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Beyond the Cell Cycle:
A New Role for Cdk6 in Differentiation
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Abstract Over 10 years ago, cdk6 was identified as a new member in a family of vertebrate cdc-2 related kinases.
This novel kinase was found to partner with the D-type cyclins and to possess pRb kinase activity in vitro and has since
been understood to function solely as a pRb kinase in the regulation of the G; phase of the cell cycle. In the past 2 years,
several independent studies in multiple cell types have indicated a novel role for cdké in differentiation. For example, cdk6
expression must be reduced to allow proper osteoblast and osteoclast differentiation, forced cdké6 expression blocked
differentiation of mouse erythroid leukemia cells and cdké expression in primary astrocytes favors the expression of
progenitor cell markers. Since exit from the cell cycle is a necessary step in terminal differentiation, down-regulation of a
mitogenic factor may be expected in this process, however it is surprising that this association has not been previously
uncovered and that it is apparently not shared with cdk4, long understood to be a functional homolog of cdké. The
mechanism of cdké function in differentiation is not understood, but it may extend beyond the established role of cdk6 as a
pRb kinase. As this story unfolds it will be important to discover if the function of cdké in differentiation is pRb-dependent
or pRb-independent, since pRb has long been established as a key factor in initiating and maintaining cell cycle exit during

differentiation. J. Cell. Biochem. 97: 485-493, 2006. © 2005 Wiley-Liss, Inc.

Key words: cdké; differentiation; G; phase; pRb; cdk4; cyclin D

The cell cycle is divided into four main phases:
G4, S, G, and M phase. G; and Gy phase were
originally named gap phases since the early
microscopists saw these as breaks between the
visible activities of S-phase-where DNA replica-
tion occurred and M-phase-where cytokinesis
and mitosis occurred. We now understand that
these gaps contain crucial regulatory events
that prepare the cell for the events of DNA
replication and mitosis.

In G; phase and early S-phase, positive and
negative regulatory proteins control the onset of
DNA replication. The tightly regulated entry
into S-phase ensures that damaged DNA is not
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copied and passed on to new cells and that the
DNA replication necessary for cell division only
occurs under the appropriate conditions. To
regulate the onset of DNA replication, cyclin
dependent kinases (cdk) partner with cyclins to
phosphorylate the retinoblastoma (pRb) pro-
tein. When sufficiently phosphorylated, pRb
releases its binding partner E2F. E2F is a
transcriptional activator that, once freed from
pRb, is able to activate the transcription of
genes necessary to replicate DNA. Working
against the mitogenic activity of the cdks are
cell cycle inhibitor proteins. Two families of
proteins-the INK family (containing p15™E4P,
pleNK4a 18INKie and p19™E4d) and the CIP/
KIP family (containing p21°PV/Wafl  po7Kipl
and p57%%) have been shown to regulate the
capacity of the cyclin/cdk complex for pRb
phosphorylation. The relative abundance of
inhibitors may determine the ability of the
cyclin/cdk complex to phosphorylate pRb. For
instance, if the levels of pl16 protein are high,
cdk4 will more likely partner with p16 than with
cyclin D, thereby inactivating the kinase and
disallowing phosphorylation of pRB. Kinases
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cdk4 and cdk6 partner with D-type cyclins in
early G; phase while cdk2 binds to both cyclin E
and cyclin A in later G; and early S phase. Three
proteins make up the cyclin D family, cyclin D1,
D2, and D3. Cyclin D proteins and associated
kinases are uniquely positioned to regulate the
cell cycle because they link mitogenic signals to
the cell cycle machinery (for review see [Ekholm
and Reed, 2000]).

Cdk4 and cdk6, share 71% amino acid identity
and both partner with all three D-type cyclins to
phosphorylate pRb. Both cdk4 and cdk6 are
expressed ubiquitously [Meyerson et al., 1992;
Meyerson and Harlow, 1994] and historically
have been understood to function redundantly
in G; phase of the cell cycle. Both cdk4 and cdk6
phosphorylate pRb but poorly phosphorylate
Histone H1, the preferred in vitro substrate of
cdk2 [Matsushimeetal.,1992,1994; Ewenetal.,
1993; Kato et al., 1993]. Initial experiments
identifying cdk6 activity were conducted in T-
cells and it was suggested that cell-type specific
expression might explain the need for two D-
cyclin kinases [Lucas et al., 1995b]. However,
more recent data indicate that both kinases are
expressed in most cell types (P. Sicinski,
personal communication), suggesting that
these kinases have discrete, nonoverlapping
functions.

