ABSTRACT
MACIAS, EVERARDO. The Role of CDKs in Normal and Neoplastic Proliferation.
(Under the direction of Dr. Marcelo Rodriguez-Puebla.)
Cyclin-dependant kinases (CDKs) are serine/threonine kinases which
play a central role in cell cycle progression. The more characterized function of
CDKs is the phosphorylation and inhibition of pRb allowing the transcription of genes
needed for cell cycle progression from G1 to S phase. Loss or mutation of pRb
results in deregulated cell growth however; this is also achieved by functional
inactivation due to elevated CDK activity. In particular, molecular analysis of some
human tumors shows deregulated CDK2 and CDK4 activity. CDK4 is implicated in
tumor development since it is frequently found overexpressed, genetically amplified
and mutated in human tumors. In contrast, CDK2 is not mutated and is rarely found
genetically amplified or overexpressed.

Therefore, it remains unclear whether

elevated CDK2 kinase activity in human tumors is a causative effect or consequence
of the disease. The general purpose of our studies has been to determine the role
CDK2 and CDK4 in normal and neoplastic proliferation.
In order to investigate the role of CDK2 in tumorigenesis we developed two
transgenic mouse models of elevated CDK2 kinase activity. Here we report that
elevated CDK2 kinase activity per se does not enhance tumorigenesis in mouse skin
or pituitary gland. In addition, we have established that CDK2 is necessary for hRas/CDK4-induced tumors, but is dispensable for myc-induced tumorigenesis.
Thus, CDK2 is necessary, but not sufficient to induce tumor development. These

results suggest that the efficacy of using CDK2 inhibitors will depend on the
oncogenic pathway involved.
We have also provided insights into mechanisms that are unique to CDK4
kinase activity. We report that overexpression of CDK4 can alter cell fate of pituitary
progenitor cells, which collaborates with an additional hit to promote the early onset
and

progression

of

pituitary

tumors.

Additionally,

we

demonstrate

that

overexpression of CDK4 alters TGF-β signaling via phosphorylation of Smad2/3,
suggesting that in conjunction to pRb, CDK4 regulates additional pathways.
Deciphering whether regulation of cell fate and TGF-β signaling by CDK4 is a
prominent event in tumorigenesis will have significant translational implications.
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CHAPTER I
Introduction
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1.1 Cell Cycle Regulation
Cell division consists of an organized series of events in which a cell
duplicates its contents and then divides into two daughter cells, a process known as
the cell cycle.

The cell cycle is divided into four phases, first gap phase (G1),

synthesis phase (S phase), second gap phase (G2) and mitosis (M phase)
respectively. The vast amount of DNA is duplicated in S phase, which requires 1012 hours, approximately half the time of a typical mammalian cell cycle.

The

segregation of duplicated chromosomes and cell division occurs in M phase, a very
fast process consisting of nuclear division (mitosis) and cell division (cytokinesis)
(Alberts 2002).

Cell growth and duplication of cellular organelles and

macromolecules is carried out in gap phases, G1 and G2 phases before S phase and
M phase, respecitively. Cell division is largely regulated by extracellular signals,
such as growth factor stimulation, which largely exert there effects during the G1
phase of the cell cycle. Among the molecular players that integrate extracellular
signals in G1 phase are D-type cyclins and cyclin-dependant kinases (CDKs).
Cyclin-dependent kinase activity fluctuates throughout the cell cycle causing cyclical
changes in the phosphorylation of proteins that regulate the major process of the cell
cycle (Figure 1). As the name implies CDK, activity is dependent on the binding of
proteins known as cyclins. The name, cyclins, was given in view of the fact that
these proteins are synthesized and destroyed at specific points of the cell cycle as
originally observed in fertilized sea urchin eggs (Evans, Rosenthal et al. 1983).
Originally discovered as a pair of cyclins, cyclin A and cyclin B, which bound a single
kinase, Cdc2 or Cdc28 renamed CDK1, the family has now expanded to contain
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multiple cyclins and cyclin-dependent kinases.

Recent analysis of the human

genome identified at least 29 genes encoding related proteins that share a
conserved stretch of 150 amino acid residues termed the cyclin box (Malumbres and
Barbacid 2005). The more well characterized cyclins are those associated with G1
(D-type cyclins, D1, D2, D3), S phase (E1/E2 and A1/A2) and mitosis (A and B1/B2)
(Murray 2004). Catalytic subunits Cdk1-11 have been cloned and characterized in
addition to multiple highly related molecules have been identified, but have not been
formally designated CDKs because their activating subunits have not been identified
(Malumbres and Barbacid 2005).
The commitment of cells to undergo another round of cell division is made
during G1, at a stage called the restriction point (R-point) (Pardee 1974). Once cells
have passed R-point, they may continue to divide despite being deprived of
mitogenic stimuli (Pardee 1974; Pardee 1989). In numerous studies it is proposed
that the retinoblastoma (Rb) family of proteins, pRb, p107 and p130, regulate the
passage through the R-point (Sherr 1994; Weinberg 1995). Proper controls of the
mechanisms that regulate R-point passage are critical for maintaining normal levels
of proliferating cells, avoiding hyperplastic and neoplastic growth. Passage of the Rpoint is characterized by the inactivation of pRb via its sequential phosphorylation by
cyclin-dependent kinases (CDKs).

When quiescent cells receive mitogenic

stimulation and enter the cell cycle an initial response is the synthesis of D-type
cyclins followed by binding to their catalytic partners CDK4 and CDK6 (Sherr 1993).
In mid-late G1 phase, CDK4 & 6/cyclin D complexes partially phosphorylate pRb
(hypo-phosphorylated) resulting in partial activation of E2F transcription factors,
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permitting the transcription of cyclin E. This allows activation and complex formation
of CDK2/cyclin E, which further phosphorylate pRb.

Hyper-phosphorylated pRb

releases E2F family transcription factors allowing the transcription of S phase critical
genes, including those encoding the A-type and B-type cyclins (Malumbres and
Barbacid 2001).
In S phase, CDK2-Cyclin E participate in the initiation of DNA synthesis while
CDK2-Cyclin A complexes phosphorylate proteins required for the proper completion
and exit from S phase. A few putative substrates of CDK2/Cyclin E involved in DNA
synthesis include Cdt1, minichromosome maintenenace protein 2 (MCM2) and
Cdc6. CDC6 and Cdt1 are involved in loading MCM proteins onto chromatin, which
are also referred to as “licensing factors” for DNA replication. The recruitment of
minichromosome maintenance proteins (MCM), which are helicases, is essential for
initiation and elongation of the replication fork (Labib, Tercero et al. 2000). MCM2 is
phosphorylated by CDK2/Cyclin E, targeting it for further phosphorylation, which
activates its helicase activity. CDK2/Cyclin A phosphorylates CDC6, which leads to
its export from the nucleus, and targeted degradation by the anaphase-promoting
complex/cyclosome (APC/C) (Otzen Petersen, Lukas et al. 1999). Exportation of
CDC6 by CDK2/Cyclin A is thought to prevent reloading of MCM proteins and
assure that DNA is replicated only once per cell cycle (Aguda 2001).
Entry into mitosis is dependant on the activation of CDK1/cyclin B complexes.
These complexes phosphorylate various proteins including those involved in nuclear
envelope breakdown (nuclear lamins), centrosome separation (kinesin), spindle
assembly (condensins) and Golgi fragmentation (Nigg 2001).
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Consequently,

inactivation of CDK1 and destruction of Cyclin B contributes to exit of mitosis and
contributes to the activation of the APC/C, a ubiquitin protein ligase that controls the
degradation of critical mitotic regulators

(Vodermaier 2004).

Furthermore,

inactivation of CDK1 is need to reset pre-replication complexes at origins of
replication, priming the cell for another round of cell division (Noton and Diffley
2000).
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Figure 1. The Cell Cycle and CDKs. The cell cycle is divided into four phases, first
gap phase (G1), synthesis phase (S phase), second gap phase (G2) and mitosis (M
phase). Cyclin-dependent kinase activity fluctuates throughout the cell cycle and
regulates the major process of the cell cycle. Extracellular signals are integrated in
G1 phase by D-type cyclins and cyclin-dependant kinases (CDKs), which are
negatively regulated by CKIs (Ink4 and Cip/Kip families). The restriction point is a
stage after which the cell cycle can progress independent of mitogenic stimuli.
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1.2 Regulation of Cyclin-dependant kinases
1.2.1 Cyclin synthesis and regulation
The activity of CDK4 and CDK6 is dependent upon the availability and
complex formation with their regulatory subunits D-type cyclins which are thought to
be rate limiting for G1/S progression (Quelle, Ashmun et al. 1993). The three D-type
cyclins (D1, D2 and D3) were initially discovered as early delayed growth factor
inducible genes which are differentially and combinatorially expressed in mammalian
cells (Matsushine, Roussel et al. 1991; Matsushine, Quelle et al. 1994). Soon after,
D-type cyclins were shown to compensate in G1 for cyclin-deficiency in yeast and
cyclin D1 was shown to be a target of chromosomal translocations in a variety of
human malignancies (Lew, Dulic et al. 1991; Motokura, Bloom et al. 1991; Xiong,
Connolly et al. 1991; Hall and Peters 1996). The expression of D-type cyclins is
dependent on extracellular signals, thus D-type cyclins act as growth factor sensors
with their transcription, assembly, nuclear transport, and turnover being mitogendependent (Sherr and Roberts 1999). Several transcription factors such as CREB,
STAT proteins, Egr-1 and β-catenin via Tcf/Lef, have been shown to activate cyclin
D1 promoter (Coqueret 2002). However, most often, mitogen-induction of cyclin D1
is carried out via Ras-Raf-1-MAPK/ERK pathway (Filmus, Robles et al. 1994; Chang
and Karin 2001; Coqueret 2002).

Following synthesis, unbound cyclin D1

associates with Cul-1, a component of the SCF ubiquitin E3 ligase complex and is
quickly degraded (Yu, Gervais et al. 1998). In contrast, CDK4-associated cyclin D1
is phosphorylated by glycogen synthase kinase 3β (GSK-3β), which promotes
translocation out of the nucleus and induces its proteosomal degradation (Diehl,
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Zindy et al. 1997).

