R have been exten-
sively studied recently,3-5 the transcriptional 
regulation of BAFF-R has not been elucidated, 
especially in lymphomas and leukemias.

In a previous issue of Cell Cycle, Mihalcik and 
colleagues have shown that the TNF-receptor 
BAFF-R is dysregulated in two common human 
B-cell lymphoid lineage neoplasms with simi-
lar leukemic clinical presentations: precursor 
B-cell acute lymphoblastic leukemia (B-ALL) 
and Chronic Lymphocytic Leukemia (CLL). 
They first demonstrated that BAFF-R is consti-
tutively expressed in early B-cell lines Reh and 
NALM-6, derived from patients with precur-
sor B-ALL, and that BAFF-R is directly regu-
lated by the canonical NF-kB member c-rel. 
Based on these findings, they suggested that 
BAFF-R plays a key role in growth and survival 
mechanisms of B-ALL. These findings are quite 

interesting because BAFF-R and c-rel are dys-
regulated in other types of aggressive NHL-B, 
such as diffuse large B-cell lymphomas, where 
c-rel interacts with CD40, another TNF recep-
tor, regulating growth and survival genes.4-6 
TNF-receptors like CD40 and BAFF-R can also 
enter the nucleus, interact with other tran-
scription factors, and regulate gene transcrip-
tion.5-7 BAFF-R/c-rel dysregulation in B-ALL 
could form a positive feedback mechanism, 
maintaining growth and survival of B-ALL, 
similar to other aggressive NHL-B cells (see 
Figure 1A).

The authors further demonstrated that 
BAFF-R is down-regulated in CLL cells when 
compared to normal B cells, consistent with 
two previous findings by Briones et al.8 and Lin 
et al.9 Perhaps this is the most intriguing find-
ing, since they showed that the transcriptional 
mechanism for BAFF-R expression in CLL is still 
intact, but the protein expression of BAFF-R 
and the binding affinity of BAFF to BAFF-R is 
absent/low. Post-transcriptional dysregulatory 
mechanism(s) are proposed but remain to be 
elucidated. Clearly, further studies are war-
ranted to determine the biological significance 

as to why indolent lymphomas like follicular 
lymphoma (FL) and CLL cells down-regulate 
BAFF-R. 

This report by Mihalcik et al. provides addi-
tional interesting studies in an area of par-
ticular recent interest and importance: the role 
of BLyS/BAFF-R, TNF ligand/receptor family 
that has been shown by them and others 
to be of central critical importance in key 
growth/survival mechanisms in both normal 
and neoplastic B cells. Minor caveats how-
ever, involve the selected neoplastic B-cell 
populations (e.g. very old B-ALL cell lines) 
studied that unfortunately but do not include 
patient B-ALL samples, or definitive clinical/
phenotypic descriptions of the CLL patient 
samples that are PBMC populations, that are 
very heterogeneous in general, and may not 
ideal for studying the disease process. Better 
cellular choices would allow for a more valid 
assessment of how representative the studied 
cells are for defining the two disease entities. 
That being said, this study offers some insights 
in role of BAFF-R in the pathophysiology of 
two important B-cell malignancies. Although 
the mechanisms of deregulation of BAFF-R 

Figure 1. Schematic model for deregulation of BAFF-R expression in aggressive NHL-B, B-ALL, and indolent CLL and FL. (A) Aggressive lymphomas and 
leukemias, such DLBCL and B-ALL, respectively, constitutively express TNF-Receptors like CD40 and BAFF-R, as well as the B-cell receptor for mediating 
autonomous cell growth and survival mechanisms through internal deregulation of the ligand/receptor dyad, leading to the activation of the alterna-
tive and canonical NF-kB pathways. (B) Unlike aggressive lymphomas and leukemias, indolent lymphomas and leukemias such as CLL and FL, likely 
acquire key growth and survival signals from the outside environment. In addition, BAFF-R is down-regulated, possibly involving post-transcriptional 
mechanisms.
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expression in B-cell malignancies remains 
unclear, understanding BAFF-R deregulation 
in these important cancers should offer novel 
therapeutic opportunities. 
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