Although there has been unwavering belief in
the field of a common function of edk4 and cdk6,
several descriptions of differences between cdk4
and cdk6 have been published. A decade ago,
Lucas and coworkers found that activation of
cdk6 preceded cdk4 activation by several hours
in T-cells [Lucas et al., 1995a,b]. More recently,
these kinases were shown to have distinct
responses to the p21 inhibitor in human leuke-
mia cells. In this study, p21 was shown to bind to
cdk2, edk4, and c¢dk6 and to inhibit the activity
of cdk2 and cdk4, but not cdk6 activity [Munoz-
Alonso et al., 2005]. Residue selectivity of the
kinases has also now been demonstrated. Cdk4
preferentially phosphorylates the threonine
residue at amino acid 826 on the retinoblastoma
protein while cdk6 preferentially phosphory-
lates threonine 821, indicating differences in
the in vitro substrate recognition of these two
kinases [Takaki et al., 2005].

Studies of tumors have also demonstrated
differences between cdk4 and cdk6. Certain
types of tumors selectively amplify either cdk4
or cdk6. For instance, cdk4 is specifically
mutated in human melanoma [Wolfel et al.,

1995; Zuo et al., 1996], while cdk6 activity has
been found to be elevated in squamous cell
carcinomas [Timmermann et al., 1997] and
neuroblastomas [Easton et al., 1998], without
alteration of cdk4 activity. Because random
chance would predict that each kinase would be
equally likely to be disrupted or amplified, a
preference for amplification of kinase activity in
tumors of certain tissues or cell types suggests
that these D-cyclin kinases indeed have non-
overlapping functions in these cells.

Cdk4 and cdk6 also demonstrate distinct
patterns of sub-cellular localization. In U20S
cells, cdk6 was predominately localized to the
cytoplasm [Grossel et al., 1999]. In mouse
astroctyes, cdk6 was also localized predomi-
nately in the cytoplasm with cdk4 localized
almost entirely to the nucleus [Ericson et al.,
2003]. In T-cells, cdk6 was detected in both the
nucleus and cytoplasm with only the nuclear
fraction active as an pRb kinase [Mahony et al.,
1998]. Cdk6 has even been localized to the
ruffling edge of spreading fibroblasts, suggest-
ing a function for cdk6 in controlling cell
spreading [Fahraeus and Lane, 1999].

These observed differences in subcellular
localization could indicate a mechanism for
regulating kinase acivity, or may be indicative
of the presence of a cytoplasmic role or sub-
strate(s) of cdk6. While pRb has historically
been the only known substrate of the D-cyclin
kinases, a new substrate for cdk2 and cdk4 was
recently revealed. While cdk6 was not studied in
this report, the identification of a novel sub-
strate for these edk may prove pivotal to the
field. Smad3 was found to be a substrate of both
cdk2 and cdk4 and phosphorylation of Smad3 by
these kinases inhibited transcriptional activity
of Smad3 [Matsuura et al., 2004]. Thus, Smad3
may prove to be the first of several novel sub-
strates of cdks that function to regulate DNA
replication. Thus, in the past decade several
studies have shown differences in timing and
activity, of localization, tumor selectivity and
possibly even substrates of the D-cyclin kinases.

A NEW FUNCTION FOR CDK6

The historical understanding that cdk4 and
cdk6 are functionally redundant is currently
being reconsidered. In the past 2 years, findings
have demonstrated a new role for cdk6 in the
differentiation of a variety of cell types. This
function is apparently not shared with cdk4.
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One of the earliest reports of a role for cdk6
in differentiation was published in 2000
[Matushansky et al., 2000]. The entry of murine
erythroid leukemia (MEL) cells into terminal
differentiation was accompanied by a decline in
the activity of edk2 followed by a decline in cdk6
activity and inhibitors that blocked the kinase
activity of cdk2 and cdk6 triggered differentia-
tion while inhibition of edk2 and cdk4 did not.
Later studies expanded this work to clearly
show that MEL cells expressing an inhibitor-
resistant form of cdk6 (cdk6R31C), but not an
inhibitor-resistant form of cdk4 (cdk4R24C),
failed to differentiate [Matushansky et al.,
2003]. At the same time, expression of cdk6 in
mouse astrocytes was found to be associated
with the expression of progenitor cell markers
[Ericson et al., 2003]. In astrocytes, expression
of edk6, but not cdk4, resulted in a drastic
morphology change and in expression of mar-
kers consistent with less-differentiated glial
precursor cells [Ericson et al., 2003]. More
recently, studies have shown that BMP-2-
stimulated osteoblast differentiation was inhib-
ited by over-expression of cdk6 but not by cdk4
over-expression [Ogasawara et al., 2004b]. A
related study showed that cdk6 protein levels,
but not cdk4 protein levels, were down-regu-
lated by RANKL-induced osteoclast differentia-
tion of murine monocytic RAW cells [Ogasawara
et al., 2004al].