Interestingly, GSK-3β-dependent turnover of cyclin D1 is

inhibited by Ras via PI-3 kinase/Akt signaling (Diehl, Cheng et al. 1998). CDK2 is
activated by complex formation with cyclins E1/E2 and A1/A2. Although CDK2 has
also been shown to complex with D-type cyclins the preferential binding partners are
cyclins E and A. In contrast to growth factor inducible D-type cyclins, synthesis of E
and A type cyclins is strictly dependent on E2F transcriptional activation (Ohtani,
DeGregori et al. 1995; Schulze, Zerfass et al. 1995). Once the cells enter S phase,
cyclin E is targeted for rapid degradation by the SCF-Fbw7 ubiquitin ligase (Koepp,
Schaefer et al. 2001).

The rapid turnover of Cyclin E is facilitated by auto-

phosphorylation and permits the formation of CDK2-Cyclin A complexes.

1.2.2 Cyclin-CDK complex formation and regulation
Cyclin-CDK complexes are also regulated through association with Cyclindependent kinase inhibitors, CKIs, which consist of two families the INK4 (Inhibitors
for CDK4) and Cip/Kip family. The Cip/Kip family consists of three family members:
p21WAF1/CIP1, p27KIP1 and p57KIP2.

The latter are considered broad-spectrum

inhibitors because they bind to both cyclin D-CDK4/6 kinases and cyclin E/A-CDK2
kinases (Ekholm and Reed 2000).

In contrast, INK4 family members (p15Ink4b,

p16Ink4a, p18Ink4c and p19Ink4d) are considered narrow-spectrum inhibitors because
they specifically target CDK4 and CDK6.

Binding of INK4 proteins to CDK4/6

prevents binding to D-type cyclins and Cip/Kip family
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Figure 2. Redistribution of Cip/Kip Family Members. Cip/Kip family members act as
assembly factors for CDK4/Cyclin D, but inhibit CDK2/Cyclin E complexes.
Induction of Ink4 family members inhibits the association of CDK4,6 with D-type
cyclins and Cip/Kip family members. Free D-type cyclins are quickly targeted for
degradation and free p27/p21 bind and inhibit CDK2/Cyclin E. Therefore, induction
of Ink4 family members results in the inhibition of both CDK4/6/Cyclin D and
CDK2/Cyclin E complexes.
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members. Thus, INK4 inhibitors not only cause the inhibition of CDK4,6, but also
causes a redistribution of Cip/Kip family members to cyclin-E-CDK2 resulting in the
inhibition of these complexes (Figure 2) (Sherr and Roberts 1999).
While newly synthesized D-type cyclins quickly form complexes with CDKs
and are translocated into the nucleus of proliferating cells, evidence suggests that
complex formation requires other proteins. Purified recombinant cyclin D1 and CDK4
proteins bind with very low affinity in vitro and ectopically expressed D-type cyclins
and CDKs do not form holoenzymes in serum deprived cells (Kato, Matsuoka et al.
1994; Matsushine, Quelle et al. 1994). Several interactors of cyclins D-CDK4/6 have
been proposed to play a role in complex assembly. Chaperone protein, HSP90 via
p50cdc37 is thought to aid in the proper folding of CDK4 and compete with p16INK4a
binding facilitating the assembly of cyclin D-CDK complexes (Stepanova, Leng et al.
1996). In addition, mitogen induced and ectopically expressed p34SEI-1 promotes
assembly of cyclin D-CDK complexes (Sugimoto, Nakamura et al. 1999). Several
reports indicate that cyclin D/CDK4 and cyclin D/CDK6 complex assembly is
facilitated by association with Cip/Kip family of inhibitors whose primary role is to
inhibit CDK2/Cyclin E (Sherr and Roberts 1999).

Mouse embryonic fibroblasts

(MEFs) lacking both p21Cip1 and p27Kip1 fail to assemble detectable amounts of cyclin
D-CDK complexes, express cyclin D proteins at much reduced levels, and are
unable to efficiently direct cyclin D proteins to the cell nucleus (Cheng, Olivier et al.
1999). However, using the same system, p21Cip1 and p27Kip1 deficient MEFs, it was
determined that cyclin D1-Cdk and cyclin D3-Cdk complexes can form under specific
culture conditions (Cheng, Olivier et al. 1999; Bagui, Jackson et al. 2000; Sugimoto,
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Martin et al. 2002; Bagui, Mohapatra et al. 2003). It is also suggested that p21Cip1
and p27Kip1 do stabilize cyclin D3/CDK4 and cyclin D1/CDK4 complexes, but they
are not required for their assembly (Bagui, Mohapatra et al. 2003).

1.2.4 Post-translational Modifications
In addition to association with cyclins and CKIs, CDKs are regulated by posttranscriptional modifications, mainly activating and inhibitory phosphorylations.
Upon cyclin binding a conserved threonine on a domain named the T-loop, T172 for
CDK4 and T160 for CDK2, becomes accessible and is phosphorylated by CAK,
CDK activating kinase, which is made up of CDK7-Cyclin H (Fischer and Morgan
1994; Kato, Matsuoka et al. 1994; Morgan 1997).

Whereas cyclin binding is

sufficient in activating CDK kinase activity, phosphorylation at CAK specific sites
stimulates kinase activity 80-300 fold (Coqueret 2002). Phosphorylation on the Tloop causes a conformational change that allows proper loading of ATP at the ATPbinding

site.

Conversely,

cyclin-CDK

complexes

are

inhibited

by

the

phosphorylation of dual specificity kinases, WEE1 and MYT1, at Thr 14 on CDK4
and Tyr 15 on CDK2 (Russell and Nurse 1987; Mueller, Coleman et al. 1995).
Dephosphorylation of CDKs at these sites is carried out by the Cdc25 phosphatase
family Cdc25A, Cdc25B and Cdc25C (Russell and Nurse 1986; Morgan 1997). It is
important to note that CDKs in turn also phosphorylate and activate Cdc25
phosphatases, resulting in a positive feedback loop.
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1.3 CDKs in Human and Experimental Mouse Tumors
pRb is considered the master switch of the cell cycle and a great deal of
literature shows the importance of this protein in tumor development. While direct
mutational inactivation of pRb is found in human tumors, such as retinoblastoma and
osteosarcomas, alterations of this pathway may also be caused by functional
inactivation of pRb by hyperphosphorylation (Gallie, Dunn et al. 1991).

This is

normally the result of elevated CDK activity caused by the overexpression of cyclins
and CDKs, or loss of CKIs.
There is a large body of work documenting the activation of CDK2/Cyclin E
kinase activity in human and experimental mouse tumors (Said and Medina 1995;
Kim, Kang et al. 1999; Li, Ng et al. 2002; Miliani de Marval, Macias et al. 2004).
While CDK2 is not commonly found mutated, overexpressed or amplified in human
tumors, altered expression of CDK2 regulatory proteins p27Kip1 and Cyclin E is welldocumented (Akama, Yasui et al. 1995; Catzavelos, Bhattacharya et al. 1997; Datta,
Renshaw et al. 2000; Muller-Tidow, Kigler et al. 2001). Moreover, p27Kip1 nullizygous
mice and transgenic mouse models in which Cyclin E is overexpressed exhibit
elevated CDK2 kinase activity and are prone to spontaneous tumor development
(Fero, Rivkin et al. 1996; Kiyokawa, Kineman et al. 1996; Nakayama, Ishida et al.
1996; Bortner and Rosenberg 1997; Ma, Fiering et al. 2007).

In

cell culture,

activation of CDK2/Cyclin E is commonly found downstream of activated oncogenes
c-myc, Bcr/Abl and Erb2 (Muller, Bouchard et al. 1997; Perez-Roger, Solomon et al.
1997; Gesbert, Sellers et al. 2000; Andreu, Lledo et al. 2005). It is known that CDK2
and Cyclin E play a central role in pRb regulation and the initiation of DNA synthesis
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in normal cells (Koff, Giordano et al. 1992; Tsai, Lees et al. 1993). Thus, CDK2 is
an attractive target for therapeutic intervention since it is thought to be essential for
normal and deregulated cell cycle progression. Surprisingly, ablation of cyclin E and
CDK2 in mouse models have shown that both CDK2 and Cyclin E are dispensable
for normal mouse development (Berthet, Aleem et al. 2003; Geng, Yu et al. 2003;
Ortega, Prieto et al. 2003).

Coincidently, Tetsu and McCormick published work

suggesting that CDK2/Cyclin E activity is dispensable for cell cycle progression in
some cancer cells lines (Tetsu and McCormick 2003). Recent evidence suggests
that CDK2 may be dispensable for p21Cip1 and p27Kip1 mediated tumor suppression
(Aleem, Kiyokawa et al. 2005; Martin, Odajima et al. 2005).

Moreover, CDK2-/-

primary cells remain susceptible to oncogenic transformation (Berthet, Aleem et al.
2003; Ortega, Prieto et al. 2003).
In contrast, the CDK4 gene is found amplified or overexpressed in human
gliomas,

sporadic

breast

carcinomas,

lipomatous

tumors

and

sarcomas

(Reifenberger, Reifenberger et al. 1994; An, Beckmann et al. 1999; Dei Tos,
Doglioni et al. 2000). A germline mutation in the p16Ink4 binding domain of CDK4,
CDK4R24C, leads to the development of hereditary melanoma (Zuo 1996).
Furthermore, experimental mouse models from our laboratory as well as others have
made it evident that CDK4 plays a major role in tumor development. Primary CDK4
null cells are resistant to oncogenic transformation and CDK4 null mice are resistant
to Ras-activated chemical carcinogenesis (Rodriguez-Puebla, Miliani de Marval et
al. 2002; Zou, Ray et al. 2002). CDK4 is necessary for tumor development mediated
by known oncogenes, such as c-myc and Erb2/Neu (Miliani de Marval, Macias et al.
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2004; Reddy, Mettus et al. 2005; Yu, Sicinska et al. 2006). Also, CDK4R24C knock-in
mice develop a wide spectrum of tumors (Sotillo, Dubus et al. 2001).

More

specifically, we have shown that papillomas derived from mice overexpressing
CDK4 under the K5 promoter progress to squamous cell carcinomas at a very high
frequency (Miliani de Marval, Macias et al. 2004). In conjunction, we have shown
that epidermal hyperplasia and development of spontaneous oral tumors in K5Myc
mice is dependent on CDK4 expression (Miliani de Marval, Macias et al. 2004).
Molecular analysis of K5CDK4 skin tumors show that this phenotype is in part
mediated by the sequestration of p27Kip1 and p21Cip1 by CDK4, indirectly activating
CDK2 kinase activity.

We have also shown that epidermal hyperplasia and

spontaneous oral tumor formation in K5Myc transgenic mice is dependent on the
sequestration mechanism by elevated levels of endogenous CDK4 (Miliani de
Marval, Macias et al. 2004).

1.4 c-Myc and the Cell Cycle
The Myc family consists of four related genes, c-Myc, N-Myc, L-Myc and
S-Myc.

Altered expression of Myc is found in a variety of tumors including

Burkitt’s lymphoma, carcinomas of the breast, colon, and cervix, small cell lung
carcinomas, glioblastomas and myeloid luekemias (reviewed in (Spencer and
Groudine 1991; Marcu, Bossone et al. 1992)). Oncogneic activation of myc
generally results in their constitutive expression and is generally a result of
genetic alterations such as chromosomal translocation, proviral insertion and
gene amplification.
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Myc proteins are not found as monomers in vivo, instead virtually all Myc
protein is found bound to Max via a basic region/helix-loop-helix/leucine-zipper
domain (BR/HLH/LZ) (Blackwood, Luscher et al. 1992). It is widely accepted that
Max mediates transcriptional activation by Myc. Myc/Max heterodimers bind to
specific DNA sequences with a core CACGTG sequence, known as E-boxes
(Blackwell, Kretzner et al. 1990; Blackwell, Huang et al. 1993).

However,

Myc/Max also interact with nonconsensus sequences by associating with other
proteins such as Msx-interacting-zinc finger (Miz1), specificity protein 1 (Sp1),
Nuclear Factor Y (NFY) and yingyang-1 (YY1) (Adhikary and Eilers 2005). Max
is constitutively expressed in cells and is in stoichiometric excess to Myc
(Blackwood, Luscher et al. 1992). In contrast, myc levels are strictly dependent
on mitogenic signals and are suppressed by growth inhibitory signals and
inducers of differentiation and has been shown to be important for various
physiological process including proliferation, apoptosis and cell growth
(Henriksson, Lüscher et al. 1996). In cultured cells, constitutive expression of cmyc induces proliferation even in the absence of growth factors. Under these
conditions, proliferation is limited only by the induction of apoptosis by Myc.
Inhibition of myc function by antisense approaches or expression of dominant
negative proteins impairs growth factor induced proliferation in culture (Hanson,
Shichiri et al. 1994; Roussel, Ashmun et al. 1996).

Mouse models further

support the role of Myc in cell proliferation. Transgenic mice expressing c-myc
under the control of the heavy chain enhancer promoter Eμ, develop B lymphoid
malignancies in a manner by which overexpression of c-myc inhibits

15

differentiation and prevents cells from exiting the cell cycle (Langdon, Harris et al.
1986; Schmidt, Pattengale et al. 1988). Furthermore myc knockout mice are
embryonic lethal and fibroblasts in which both alleles of c-myc are inactivated by
homologous recombination are viable but have a diminished rate of proliferation
(Davis 1993; Mateyak, Obaya et al. 1997). Altogether, these data show that Myc
is an important regulator of cell proliferation in vivo. Indeed, Myc is a known
positive regulator of G1/S phase transition, largely mediated via activation of
CDK2/Cyclin E kinase activity. Activation of Myc leads to an increase of Cyclin E
levels and activates transcription of Cdc25A (Galaktionov, Chen et al. 1996).
Myc directly binds to the genes that encode Cyclin D1, Cyclin D2 and CDK4 in
vivo and has been shown to induce expression of these proteins in multiple
systems (Bouchard, Thieke et al. 1999; Hermeking, Rago et al. 2000). Myc
negatively regulates p21Cip1 by associating with zinc finger proteins Sp-1 (Gartel,
Ye et al. 2001) and prevents Miz-1 binding with p300 which is needed for Miz-1
mediated activation of p15Ink4b (Staller, Peukert et al. 2001). Induction of D-type
cyclins, CDK4 and the reduction of p15Ink4b results in the activation of
CDK2/Cyclin E via sequestration of Cip/Kip inhibitors by cyclin D-cdk4
complexes. Furthermore, Myc directly reduces the levels of p27Kip1 by enhancing
the expression of Cul-1, a critical component of the ubiquitin ligase SCF (SKP2)
(O'Hagan, Ohh et al. 2000).
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1.5 Ras Signaling
The ras proteins belong to a large family of monomeric GTPases who that
behave as signal transducers that control cellular signaling processes
responsible for proliferation, growth, migration, adhesion, cytoskeletal integrity,
survival and differentiation (Rajalingam, Schreck et al. 2007). Ras proteins act
as binary switches by alternating between a GDP and GTP bound states. The
GDP bound represents the inactive state and the GTP bound represents the
active state. The central role of Ras proteins in cell cycle progression was
established by early experiments that utilized Ras neutralizing antibodies and
dominant negative forms of Ras. In both approaches growth-factor induced S
phase entry was blocked (Mulcahy, Smith et al. 1985; Stacey, Feig et al. 1991;
Stacey, Roudebush et al. 1991). In addition microinjection of Ras into quiescent
cells promotes S phase entry independent of mitogenic stimuli (Feramisco, Gross
et al. 1984). One of the more important functions of Ras in G1-S phase transition
is to inactivate pRb and cells that have lost pRb do not require Ras activity to
proliferate (Mittnacht, Paterson et al. 1997; Peeper, Upton et al. 1997).
Inactivation of pRb via mitogen induced Ras activity is dependent on cyclin D1
synthesis and its consequent complex formation with CDK4/CDK6.

This is

carried out via sustained activation of Raf1-MEK-ERK/MAPK signaling cascade
which leads to elevated levels of transcriptions factors such as, FRA1, FRA2, cJUN, and JUNB (Balmanno and Cook 1999).

Supporting these results, our

laboratory demonstrated that ablation of cyclin D1 gene leads to reduced
keratinocyte

proliferation

and

tumor

development
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in

a

Ras-dependent

carcinogenesis protocol (Robles, Rodriguez-Puebla et al. 1998).

In addition,

Cyclin D1 is targeted for proteosomal degradation by phosphorylation by
glycogen-synthase kinase 3β (GSK-3β) (Diehl, Zindy et al. 1997; Diehl, Cheng et
al. 1998). GSK-3β dependant turnover of cyclin D1 is also regulated by Ras
since the activity of protein kinase B (Akt), which inactivates GSK-3β, is activated
by Ras via PI-3 kinase signaling (Diehl, Cheng et al. 1998).

Ras further

promotes G1phase progression by altering the expression levels of p27Kip1 and
p21Cip1 at the transcriptional and proteolytic level (Liu, Martindale et al. 1996;
Medema, Kops et al. 2000; Delmas, Manenti et al. 2001).
The Ras super family is now divided into five subfamilies; RAS, RHO,
RAB, ARF and G subunits of heterotrimeric G-proteins (Colicelli 2004;
Wennerberg, Rossman et al. 2005). What most consider being the prototypical
Ras proteins, H-Ras, K-Ras and N-Ras, were first discovered as viral oncogenes
and then the products of active oncogenes in human tumors (Barbarcid 1987;
Bos 1988). It is now known that Ras mutations are among the most common in
human cancers. Mutations have been found at residues 12, 13, 59 and 61, with
positions 12 and 61 being the most common (Barbarcid 1987; Bos 1988).
Substitutions at these positions prevent Ras intrinsic and GTPase activating
protein (GAP) catalyzed hydrolysis of GTP, resulting in constitutively active Ras
molecules (Scheffzek, Ahmadian et al. 1997).
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1.6 TGF-β Signaling
Transforming growth factor β (TGF-β) signaling is activated via three
independently encoded TGF-β ligands, β1, β2, and β3 (Roberts and Sporn
1990).

All TGF-β isoforms initiate signaling of downstream targets via

transmembrane serine/threonine kinases, type I and II TGF-β receptors (TβRI
and TβRII).

TβRI and TβRII are primarily found as homodimers in the

endoplasmic reticulum (ER) and on the plasma membrane, although there is
some evidence suggesting that they can form heterodimers in the absence of
ligands (Gilboa, Wells et al. 1998; Gilboa, Nohe et al. 2000). TGF-β ligands
preferentially bind TβRII homodimers, ligand bound TβRII has a high affinity for
binding to and transactivating TβRI receptors (Moustakas, Lin et al. 1993).
Activation of TβRI leads to auto-phosphorylation and phosphorylation of effecter
Smad proteins.

Once phosphorylated and released by the active receptor

complex, two receptor activated Smads (R-Smads 2/3) and a common Smad4
form a heterotrimeric complex, translocate to the nucleus and regulates genes by
DNA binding and recruiting transcriptional co-activators or repressors (Derynck
and Zhang 2003).

1.6.1 TGF-β and Cell Cycle
Relevant to understanding the role of TGF-β in tumor development is the
ability of TGF-β to induce growth inhibition. A key step to cell cycle arrest by
TGF-β is Smad mediated transcriptional induction of CKIs, p15Ink4b and p21Cip1.
As aforementioned, p21Waf1 binds to and inhibits CDK2 kinase activity, while
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p15Ink4b binds to and inhibits CDK4 and CDK6.

As detailed above p15Ink4b

displaces Cip/Kip family members from cyclin D-CDK complexes, increasing the
pool of unbound p21Cip1 and p27Kip1 allowing them to bind to and further
inactivate CDK2 complexes. Furthermore, TGF-β induced cell cycle arrest is
also carried out by decreasing the synthesis of CDK4 (Ewen, Sluss et al. 1993;
Ewen, Oliver et al. 1995; Sandhu, Garbe et al. 1997). TGF-β also slows cell
cycle progression by decreasing the expression of c-Myc and Cdc25a (Frederick,
Liberati et al. 2004; Ray, Terao et al. 2005).