These data are compelling in both their
number and in the variety of cell types studied.
However, the cdk6 knockout mouse has recently
been published and indicates that mice lacking
cdk6 are viable and develop relatively normally.
Consistent with a prescribed role for e¢dk6 in
blood cell differentiation, these mice contained
defects in hematopoesis including decreased
cellularity of the thymus, and of red blood cells
and lymphocytes [Malumbres et al.,, 2004].
Female mice were reduced in size and one-third
of females were sterile [Malumbres et al., 2004].
The mild phenotype of this knockout mouse
suggests that functions of cdk6 may be compen-
sated for by cdk4, or possibly by cdk2, which has
been observed in association with D-type cyclins
in cdk4/cdk6 double knockout mice [Malumbres
et al., 2004]. The double knockout of edk2 and
cdk6 did not exacerbate developmental defects,
but mice lacking both cdk4 and cdk6 die in
embryonic development due to severe anemia.
These data from the double knockout mice
indeed support a hypothesis of functional

compensation between cdk4 and cdk6 [Malum-
bres et al.,, 2004]. Functional compensation
between cell cycle regulators is not a new
paradigm. The pocket proteins p130, p107, and
pRb are commonly believed to have distinct
functions, but in mouse cells with compromised
pRB function, pl130 and pl07 function as
important cell cycle regulatory factors [Sage
et al., 2000]. In the past 2 years, several studies
in a variety of model systems have indicated
that cdk6 and cdk4 have discrete functions and
that cdk6 blocks differentiation.

CELL CYCLE REGULATORS
IN DIFFERENTIATION

The CIP/KIP family of proteins, including
p21, p27, and p57, are proteins that regulate the
cell cycle through regulation of kinase activity.
This family of proteins has also been studied as
regulators of differentiation. Because the CIP/
KIP proteins are important regulators of cdk6
activity, it is important to consider the role of
these proteins in the process of differentiation
as we build models of cdk6 function. In 1995
several papers were published simultaneously
that showed that the cell cycle inhibitor, p21,
halted cell proliferation during differentiation
of muscle cells (see [Marx, 1995]). Since then,
both p27 and p57 have also been implicated in
changes in proliferation and differentiation.
The idea that CIP/KIP inhibitors might be the
link that would couple differentiation with cell
cycle withdrawal was attractive, but studies of
knockout mice have revealed that this model
is too simplistic. Mice that lack p21 undergo
normal development and have no gross altera-
tions in their organs [Brugarolas et al., 1995;
Deng et al., 1995] and mice nullizygous for p27
did not demonstrate dramatic defects in tissue
differentiation [Fero et al., 1996; Kiyokawa
et al., 1996; Nakayama et al., 1996]. Interest-
ingly, mice lacking p27 showed increased levels
of p21 protein, suggesting that the remaining
inhibitors can functionally compensate for the
deleted inhibitor. These knockout mice compli-
cate the simple model that one or more of the
CIP/KIP proteins act as the link between cell
cycle withdrawal and differentiation. Never-
theless, the p21 and p27 proteins have proven to
be important components of the differentiation
process in cell-based studies. For instance,
studies in oligodendrocyte precursor cells indi-
cate that p27 may be a part of an intrinsic timer
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of cell division that arrests the cell cycle and
induces differentiation at the appropriate time
[Durand et al., 1998]. In addition to arresting
cell division, the inhibitor proteins have also
been shown to function in morphology changes
and enhanced motility that can be associated
with differentiation. For instance, the p57
protein was shown to modulate the subcellular
localization of LIMK, a serine/threonine kinase
that is involved in the regulation of actin
filaments [Tanaka et al., 2002; Yokoo et al.,
2003]. Also, expression of p27 induced the
migration of cultured hepatocytes and p27-
deficient MEFs failed to migrate in cell culture
migration assays [McAllister et al., 2003]. The
role of p27 and p57 in these functions appears to
be distinct from the role of these proteins as
inhibitors of cell division. For instance, regions
of p57 not involved in cdk-binding (termed QT
domains) may be involved in LIMK localization
[Zhang et al., 1997], and the ability to mediate
cell cycle arrest is not a requirement for p27
function in cell migration [McAllister et al.,
2003]. Thus, the CIP/KIP family of proteins,
long understood to be potent inhibitors of cell
division, are now understood to regulate diverse
aspects of differentiation including prolifera-
tion control, regulation of actin dynamics, and
cell migration.