1.6.2 TGF-β signaling in Neoplasias
Originally isolated and characterized from various cancer cell lines,
TGF-β signaling is now known to play a significant role in the regulation of
cancer; first as a tumor suppressor and then as a mediator of tumor progression.
TGF-β signaling controls various processes important to the development and
progression of cancers, cell proliferation, migration, apoptosis and angiogenesis.
TGF-β1 ligand is found overexpressed in various human cancers and correlates
with tumor progression, metastasis, angiogenesis and poor prognostic outcome
(Bierie and Moses 2006). Loss of TGF-β signaling components is also common
in human cancers, specifically TβRI, TβRII, Smad2 and Smad4 have been found
mutated or deleted (Markowitz, Wang et al. 1995).
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1.7 Mouse Skin Model
1.7.1 Mouse skin
The skin is comprised of three primary components, a superficial epithelial
lining consisting of several layers called the epidermis, a richly vascularized and
innervated connective tissue frequently called the dermis and epithelial structures
connected to the epidermis called appendages (hair follicles, sebaceous glands)
(Conti 1989).

The epidermis consists of four layers of epithelial cells or

keratinocytes. The basal cell layer is made up of resting keratinocytes which have
proliferative capacity, mitotic or proliferating keratinocytes, early differentiating
keratinocytes and unrelated cells such as melanocytes, Langerhan's and Merkel
cells. As basal layer keratinocytes divide they detach from the underlying basal
lamina and migrate vertically, making up the prickle cell layer (stratum spinosum),
the granular cell layer (stratum granulosum) and finally the outermost, horny cell
layer (stratum corneum) (Maronpot 1999). As they migrate, keratinocytes become
post mitotic, irreversibly differentiated, enucleated, undergo keratinization and are
ultimately shed into the environment. This process is dependent on the basal cells
of the epidermis to maintain a steady proliferative rate, which compensates for the
continual shedding of the outermost squamous cells.

1.7.2 Two-Stage Carcinogenesis Model
The ability to target tissue specific activation or overexpression of oncogenes
to the epidermis and to inactivate tumor suppressor genes provides an opportunity
to study the contributions of specific molecular alterations to the pathogenesis of
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skin tumors. The mouse was one of the first animals in which skin cancer was
produce experimentally and has since provided an important model for the
understanding of the multistage nature and mechanisms involved in carcinogenesis
(Maronpot 1999).

Experimental and epidemiological studies have shown

carcinogenesis to be composed of three major sequential stages; initiation,
promotion and progression. For mouse chemical carcinogenesis experiments a twostage carcinogenesis protocol, initiation and promotion, is frequently used.

The

initiation stage consists of application of a subcarcinogenic dose of a carcinogen
such as 7,12-dimethylbenz(a)anthracene (DMBA).

DMBA is metabolized by

cytochrome P450 into its carcinogenic form DMBA-3,4-diol,1,2-epoxide, which forms
carcinogen-DNA adducts in critical target genes (Singh 2002). Initiation with DMBA
frequently induces a specific point mutation in codon 61 of the c-Ha-ras gene (Roop,
Lowy et al. 1986). Initiated cells are long lived and respond to a standard two-stage
protocol even with one year between the initiation event and promotion (Morris,
Fischer et al. 1986). Thus, the initiation event is genetic in nature and considered
irreversible. Unlike the initiation stage, the promotion stage is initially reversible.
Promotion consists of repetitive treatments with a non-carcinogenic promoter. A
variety of chemical agents may act as tumor promoters; phorbol esters, indole
alkaloids, benzo(e)pyrene and benzoyl peroxide (Slaga, Fischer et al. 1982). While
promoters are not mutagenic, they induce important epigenetic changes, which
contribute to tumor formation.

Application of promoters generally results in

epidermal hyperplasia, inflammation and bring about morphological changes
resembling those observed in mouse embryonic skin (Conti 1989). Dependent on
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the genetic background benign exophytic epithelial tumors of cauliflower like
structure, papillomas, appear 6-8 weeks after the initial application of a tumor
promoter. These benign tumors may progress to squamous cell carcinomas after
25-30 weeks depending on the genetic background of the mouse strain.

1.8 Pituitary Gland
The pituitary is an endocrine gland that secretes hormones regulating growth,
homeostasis

and

morphologically

reproduction.
distinct

The

pituitary

compartments,

the

gland

is

divided

adenohypophysis

into

two

and

the

neurohypophysis. The adenohypophysis is composed of the anterior and
intermediate lobes, and derives from an upwards growth of the primitive oropharnyx,
known as Rathke’s pouch (RP). Pituitary murine ontogenesis is carried out by three
successive steps; (1) the formation of a rudimentary pouch near 8.5 days postcoitum
from an upward involution of the presumptive oral cavity; (2) the formation of a
definitive pouch and (3) complete detachment of the pouch from the oral cavity at
E12.5 followed by the sequential emergence of hormone secreting cells (Sheng and
Westphal 1999). Rathke’s pouch gives rise to at least six known pituitary specific
cell lineages; corticotrophs secreting adrenocorticotrophic hormone (ACTH),
thyrothophs secreting thyroid-stimulating hormone (TSH), somatotrophs secreting
growth hormone (GH), lactotrophs secreting prolactin, gonadtrophs secreting
luteinizing hormone (LH) and follicle-stimulating hormone (FSH), and melanotropes
secreting melanocyte-stimulating hormone (MSH.

Polarized expression of

transcription factors gives rise to these cell lineages in a precise temporal and

23

spatial pattern (Sheng and Westphal 1999; Zhu and Rosenfeld 2004). Proliferation
in the pituitary gland is believed to arise from self-mitosis of differentiated cells, the
proliferation of undifferentiated and possibly pituitary stem cells (Taniguchi,
Yasutaka et al. 2002).

1.8.1 Alteration of Cell Cycle regulator in pituitary tumors
Human pituitary tumors account for 10-15% of all intercranial tumors (Asa and
Ezzat 1998). Several groups have studied the molecular mechanisms involved in
pituitary tumorigenesis, which has led to the identification of multiple oncogenes that
are frequently overexpressed in pituitary tumors, i.e. PTTG and gsp (Spada and
Vallar 1992; Zhang, Horwitz et al. 1999).

Furthermore, components of the pRb

pathway are frequent targets in human pituitary tumors (Simpson, Frost et al. 2001;
Vax, Bibi et al. 2003). While cyclin D1 is found overexpressed in sporadic pituitary
adenomas, loss of tumor suppressor gene products, p16 and pRb, is commonly
associated with CpG island methylation (Hibberts, Simpson et al. 1999; Simpson,
Bicknell et al. 1999; Simpson, Hibberts et al. 2000). Disruption of the pRb pathway
in various genetically engineered mouse models leads to deregulated growth in the
pituitary gland. Mice heterozygous for pRb and nullizygous for p18Ink4c or p27Kip1
develop spontaneous tumors in the intermediate lobe (Fero, Rivkin et al. 1996;
Kiyokawa, Kineman et al. 1996; Nakayama, Ishida et al. 1996; Pei, Bai et al. 2004),
whereas knock-in mice for CDK4R24C, a CDK4 mutant insensitive to p16Ink4a
inhibition, develop pituitary adenomas of the anterior lobe (Sotillo, Dubus et al. 2001;
Sotillo, Renner et al. 2005). Coincidently, CDK4 appears indispensable for pituitary
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organogenesis, as mice nullizygous for CDK4 develop a hypoplastic pituitary gland
and display lactotroph dysfunction and infertility (Moons, Jirawatnotai et al. 2002;
Moons, Jirawatnotai et al. 2002).

1.9 Research Focus
CDKs are serine/threonine kinases, which play a central role in cell cycle
progression. The most characterized function of CDKs is the phosphorylation and
inhibition of pRb. Inhibition of pRb releases E2F transcription factors allowing cells
to progress from G1 to S phase.

Disruption of the pRb pathway renders cells

insensitive to antigrowth signals that act through this pathway to block G1
progression. Insensitivity to growth signals leads to deregulated cell proliferation
and is considered a hallmark of cancer (Hanahan and Weinberg 2000). It is clear
that direct loss/mutation of pRb or pRb functional inactivation due to elevated CDK
activity results in deregulated cell growth.
In the last years it has become more evident that CDK4 plays a direct role in
tumorigenesis. Mouse models have further supported this role. Molecular analysis
of human tumors also shows that CDK2-Cyclin E kinase activity is frequently
elevated. However, CDK2 is not directly mutated and is rarely found genetically
amplified or overexpressed. Therefore, it remains unclear whether elevated CDK2Cyclin E kinase activity in human tumors is a causative effect or a consequence of
the disease. While multiple mouse models implicate CDK2 in tumor formation, most
of these used indirect approaches such as modifications in CDK2 regulatory proteins
(p27-/-, MMTV-Cyclin E). Interestingly, we have also shown that CDK2 is indirectly
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activated in K5CDK4 and K5Myc transgenic mice. Molecular analysis suggests that
CDK2 is activated due to the sequestration of CKIs by elevated levels of CDK4.
This highlights the sequestration or non-catalytic function of CDK4 and suggests that
CDK2 may in fact contribute to the development of human tumors. However, since
the time our studies were undertaken there have been multiple controversial findings
regarding the role of CDK2 in normal and neoplastic cell proliferation. First, CDK2
mice are viable with little phenotype and CDK2 null cells remain susceptible to
oncogenic transformation (Berthet, Aleem et al. 2003; Ortega, Prieto et al. 2003).
Lastly, certain cancer cell lines were shown to continue to proliferate despite
inhibition of CDK2 (Tetsu and McCormick 2003).

Altogether, these works have

brought about three central questions:
(1) Does elevated CDK2 kinase activity contribute to tumor development?
(2) Is CDK2 necessary for tumor development and/or progression?
(3) Which is the more relevant function of CDK4 in tumorigenesis? It’s kinase or
sequestration activity?
To address these questions we used a comprehensive set of knockout and
transgenic mice to evaluate the roles of CDK2 and CDK4 in normal and neoplastic
proliferation. In addition to using the mouse skin as a model, we utilized the pituitary
gland to characterize the overexpression of these cell cycle regulatory proteins. We
present strong in vivo data demonstrating that while CDK2 kinase activity per se
does not enhance tumorigenesis, it is not completely dispensable for tumorigenesis.
In addition, we show that the kinase, not the sequestration function, is the more
relevant function of CDK4 in tumor development and progression.
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CHAPTER II
Elevated CDK2 kinase activity in the epidermis does not
enhance tumorigenesis.
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2.1 Introduction
The cyclin/CDK/pRb pathway is frequently deregulated in human neoplasias.
In particular, molecular analysis of human and experimental tumors has shown
deregulation of CDK4 and CDK2 kinase activity. CDK4 has been clearly implicated
in tumor development as found overexpressed in various human tumors and found
mutated in the p16Ink4 binding domain, CDK4R24C, in hereditary melanoma (Zuo
1996). While CDK2 kinase activity is found elevated in human tumors, CDK2 is not
directly affected by mutations and only a extremely small subset of human tumors
have been shown to have CDK2 gene amplification or elevated protein expression
(Kitahara, Yasui et al. 1995; Marone, Scambia et al. 1998; Shintani, Mihara et al.
2002). In contrast, CDK2 regulatory binding partner cyclin E is frequently found
amplified and overepxressed in human tumors (Akama, Yasui et al. 1995;
Keyomarsi and Herliczek 1997; Eguchi, Fujii et al. 1999).

Mouse models have

further demonstrated that Cyclin E contributes to the development of tumors (Bortner
and Rosenberg 1997; Smith, Henze et al. 2006; Ma, Fiering et al. 2007). Likewise,
loss of CDK2 inhibitor p27Kip1 is a common event in human tumors and mouse
models demonstrate its role as a tumor suppressor. While mouse models of CDK2
regulatory proteins Cyclin E and p27Kip1 are susceptible to tumor development, it
remains unclear whether elevated CDK2 kinase activity per se is a cause or a
consequence of tumorigenesis.
Recently, we have shown that forced expression of CDK4 under the Keratin 5
promoter, K5-CDK4 mice, results in epidermal hyperplasia and an increased
susceptibility to early development of squamous cell carcinomas (Miliani de Marval,
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Gimenez-Conti et al. 2001; Miliani de Marval, Macias et al. 2004). Biochemical
analysis of K5-CDK4 epidermis and skin tumors show that this phenotype is in part
mediated by the sequestration of p27Kip1 and p21Cip1 by CDK4, indirectly activating
CDK2 kinase activity. In support, primary human keratinocytes infected with CDK4
and Ras retrovirus produce invasive neoplasias when grafted to nude mice
(Lazarov, Kubo et al. 2002). Biochemical analysis of these grafted tumors shows a
reduction of p21Cip1 complexed with CDK2 due to CDK4 sequestration and for that
reason, increased CDK2 kinase activity.

We have also shown that epidermal

hyperplasia and spontaneous oral tumor formation in mice K5-Myc transgenic mice
is dependent on the sequestration of p27Kip1 and p21Cip1 by elevated levels of
endogenous CDK4, indirectly activating CDK2 kinase activity (Miliani de Marval,
Macias et al. 2004). Altogether, these data suggest that increased CDK2/Cyclin E
activity observed in human and experimental tumors may in fact play a role in tumor
progression. Therefore, we hypothesize that deregulated CDK2 kinase activity
contributes to the development of experimental mouse and human tumors.
To test this hypothesis we have generated two independent transgenic lines
overexpressing CDK2 under the keratin 5 promoter.

Additionally, we have

developed an in vivo CDK4 sequestration model that leads to the activation of CDK2
kinase activity by expressing kinase inactive CDK4 D158N, under the same K5
promoter, K5CDK4D158N.

In this chapter, we utilize these two mouse models to

examine the role of elevated CDK2 kinase activity in normal and neoplastic
keratinocyte proliferation.

We show that our independent transgenic models for

elevated CDK2 kinase activity have different epidermal phenotypes.
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We also

demonstrate that contrary to our initial hypothesis elevated CDK2 kinase activity
does not increase papilloma formation or enhance the rate of malignant progression
to squamous cell carcinomas under a two-stage carcinogenesis model.

To

conclude, we provide evidence that inhibition of Smad3, a novel CDK4 target,
accelerates malignant progression of K5CDK4 skin tumors, a mechanism that is
absent in K5CDK2 and K5CDK4D158N experimental skin tumors.

2.2 Materials and Methods
2.2.1 Development of transgenic mice
K5CDK2 and K5-CDK4D158N transgenic mice were develop by cloning humanCDK4 cDNA carrying the D158N mutation or human-CDK2 into the vector pBK5
which contained the 5.2 Kb bovine keratin 5 regulatory sequences, β-globin intron 2
and the 3’ SV40-polyadenylylation sequences. These constructs were designated
as pK5CDK4D158N and pK5CDK2. The transgene was excised from the plasmid
vector by digestion with BssHII and microinjected into the FVB strain, at Science
Park Transgenic Mouse Facility, M.D. Anderson Cancer Center, Smithville, Texas.
Two founders for each transgenic mice (K5CDK2 and K5CDK4D158N) were
obtained from the transgenic facility. Positive founders were genotyped by PCR
using primers specific for transgenic CDK2 and CDK4, which do not recognize the
endogenous genes.
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2.2.2 Two-stage chemical carcinogenesis
For two-stage carcinogenesis, twenty mice from each group were initiated
with a single topical application of 50 μg of DMBA in 50 μl of acetone on the dorsal
mouse skin at 21 days of age. Two weeks after initiation, mice received 2.5 μg of
TPA in 200 μl of acetone twice a week for 25 weeks. Skin tumors were counted
once a week until the end of the experiment at 40 weeks. Malignant progression to
SCC was determined by macroscopic observation and further confirmed by
histopathological analysis of paraffin-embedded H&E stained cross sections.

2.2.3 Western blots and kinase assays
For Immunoblots protein lysates were collected from epidermal skin scrapes
with RIPA lysis buffer, 150 mM NaCl, 1.0% IGEPAL, 0.5% DOC, 0.1% SDS, 50mM
Tris (pH 8.0). Papillomas were snap frozen in liquid N2 and crushed with a pestle
and mortar. Homogenates from epidermal scrapes or papillomas were sonicated
and centrifuged at 14,000 r.p.m at 4˚C.

Supernatants were boiled in 2X lameli

sample buffer for western blot analysis or stored at -80°C.
To asses CDK2 kinase activities proteins were extracted with NP-40 lysis
buffer; Tris [pH 7.5], 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM
DTT, 1 mM PMSF. For CDK4 kinase activity proteins were extracted with Tween 20
buffer; 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% Glycerol,
0.1% Tween 20, 1mM NaF, 1 mM Na3VO4 and 1 mM DTT. For both CDK2 and
CDK4 kinase assays, 250ug of protein lysates were immunoprecipitated with 2.5 ug
of antibodies against CDK2 (M-20) or CDK4 (C-22), (Santa Cruz Biotechnology,
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Santa Cruz, CA, USA) for 2 hr on an end over end rotor at 4°C, then incubated with
35 µl of protein-A-agarose bead for 1 hr. Beads were pelleted and washed twice
each with IP buffer and once with kinase buffer (50 mM HEPES [pH 7], 10 mM
MgCl2, 5 mM MnCl2). Then, 30 μl of kinase buffer, 1 µg of pRb (CDK4 assay) or
histone H1 (CDK2 assay) substrate (Upstate Biotechnology Inc., Charlottesville,
VA.), 5 μCi of [γ-32P]ATP (6,000 Ci/mmol), 1 mM DTT, and 5 μM ATP were added
to the bead pellet and incubated for 30 min at 30°C. Then 30 ul of SDS sample
buffer was added to each sample and boiled for 3 min to stop reaction and
electrophoresed through polyacrylamide gels.
Western blot and kinase assay bands were digitized and quantified using UNSCAN-IT gel ™ version 6.1 software for windows.

2.2.4 Immunostaining
For immunostaining tissue cross sections of formalin fixed skin or tumors
were permeablized using citrate antigen retrieval buffer, blocked with 10% normal
serum and stained with antibodies for CDK2 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or p15Ink4b (Lab Visions Corp, Fremont, CA).

Epithelial cell

proliferation was measured by intraperitoneal injection of BrdU 30 min before the
mice were sacrificed by CO2 asphyxiation. BrdU incorporation was detected by
immunohistochemical staining of paraffin-embedded skin sections with mouse antiBrdU (Ab-2) monoclonal antibody (Calbiochem, San Diego, CA, USA), biotinconjugated anti-mouse antibody (Vector Laboratories, Inc., Burlingame, CA, USA)
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and an avidin–biotin–peroxidase kit (Vectastain Elite, Vector Laboratories, Inc.) with
diaminobenzidine as chromogen.

2.2.5 Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 Software (GraphPad
Software, San Diego, CA, USA)

2.3 Results
2.3.1 Generation of CDK2 transgenic mice
Expression of human CDK2 was targeted to the stratified epithelium using the
5’ regulatory sequence of the Keratin 5 gene.

The bovine K5 promoter was

previously shown to target transgene expression to the basal cell layer of the
stratified squamous epithelia (Ramirez, Bravo et al. 1994). Based on PCR results of
integration positive mice, two founders were used to establish lines K202 and K203
of

K5CDK2

transgenic

mice

in

an

FVB/N

background

(Figure

3).

Immunohistochemistry using antibodies against CDK2 of paraffin-embedded skin
verified that exogenous CDK2 was overexpressed and restricted to the keratin 5
expressing basal cell layer of the epidermis (Figure 4B). Line K202 was amplified
and used for all the work presented. Western blot analysis verified that K5CDK2
mice exhibit increased CDK2 protein expression in skin epidermis and thymus
(Figure 3).
To determine the effects of forced CDK2 expression in an in vivo setting we
examined formalin fixed paraffin embedded skin cross sections.
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Epidermal and