DOES CDK6 REQUIRE pRB FOR ITS
FUNCTION IN DIFFERENTIATION?

Another cell cycle regulatory protein that has
been implicated in processes related to differ-
entiation is the retinoblastoma protein. The
retinoblastoma protein has been shown to
promote terminal differentiation of several cell
types including myocytes, adipocytes, neurons,
and chondroctyes [Cobrinik et al., 1996].
Indeed, pRb knockout mice exhibit pronounced
defects in erythroid, neuronal, and lens devel-
opment. In mice lacking pRB, these lineages
were able to initiate differentiation but did not
fully differentiate, suggesting that pRb might
maintain cell cycle withdrawal that precedes
expression of tissue-specific genes [Lipinski and
Jacks, 1999]. However, recent data suggest that
pRb may have a role in cell proliferation that
follows differentiation [Sage et al., 2005].

One role that the retinoblastoma protein
plays in differentiation is the expression of
tissue-specific genes required for terminal dif-
ferentiation. For example, pRb may activate the

MyoD family of transcription factors [Yee et al.,
1998] and may act as a transcriptional coacti-
vator with the osteoblast transcription factor,
Runx2 in osteogenic differentiation [Thomas
et al., 2001]. In addition, some differentiation-
specific transcription factors act in opposition to
the function of retinoblastoma. For example, the
transcription factor Id-2 can bind and inactivate
pRb and the loss of 1d-2 rescued differentiation
defects in the nervous systems of Rb-null
embryos [Iavarone and Lasorella, 2004]. The
transcription factor PU.1 has also been shown
to bind pRb through its activation domain
[Hagemeier et al., 1993]. Increasingly, data sup-
port interplay of pRb and the tissue-specific
transcription factors that control differentiation.

It will be of great interest to understand if the
role of cdk6 in differentiation is pRb-dependent
or pRb-independent. One clue suggests that
pRb is unlikely to be the only mediator of cdk6-
driven inhibition of differentiation. A recent
study found no correlation between the binding
of pRb to the osteocalcin promoter and the cdk6-
induced block to differentiation in these cells
[Ogasawara et al., 2004b]. The retinoblastoma
protein and cdk6 may together provide a link
between the complex cellular processes of differ-
entiation and proliferation and in this way
maintain the delicate balance between cellular
division and differentiation.

MECHANISMS OF CDK6 FUNCTION

The mechanism by which cdk6 expression
exerts its block on differentiation is not under-
stood. One possibility is that cdk6 exerts its role
in differentiation through the regulation of cell
cycle. While cdk6 has long been understood as a
mitogenic factor, some studies have indicated
that c¢dk6 can inhibit cell proliferation. For
example, NIH3T3 cells overexpressing cdk6
showed a reduced proliferation rate as com-
pared to parental NIH 3T3 cells [Nagasawa
et al., 2001]. Also, breast tumor cell lines that
were transfected with cdk6 showed a reduced
rate of proliferation compared with parental
tumor cell lines and normal mammary epithe-
lial cells had a high level of cdk6 protein but
breast tumor-derived cell lines had much lower
levels of cdk6 [Lucas et al., 2004]. These findings
are consistent with a role for cdk6 in halting the
cell cycle prior to differentiation. Other studies
seem to suggest a role that is independent of cell
cycle regulation. In osteoblast differentiation,
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the inhibition of differentiation by cdk6 expres-
sion was declared independent of its role in cell
cycle regulation since cell cycle changes were
not observed in this study [Ogasawara et al.,
2004b]. While it is simple to the segregate the
processes of differentiation and proliferation,
it is important to consider that they are not
mutually exclusive events; cells in higher
organisms only cease dividing at the end of the
process of differentiation. That is, proliferation
is a necessary part of the extended process that
results in terminal differentiation [Coffman,
2003].