dermal compartments from K5CDK2 have normal morphology as observed via
microscopic examination of H & E cross sections (Figure 4A). Quantification of the
number of nucleated cells shows that K5CDK2 mice are moderately hyperplastic in
comparison to wild type siblings (Figure 5A). To determine the effects of CDK2
overexpression on proliferation we conducted BrdU labeling experiments. BrdU is a
thymidine analog, which is incorporated into newly synthesized DNA in replicating
cells (cells in S phase). Surprisingly, incorporation of BrdU was similar in K5CDK2
and wild type epidermis (Figure 5B). In fact, K5CDK2 epidermis showed a lower
BrdU labeling index (0.016) in comparison to wild type epidermis (0.012) although
not statistically significant. In order to determine whether overexpression of CDK2
affect survival rate of keratinocytes, we assessed the level of apoptosis in K5CDK2
transgenic mice. Quantification of the number of intrafollicular (hair follicle) apoptotic
cells revealed that K5CDK2 have an increased apoptotic labeling index in
comparison to wild type mice, 0.0176 and 0.0043, respecitively (Figure 5C). We did
not detect any significant differences in the number of apoptotic cells in interfollicular
epidermis.
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Figure 3. Founder K5CDK2 transgenic mice. A. PCR analysis of genomic DNA
from tail clips of founders shows integration of K5CDK2 plasmid DNA in two first
generation mice. Purified plasmid DNA from pK5CDK2 and empty K5 plasmids
used as positive and negative PCR controls. B. Western blot analysis of lysates
from epidermis (lane 1 & 3) and thymus (lane 2 & 4) of second generation K5CDK2
transgenic and wild type littermates shows elevated levels of CDK2 protein in K5
expressing tissues. Actin used as loading control.
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Figure 4.
K5CDK2 skin morphology and immuno-localization of transgene
expression. (A) H & E stained cross-sections of paraffin embedded wild type and
K5CDK2 skin shows similar overall skin morphology. Arrow denotes epidermis. (B)
Immunohistochemistry for CDK2 shows elevated levels of CDK2 in basal cell layer
of the epidermis of transgenic mice (b-c).
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Figure 5. Proliferation and apoptosis analysis of K5CDK2 skin. (A) Quantification
of the number of nucleated cells per 200 μm of interfollicular epidermis in K5CDK2
and wild type H & E stained cross sections. (B) BrdU labeling index in K5CDK2 and
wild type. (C) Quanitification of apoptotic labeling index in the hair follicle of
K5CDK2 and wild type mice using tunnel assay.
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2.3.2 Biochemical analysis of K5CDK2 mouse skin
Western blot analysis was used to verify that K5CDK2 mice exhibited
increased CDK2 protein expression in the epidermis. Epidermal lysates from
K5CDK2 mice show a 11.3-fold increase of CDK2 protein expression in mouse
epidermis in comparison to wild type littermates (Figure 6A).

In order to study

whether CDK2 affects protein levels of related cell-cycle regulators we also
determined the levels of CDKs, CKIs and cyclins. CDK4, CDK6, and CDK2 cyclin
binding partners cyclin A and E protein levels remain at similar levels in comparison
to wild type mice. CDK2 inhibitor p27Kip1 appears unaltered in comparison to wild
type mice, however p21Cip1 expression increased 5-fold increase in K5CDK2
epidermis.
In order to determine if CDK2 overexpression results in increased CDK2 and
CDK4 kinase activity, we assessed their kinase activity in vitro using H1 and pRb as
substrates. Figure 6B shows a 1.7 fold increase in CDK2 kinase activity in K5CDK2
transgenic mice in comparison to wild type littermates. As previously described,
p27Kip1 and p21Cip1 are assembly factors for CDK4-Cyclin D complexes.

To

determine if elevated levels of CDK2 may affect CDK4-Cyclin D kinase activity by
sequestering these assembly factors we also assayed CDK4 kinase activity in the
epidermis of K5CDK2 transgenic mice. CDK4 kinase activity is at similar levels in
K5CDK2 transgenic mice in comparison to wild type siblings (Figure 6B IP CDK4).
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Figure 6. Cell cycle regulatory protein expression and CDK kinase activity in
K5CDK2 epidermis. (A) Epidermal lysates from wild type and K5CDK2 mice were
probed with antibodies for CDKs, Cyclins, CKIs, p53, pRb, with actin used as loading
control. (B) CDK in vitro kinase assays for CDK2 (IP CDK2) and CDK4 (IP CDK4)
using H1 and pRb peptides as substrates. CDK2 activity is increased 1.7-fold in
transgenic mice in comparison to wild type mice. Lysate pull downs with normal
rabbit IgG incubated with respective substrates used as negative control. Average
kinase activity in K5CDK2 epidermis gauged by densitometry analysis taking control
as background and normalized to average kinase activity in wild type mice.
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We conclude that forced expression of CDK2 results in increased protein levels and
CDK2 kinase activity, but does not affect CDK4 protein levels or kinase activity.

2.3.3 Elevated CDK2 kinase activity does not enhance mouse skin
carcinogenesis
Biochemical analysis of K5CDK4 tumors showed that CDK4 sequesters
CDK2 inhibitors p27Kip1 and p21Cip1, suggesting that indirect activation of CDK2
plays an important role in tumor development and malignant progression.
Therefore, to determine the role of CDK2 in tumorigenesis, K5CDK2 transgenic mice
were subjected to a two-stage chemical carcinogenesis protocol.
consists

of

a

single

application

of

a

subcarcinogenic

This protocol

dose

of

7,12-

dimethylbenz(a)anthracene (DMBA) followed with bi-weekly applications of a tumor
promoting agent (TPA), phorbol-12-myristate-13-acetate. Groups of 20 K5-CDK2
and wild-type females were initiated with a single topical application of DMBA 3
weeks of age. Two weeks later, mice were treated topically with TPA twice a week
on dorsal skin for 25 weeks. Tumors were counted once a week for 40 weeks to
determine the kinetics of papilloma formation and monitored for progression to
carcinomas. Papilloma development began at 8 weeks of promotion and a plateau
was reached at 28 weeks for both K5CDK2 and wild type mice (Figure 7B).
However contrary to our hypothesis, an elevated level of CDK2 kinase activity does
not enhance tumor formation. In fact, K5CDK2 transgenic mice develop a lower
number of papillomas (4.3 at 20 weeks) in comparison with wild type mice (7 at 20
weeks) (Figure 7B). The incidence of papilloma formation was 100% for K5CDK2
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mice and 95% for wild type (Figure 7A).

Macroscopic observation and

histopathological analysis of skin tumors showed that unlike K5CDK4 transgenic
mice K5CDK2 papillomas do not show increased susceptibility to squamous cell
carcinoma formation. In fact, K5CDK2 and wild type mice developed SCC at a
similar frequency, 25% and 28% at 40 weeks, respectively (Figure 7C).
Histophathological analysis of paraffin-embedded papillomas shows no difference in
the degree of differentiation between K5CDK2 and wild type papillomas (data not
shown).
To determine if CDK2 can behave as a tumor promoter we treated a groups
of six wild type and K5CDK2 transgenic mice with a single dose of DMBA without
subsequent treatment with TPA. Transgenic and wild type mice failed to develop
papillomas in the absence of TPA treatment within an 18-month period. In contrast,
we previously reported that CDK4 behaves as a tumor promoter, as 75% of K5CDK4
mice treated with a single application of DMBA, no TPA application, developed skin
papillomas (Miliani de Marval, Macias et al. 2004).
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Figure 7. Kinetics of papilloma formation and progression to SCCs in K5CDK2
transgenic mice. Groups of K5CDK2 and wild type littermates from K202 line were
initiated with a single dose of DMBA followed with bi-weekly application of TPA for
25 weeks. Week one of study corresponds to first TPA application. (A) Percentage
of mice with papillomas as a function of weeks of study (incidence). (B) Average
number of papillomas per mouse (multiplicity) as a function of weeks of study. (C)
Percentage of mice with carcinomas as a function of weeks of study. K5CDK2 (▲)
and wild type (■).
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2.3.5 Biochemical analysis of K5CDK2 papillomas
Biochemical analysis of K5CDK2 papillomas shows that CDK2 protein levels
are elevated, on average 8.4-fold, compared to wild type papillomas (Figure 8A).
Due to the heterogeneous nature of papillomas (dermal and epidermal
compartments) expression varies within samples of each group, but CDK2 is
consistently overexpressed in papillomas from transgenic mice.

Unlike our

observations in normal epidermis, immunoblot analysis of papilloma extracts did not
reveal any persistent increase in p21 protein levels (Figure 8A). CDK2 in vitro kinase
assays show on average a 3.4-fold increase in kinase activity in papillomas from
transgenic mice in comparison to wild type papillomas (Figure 8B, IP CDK2). CDK4
kinase activity is similar in wild type and K5CDK2 papillomas (Figure 8B, IP CDK4).
Our initial hypothesis was that overexpression of CDK2 would enhance papilloma
formation and accelerate malignant progression to SCCs.

However, despite

increased CDK2 protein levels and kinase activity, K5CDK2 transgenic mice do not
exhibit increased susceptibility to the formation Ras-induced skin tumors.

2.3.6 Elevated CDK2 kinase activity in K5CDK4D158N transgenic mice
In conjunction to K5CDK2 transgenic mice, we performed parallel
experiments using a transgenic mouse line expressing a kinase inactive CDK4
isoform under the same K5 promoter (K5CDK4D158N).

K5CDK4D158N experiments

were conducted in collaboration with Dr. Paula Miliani de Marval. Data obtained
from these experiments are unpublished and will merely be summarized herein.
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Figure 8. Biochemical analysis of K5CDK2 skin tumors. (A) Immunoblots
developed with antibodies against CDK2, CDK4, Cyclin A, Cyclin D1, p21 and p15.
Densitometry analysis of immunblots indicates that CDK2 protein expression is an
average of 8.4 fold higher in K5CDK2 papillomas in comparison to wild type
papillomas, n=4. (B) CDK in vitro kinase assays for CDK2 (IP CDK2) and CDK4 (IP
CDK4) using H1 and pRb peptides as substrates. Lysate pull downs with normal
rabbit IgG incubated with respective substrates used as negative control. Average
kinase activity in K5CDK2 papillomas gauged by densitometry analysis taking
control as background and normalized to average kinase activity in wild type
papillomas.
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Histopathological analysis of paraffin embedded skin cross sections shows
that K5CDK4D158N epidermis is hyperplastic in comparison to wild type mice. In fact,
quantification of the number of nucleated cells per 200 μm of interfollicular epidermis
showed elevated number of nucleated cells in K5CDK4D158N in comparison to wild
type littermates, 87.5 and 74.6 cells/200 μm, respectively.

Consistent with the

observed hyperplasitic phenotype, in vivo proliferation assays demonstrate that
K5CDK4D158N have a four-fold increase in the number of proliferative keratinocytes
(BrdU positive cells) in comparison to wild type littermates. Biochemical analysis of
K5CDK4D158N epidermal lysates clearly shows an increase in CDK2 kinase activity
as demonstrated by in vitro kinase assays. While, CDK4 kinase activity was similar
in K5CDK4D158N and wild type epidermis, showing that CDK4 D158N does not act as
a dominant negative isoform. As expected, overexpression of kinase inactive CDK4
results in the activation of CDK2 kinase activity via the sequestration of CKIs. This
was confirmed by co-immunoprecipitation experiments showing increased levels of
p27Kip1 and p21Cip1 complexed with CDK4 in K5CDK4D158N epidermal lysates.
Thus, we have demonstrated that indirect activation of CDK2 is independent
of the kinase activity of CDK4 and increased CDK2 activity induces in vivo
keratinocyte proliferation.

In order to determine if increased susceptibility to

malignant progression in K5CDK4 mice is due to the indirect activation of CDK2 we
subjected K5CDK4D158N mice to a two-stage chemical carcinogenesis protocol.
Similar to our observations in K5CDK2 transgenic mice, expression of CDK4D158N
results in a slight decrease in the total number of papillomas per mouse. Morever,
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papillomas from K5CDK4D158N progress to SCCs at a similar rate to those derived
from wild type littermates.

2.3.7 Inhibition of Smad2/3: an alternative mechanism for CDK4 mediated
malignant progression
We had previously hypothesized that the indirect activation of CDK2 in
K5CDK4 transgenic animals contributes to enhanced malignant progression of
papillomas to SCCs. However, to this point we have shown in two transgenic mouse
models that elevated CDK2 kinase activity does not enhance tumor formation or
progression.

These data suggest that the malignant phenotype observed in

K5CDK4 transgenic mice is due to CDK4 kinase activity as opposed to the
described sequestration of CKIs from CDK2-Cyclin E. The main target of CDK4, 6
and CDK2 is the pRb protein family, thus, we hypothesized that CDK4 plays a
unique role in tumorigenesis targeting additional substrates. Therefore, we decided
to investigate additional putative CDK4 targets that may contribute to the observed
malignant phenotype in K5CDK4 skin tumors.

It has recently been shown that

CDK4 and CDK2 can phosphorylate and inhibit the antiproliferative effects of TGFβ1 effecter proteins Smad2 and Smad3 (Matsuura, Denissova et al. 2004).
Matsuura et al used site directed mutagenesis experiments to show CDK specific
phosphorylation sites at Thr 8, Thr 179 and Ser 213 on Smad3. Therefore, we
decided to analyze epidermal lysates from adult K5CDK4 and wild type littermates
for phospho-Smad2/3 at CDK specific site, Thr 179. Immunoblot analysis of
epidermal protein lysates from K5CDK4 mice shows an increased level of Smad2/3
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phosphorylation in vivo in comparison to wild type mice (Figure 9A).

In an

independent study, Ras transduced Smad3 null keratincoytes developed tumors
which underwent rapid conversion to malignant carcinomas (Vijayachandra, Lee et
al. 2003). This rapid conversion to malignant carcinomas is consistent with the
increased malignant progression observed in K5CDK4 mice (Miliani de Marval,
Macias et al. 2004). Thus, our results suggest that overexpression of CDK4 also
inhibits the transduction of TGF-β1 anti-growth signaling in K5CDK4 papillomas via
the inhibition of Smad3; mimicking Smad3 ablation in Ras transduced keratinocytes.
To determine whether this mechanism is active in K5CDK4 skin tumorigenesis, we
performed biochemical studies using protein extracts from 30-week-old papillomas
from wild type and K5CDK4 mice. Immunoblot analysis shows elevated phosphoSmad3 at Thr 179, CDK specific site, in K5CDK4 papillomas in comparison to wild
type tumors (Figure 9B). Correspondingly, immunoblot and immunofluorescence
analysis for TGF-β1 downstream target p15Ink4b shows a clear reduction in K5CDK4
in comparison to wild-type papillomas (Figure 9B & D). As mentioned previously
CDK4 has dual functions; first to phosphorylate and inhibit pRb, and second to
sequester Cip/Kip inhibitors from CDK2-Cyclin E.

To verify that increased

phosphorylation of Smad3 and decreased p15Ink4b levels are a direct effect of
increased CDK4 kinase activity we analyzed papillomas from transgenic mice
expressing kinase dead CDK4D158N mutant.

Western blot analysis of K5CDK4D158N

papillomas show similar levels of Smad2/3 Thr 179 phosphorylation compared to
wild type papillomas (figure 9C). Coincidently, p15Ink4b levels are elevated in wild
type as well as K5CDK4D158N papillomas, suggesting that TGF-β signaling remains
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intact. Interestingly, western blot analysis of K5CDK2 papillomas also demonstrate
that p15Ink4b protein levels are at similar levels to wild type papillomas (Figure 8A).
Altogether these works strongly suggest that CDK4 malignant progression is
mediated by the inhibition of Smad2/3 transduction of TGF-β1 antigrowth signaling a
mechanism which is absent in both CDK4D158N and CDK2 mouse models.
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Figure 9. Western blot and immunoflourescence analysis of TGF-β effector and
target proteins. (A) Immunoblot analysis of K5CDK4 and wild type epidermal
lysates for phospho-Smad2/3 T179 and CDK4. (B) Immunoblot analysis of 30 week
wild type and K5CDK4 papillomas for phosphor-Smad2/3 Thr 179, total Smad2/3,
CDK4, p15. (C) Immunoblot analysis of 30-week K5CDK4D158N and wild type
papillomas for p15Ink4b, phospho-Smad2/3 Thr 179 and CDK4.
(D)
Immunofluorescence analysis of p15 expression (green) in formalin fixed paraffin
embedded wild type (a-c) and K5CDK4 (d-f) papillomas. Dotted line denotes
separation of dermal and epidermal compartments. Actin used as loading control;
DAPI used as nuclear counterstain.
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2.4 Discussion
CDK2 is not generally found overexpressed, amplified or affected by
mutations in human tumors. However, amplification and altered expression of Cyclin
E is frequently found in human tumors and its expression serves a good prognostic
indicator (Keyomarsi, Conte et al. 1995). Proteolytic processing of Cyclin E into low
molecular weight isoforms is a frequent event in breast tumors (Harwell, Porter et al.
2000). These low molecular weight isoforms of cyclin E have been found to activate
CDK2 kinase activity and are refractory to Cip/Kip inhibitors (Harwell, Mull et al.
2004). Decreased protein levels of p27Kip1 (CDK2 inhibitor) is also a frequent event
in human tumors.

Furthermore, elevated levels of CDK4 have been shown to

sequester CKIs indirectly activating CDK2-Cyclin E. Altogether, these alterations of
cell cycle regulatory proteins provide mechanisms in which CDK2 is indirectly
deregulated. For these reasons, it is widely believed that elevated CDK2 kinase
activity is a contributing factor in human tumors. However, it has recently been
shown that CDK2/Cyclin E activity is dispensable for cell cycle progression in cancer
cells (Tetsu and McCormick 2003).
Epidermis

from

K5CDK2

transgenic

mice

show

increased

in

vitro

CDK2/Cyclin E kinase activity. Increased CDK2 kinase activity does not alter normal
keratinocyte proliferation and overall skin morphology of K5CDK2 transgenic is
similar to that of wild type mice. In contrast, K5CDK4D158N mice have an increased
rate of proliferation and exhibit epidermal hyperplasia. Although both mouse models
exhibit elevated CDK2 kinase activity, keratinocyte hyperproliferation and epidermal
hyperplasia is only present in K5CDK4D158N transgenic mice.
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These data suggest

that elevated levels of CDK2 protein induce a compensatory mechanism, which may
keep CDK2 activity in check. To this effect, we observed elevated p21Cip1 protein
expression in K5CDK2, but not K5CDK4D158N epidermal lysates.

It has been

suggested that p21 and p53 act as an inducible barrier for deregulated cyclin E
(Minella, Swanger et al. 2002). Likewise, it has been shown that co-transfection of
cyclin E and CDK2 in cell culture results in the transactivation of p53 signaling
(Segawa, Hokuto et al. 1993). Interestingly it has been shown that overexpression
of CDK4 and CDK6, but not CDK2, can abrogate p53 mediated growth arrest in
culture (Latham, Eastman et al. 1996). Therefore, is is possible that overexpression
of CDK2 may induce a p53 response which up regulates p21 levels. This response
appears to be specific for CDK2 overexpression and was not detected in the case of
hyperactivation of CDK2 through and indirect mechanism (K5CDK4D158N). Western
blot analysis did not detect any notable differences in total p53 expression or
differences in protein mobility associated with phoshorylation (Figure 6A).

It is

important that future studies determine the status of p53 signaling using phosphospecific p53 antibodies keratinocytes overexpressing CDK2.
As aforementioned, it is unknown if increased CDK2 kinase activity detected
in human and experimental mouse tumors is a causative factor. While transgene
expression of Cyclin E under the MMTV promoter does result in mouse mammary
neoplasias, these tumors develop very late and at a very low incidence.
Furthermore, it has been shown that cyclin E binds other CDKs in the absence of
CDK2 (Aleem, Kiyokawa et al. 2005). Furthermore, MEFs which only express a
Cyclin E mutant incapable of binding CDK2 remain susceptible to oncogenic
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transformation (Geng, Lee et al. 2007).

This suggest that Cyclin E has CDK

independent functions. Therefore, it is unknown if CDK2 kinase activity is a direct
contributing factor in tumor development associated with MMTV-Cyclin E transgenic
mice. In order to asses the direct role of elevated CDK2 kinase activity we studied
the suceptablitly of K5CDK2 and K5CDK4D158N transgenic mice to skin tumor
development.

In these models, elevated CDK2 kinase activity does not lead to

enhanced tumor formation. In fact, K5CDK2 transgenic mice developed a lower
number of papillomas incomparison to wild type mice. Carcinogen label-retaining
experiments have shown that initiated cells in the mouse skin are found in the basal
cell layer of the epidermis and in basal cells of the hair follicle infundibulum and
external root sheath (Morris, Fischer et al. 1986). Tunel assays reveal that K5CDK2
transgenic mice exhibit an increased number of apoptotic cells in the hair follicle.
Thus, it is possible that the observed increase in apoptosis is responsible for a
reduced number of carcinogen-retaining/initiated cells resulting in decreased
papilloma formation. Furthermore, elevated CDK2 kinase activity did not enhance
the progression of skin tumors harboring an activating Ras mutation.

Consistently,

Lazarov et al have shown that primary human keratinocytes co-transfected with Ras
and CDK2 or CDK4D158N do not form invasive neoplasias when grafted to nude mice
(Lazarov, Kubo et al. 2002). In contrast, co-transfected keratinocytes expressing
Ras and CDK4 form invasive neoplasias. These results are consistent with our
current and previous results in which only overexpression of CDK4 collaborates with
Ras to enhance tumor progression.
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The fact that pRb family members are substrates of both CDK4 and CDK2,
leads us to hypothesize that other CDK4 substrates may be participating in CDK4induced malignant progression.