Examination of upstream and downstream
factors involved in the cdk6 inhibition of differ-
entiation is underway. For instance, the tran-
scription factor PU.1 has been shown to
regulate the synthesis of cdk6 mRNA in MEL
differentiation [Matushansky et al., 2003].
Interestingly, this factor blocks erythroid dif-
ferentiation via repression of GATA-mediated
transcriptional activation. GATA-1 is a zinc

Over-express INKs

finger transcription factor that is required for
erythroid differentiation, thus PU.1 both blocks
GATA transactivation and regulates cdk6
synthesis to allow erythroid differentiation.
Likewise, the signaling molecule Bone Morpho-
genic Protein 2 (BMP-2) may regulate the
synthesis of cdk6 message in osteoblasts.
BMP-2 is a signaling molecule that stimulates
osteoblast differentiation through Smad med-
iator proteins. In BMP-2-induced osteoblast
differentiation, cdk6 was down-regulated by
BMP-2/Smad mediated transcriptional repres-
sion and this down-regulation of cdk6 was
required for differentiation [Ogasawara et al.,
2004Db]. In a related study, cdk6 overexpression
prevented the transcription factor, Runx2, from
loading on the osteocalcin promoter, but, per-
haps showing specificity, it did not exclude pRb
from the same promoter [Ogasawara et al.,
2004a]. Together, these data provide a founda-
tion to begin to predict a mechanism of cdk6
function.

< Over-express CIPKIP

Cyclin

(R0 Jeordd
Differentiation Genes

—

pRb loss
INK loss
CIP/KIP loss

Cyclin

/2 Differentiation Genes

d ~

Over-express cdké

Fig. 1. A model for cdk6-regulated control of differentiation.
Based on a model proposed for phosphate regulation in yeast
[Cross, 1995], cdké regulates the activity of transcription factors
that control expression of differentiation-specific genes. In
conditions where inhibitor protein(s) exceed cdké6 concentra-

tion, Rb and tissue-specific co-activators function at the
promoters of differentiation-specific genes. Under conditions
where cdk6 exceeds the concentration of inhibitor protein(s),
cdké6 functions to phosphorylate and remove transcription factors
from the promoter.
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MODELS OF CDK6 FUNCTION

As we begin to identify molecules that func-
tion with edk6 in blocking differentiation, we
can build models of edk6 function. Perhaps cdk6
functions via a mechanism similar to that
proposed by Fred Cross to model the regulation
of phosphate metabolism in yeast [Cross, 1995].
In this model, genes involved in phosphate
metabolism are controlled through transcrip-
tional regulation that is itself regulated by
cyclin-dependent-kinase phosphorylation of
transcription factors. This model, proposed
in Figure 1, predicts that cdk6 would phos-
phorylate differentiation-specific transcription
factors to activate or repress expression of
differentiation-specific genes. In this transcrip-
tional regulatory role, cdk6 would phosphory-
late transcription factors on the appropriate
promoters to block differentiation. If this sys-
tem mimicked that of yeast, cdk6 could partner
with a novel cyclin that would function with
cdk6 in transcriptional regulation but not in
cell cycle control. Once phosphorylated, trans-
cription factors (activators and repressors) are
inactivated and removed from the promoter.

Data from systems presented here suggest
a transcriptional mechanism of cdk6 function
in the process of differentiation. In MEL cells,

INK Family

the PU.1 transcription factor regulates cdk6
expression. If cdk6 regulated PU.1 activity, this
could create a feedback loop to control cdk6
levels during differentiation. In the astrocyte
model, elevated levels of Id4 protein coincided
with a change in differentiation status of cdk6-
expressing cultured mouse astroyctes [Ericson
et al., 2003]. Id4 is a member of the Id family
of proteins (for inhibitor of differentiation) that
set the timing of cell differentiation in several
neural cell types. Id proteins sequester basic
helix-loop-helix transcription factors to block
differentiation and sustain cell cycle activation
[Iavarone and Lasorella, 2004]. Overexpression
of Id genes can inhibit the differentiation of
B lymphocytes, muscle cells, mammary epithe-
lial cells, erythroid cells, and oligodendrocyte
precursor cells [Kondo and Raff, 2000]. As
shown in Figure 2, Id could influence the
differentiation of Glia.

Perhaps the most compelling data in support
of the model proposed in Figure 1, is the finding
that cdk6 expression resulted in the loss of Runx
from the osteocalcin promoter. Runx is a family
of transcriptional regulators that function in
tissue-specific differentiation and also possibly
function in proliferation during differentiation
that is not tissue-specific. Runx proteins have
been reported to regulate p21 protein levels,

pl5,plé, pl&, pl9

Id4

/ Astrocyte

Glial Progenitor

Oligodendrocyte

Fig. 2. A model for cdk6-regulated differentiation of glia. Overexpression of cdk6é may overcome inhibition
by INK family members and result in increased levels of 1d4 protein. 1d4 inhibits differentiation through a
known mechanism that involves the formation of inactive heterodimers with some members of the helix-

loop-helix family of transcription factors.
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Maintains Differentiation Block

I | Id4 Activate Id4
expression
R Actin Dynamics Maodify expression
v of actin genes
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L * Cell Proliferation Dawnregulate
7 ~ proliferation genes

Fig. 3. Differentiation likely involves a cascade of transcrip-
tional regulation. The process of differentiation likely involves
the regulation of many classes of genes. Depicted in this graphic
are (1) cdk6-activation of 1d4 expression. Overexpression of cdk6
results in increased levels of Id4, depicted here through
transcriptional regulation. Cdké6 could regulate this process by
phosphorylating and removing a repressor protein from the Id4
promoter. (2) Cdké6-regulation of genes that control actin
dynamics. Cdké6 may regulate these genes through the

have been reported to partner with PU.1 in
blood differentiation and even to function with
Smad proteinsin this role [Coffman, 2003; Stein
et al., 2004]. Could then Runx and other tran-
scriptional regulators be the target of cdk6
phosphorylation? Might pRb deliver these reg-
ulators to cdk6 to be phosphorylated? Impor-
tantly, pRb has been shown to associate with
Runx2 to the osteocalcin promoter [Thomas
et al., 2001] and PU.1 has been shown to bind
pRb.

How then, can cdk6 be affecting the multitude
of diverse processes required for differentia-
tion? The model in Figure 3 shows a cascade of
events, all regulated by cdk6-regulated tran-
scription. Cdk6 could regulate transcription
of a variety of activators and repressors that
influence expression of several genes, all of
which contribute to different aspects of differ-
entation. For instance, based on data summar-

phosphorylation of activator and/or repressor proteins. Changes
in actin filament formation are necessary for morphological
changes associated with differentiation and increased migration
of cells that can accompany differentiation. (3) Cdk6-down-
regulation of genes that promote cell proliferation. Studies have
shown that cdké expression can resultin reduced proliferation in
some cell types. Tight regulation of cell proliferation is an
important part of the process of differentiation.

ized in this work, cdk6 overexpression may
result in the activation of Id4 gene expression.
An increase in Id4 protein levels would result in
the formation of inactive heterodimers with
transcriptional activators and the inhibition of
differentiation. Another result of cdk6-regu-
lated gene expression may be to modify the
expression of genes involved in actin dynamics.
The Runx proteins may influence actin dyna-
mics to control cellular morphology changes
and motility during differentiation. These gene
products may result in changes in actin filament
formation necessary for morphological changes
associated with differentiation and in the in-
creased migration of cells that is often necessary
in differentiation, especially of the nervous
system. The regulation of actin dynamics may
occur at several promoters through the regula-
tion of both positive and negative regulatory
factors. Runx proteins are capable of either
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activating or repressing transcription. Finally,
the cdk6-driven inhibition of cell division obser-
ved in some systems may also be regulated by
transcription. As part of the cascade of events
controlled by cdk6 expression, cdk6 could
directly phosphorylate activators of cell prolife-
ration, resulting in turning off genes that
induce cell proliferation.

This model then predicts that edk6 is posi-
tioned to regulate a cascade of events that
control differentiation, and by simply phosphor-
ylating transcriptional regulators, cdk6 is posi-
tioned to regulate all aspects of differentiation
that have been discussed in this review. It will
be of great interest to test these models and
to understand the role of pRb as a possible co-
factor in these processes.

CONCLUSIONS

Recent evidence seems to indicate that differ-
entiation and cell cycle regulation may be
independently regulated, simultaneous events.
These events may involve cdk6, pRb and cell
cycle inhibitors, in dual roles of cell cycle
withdrawal and transcriptional regulation.
Retinoblastoma may have a direct role in
activating differentiation-specific transcription
and this transcriptional role of pRb and its
associated co-factors could be regulated by cdk6
phosphorylation. The distinction between cdk6
and cdk4 in this regard could be the recently
uncovered site-specific phosphorylation of pRb
by these two kinases. It will be interesting to
learn if cdk6 mimics known mechanisms of
differentiation such as cell cycle withdrawal
and altering actin dynamics through transcrip-
tional regulation, or if it will reveal an entirely
new function to regulate the process of differ-
entiation.
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