There is growing evidence suggesting that

overexpression of CDK4 in epithelial cells causes resistance to TGF-β treatment.
Ectopic expression of CDK4 in mink lung epithelial cells results in TGF-β1 resistance
and primary keratinocytes from mice overexpressing CDK4 binding partner, Cyclin
D1, are also resistant to TGF-β1 treatment (Ewen, Sluss et al. 1993; Martinez, Chen
et al. 2000). Notably, K5CDK4 transgenic mice exhibit dermal fibrosis, although
there is no transgene expression in dermis (Miliani de Marval, Gimenez-Conti et al.
2001). It is well established that while TGF-β1 inhibits epithelial cells, it stimulates
proliferation of dermal fibroblasts (Roberts and Sporn 1990). Thus it is probable that
overexpression of CDK4 in mouse keratinocytes may lead to a TGF-β1 resistance
and stimulate TGF-β1 expression and secretion resulting in fibroblast proliferation
associated with dermal fibrosis. In agreement, primary keratinocytes derived from
K5CDK4 newborn mice demonstrated partial resistance to TGF-β1 treatment in
comparison to wild type keratinocytes.

These preliminary results need to be

repeated therefore data was not shown here. However, we showed that K5CDK4
epidermis has an elevated level of Smad3 phosphorylation at Thr 179, a CDK
specific site. This result suggested that CDK4 might block the TGF-β pathway in
mouse keratinocytes. Therefore, we decided to focus on the role of CDK4 in TGF-β
signaling as an alternative mechanism for the malignant phenotype observed in
K5CDK4 mice.
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Immunoblot and immunofluorescence experiments demonstrated that Smad3
downstream target p15Ink4b is at very low levels in K5CDK4 papillomas. The latter
suggest that phosphorylation Smad2/3 phosphorylation at Thr 179 influences
Smad2/3 transcriptional activity.

In this sense, tumors derived from CDK4-Ras

transfected primary keratinocytes also show altered levels of Smad3 transcriptional
target telomerase reverse transcriptase (TERT) (Lazarov, Kubo et al. 2002). In our
mouse models, we have shown the induction of TGF-β downstream target, p15Ink4a
in both K5CDK2 and K5CDK4D158N papillomas despite having elevated CDK2 kinase
activity. Altogether, these data suggest that inhibition of Smad2/3 and the inability to
induce p15Ink4b is a direct function of CDK4 kinase activity. The latter provides a new
epigenetic mechanism, which leads to loss of TGF-β anti-growth signaling in normal
and neoplastic growth.
We conclude that CDK2 does not behave as an independent oncogene nor
synergizes with Ha-Ras to induce tumor development or malignant progression to
SCC. In addition, our results suggest that CDK4 mediates malignant progression not
only through inibithion of pRb family of proteins, but also via inhibition of TGF-β
signaling. Whether this is a common event in mechanism in tumorigenesis merits
further investigation.
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CHAPTER III
CDK2 ablation reduces CDK4/Ha-Ras mediated malignant
progression, but does not alter c-Myc mediated tumorigenesis.
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3.1 Introduction
The pRb family of proteins, pRb, p107 and p130, are key substrates for G1
cyclin/CDK complexes, and negatively regulate the passage of cells from G1 to S
phase (Weinberg 1995). The Cip/Kip family of CDK-inhibitors, p21Cip1, p27Kip1 and
p57Kip2, form inactive complexes with CDK2-Cyclin E and CDK2-Cyclin A. Cip/Kip
family members p21Cip1 and p27Kip1 also bind CDK4,6/Cyclin D complexes but do not
interfere with their kinase activities (Blain, Montalvo et al. 1997; Labaer, Garret et al.
1997).

Thus, cyclin D-CDK4 may sequester p27Kip1, controlling the amount of

p27Kip1 available for inhibition of CDK2 activity. We and others have demonstrated
that indirect activation of CDK2 occurs by sequestration of p27Kip1 upon forced
expression of CDK4 (Bouchard, Thieke et al. 1999; Perez-Roger, Kim et al. 1999;
Miliani de Marval, Gimenez-Conti et al. 2001).
The role of CDK2 in cell proliferation is supported by several early reports in
this field. A dominant-negative form of CDK2 prevents growth of cells in culture (van
den Heuvel and Harlow 1993), and microinjection of antibodies against CDK2, cyclin
E, or cyclin A block initiation of DNA synthesis in mammalian cells (Pagano,
Pepperkok et al. 1992; Tsai, Lees et al. 1993; Ohtsubo, Theodoras et al. 1995).
However, in the last few years the concept that CDK2 is crucial for controled entry
into S phase was challenged when two independent groups reported the generation
of CDK2-/- mice (Berthet, Aleem et al. 2003; Ortega, Prieto et al. 2003). These mice
are viable, develop normally and show defects in meiosis, but not in mitosis. In
addition, CDK2 appears dispensable for cell cycle inhibition and tumor suppression
mediated by p27Kip1 and p21Cip1 (Martin, Odajima et al. 2005). Likewise, inhibition of
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CDK2 through expression of dominant-negative (DN) CDK2 or antisense
oligonucleotides did not prevent cell proliferation of cancer cells in vitro (Tetsu and
McCormick 2003). On the other hand, genetic ablation of CDK4 has a more dramatic
effect on normal cell proliferation and inhibition of tumorigenesis. CDK4-/- mice are
viable, but showed reduced body size suggesting growth retardation in several
tissues.

Severe defects leading to degeneration of pancreatic islet cells and

proliferative defects in the pituitary gland were observed (Rane, Dubus et al. 1999;
Tsutsui, Hesabi et al. 1999; Moons, Jirawatnotai et al. 2002; Moons, Jirawatnotai et
al. 2002). In addition, we and others have demonstrated the inhibition of tumor
development in CDK4-/- mice (Rodriguez-Puebla, Miliani de Marval et al. 2002; Zou,
Ray et al. 2002; Miliani de Marval, Macias et al. 2004). Altogether, these data lead
to the general concept that CDK4, but not CDK2 is a more favorable target for
therapeutic intervention.
In Chapter II, we demonstrated that elevated CDK2 kinase activity is
incapable of single-handedly enhancing tumorigenesis.

However, our previous

studies demonstrated that induction of keratinocyte proliferation by forced
expression of CDK4 or c-Myc is follow by CDK2 activation (Miliani de Marval,
Gimenez-Conti et al. 2001; Miliani de Marval, Macias et al. 2004; Miliani de Marval,
Macias et al. 2004). We also demonstrated that ablation of CDK4 results in reduced
CDK2 activity in K5-Myc/CDK4-/- epidermis due to redistribution of p21Cip1 and
p27Kip1 (Miliani de Marval, Macias et al. 2004). These results imply that CDK2
activity

contributes

to

CDK4-mediated

keratinocyte

proliferation

and

skin

tumorigenesis. Thus, CDK2 may not act as tumor promoter (K5CDK2), but it
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may be necessary for K5CDK4 and K5Myc tumorigenesis. To investigate this
hypothesis, we have generated K5CDK4/CDK2-/- and K5Myc/CDK2-/- compound
mice. In this chapter, we demonstrate that CDK2 plays an important role in CDK4induced keratinocyte proliferation. In addition, we show that CDK2 contributes to the
progression of chemically induced mouse skin tumors carrying Ha-ras activating
mutations. A decreased number of skin tumors and a strong reduction of malignant
progression to squamous cell carcinomas (SCCs) is clearly observed in
K5CDK4/CDK2-/- mice. In contrast, we found that CDK2 is dispensable c-Mycinduced tumorigenesis and keratinocyte hyperproliferation. Overall, we have
established that ras-induced tumors are more susceptible to CDK2 ablation than cMyc-induced tumors, suggesting that the efficacy of targeting CDK2 in tumor
development and malignant progression is dependent on the oncogenic pathway
involved.

3.2 Materials and Methods
3.2.1 Mouse Experiments and Pathological Analysis
K5CDK4, K5-Myc and CDK2-null mice were generated as previously
described (Miliani de Marval, Gimenez-Conti et al. 2001; Rounbehler, SchneiderBroussard et al. 2001; Ortega, Prieto et al. 2003). K5CDK4/CDK2-/- and
K5Myc/CDK2-/- compound mice were obtained by interbreeding the respective K5transgenic mice with CDK2+/-. K5-transgenic/CDK2+/- were then backcrossed with
CDK2+/- in order to obtain K5-transgenic/CDK2-/- mice. For two-stage carcinogenesis
experiments, newborn mice were initiated at day 1 after birth with a single
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application of 50 μg of DMBA in 50 μl of acetone on dorsal mouse skin. At day 21,
mice received 2.5 μg of TPA in 200 μl of acetone twice a week for 25 weeks. Skin
tumors were counted once a week until the end of the experiment at 40 weeks.
Malignant progression to SCC was determined by macroscopic observation and
further confirmed by histopathological analysis of paraffin-embedded H&E stained
cross sections.

3.2.2 Western Blots and Kinase Assays.
For Immunoblots protein lysates were collected from epidermal skin scrapes
with RIPA lysis buffer, 150 mM NaCl, 1.0% IGEPAL, 0.5% DOC, 0.1% SDS, 50mM
Tris (pH 8.0).

For immunoblot analysis of skin tumors, papillomas were snap

frozen in liquid N2 and crushed with a pestle and mortar.

Homogenates from

epidermal scrapes and papillomas were sonicated and centrifuged at 14,000 r.p.m at
4˚C. Supernatants were boiled in 2X lameli sample buffer for western blot analysis
or stored at -80C.

To asses CDK2 and CDK1 kinase activities proteins were

extracted and immunoprecipitated in NP-40 lysis buffer; Tris [pH 7.5], 150 mM NaCl,
0.5% NP-40, 50 mM NaF, 1 mM Na3VO4, 1 mM DTT, 1 mM PMSF. For CDK4
kinase activity proteins were extracted and immunoprecipitated with Tween 20
buffer; 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% Glycerol,
0.1% Tween 20, 1mM NaF, 1 mM Na3VO4 and 1 mM DTT. Briefly, 250ug of protein
lysates were immunoprecipitated with 2.5 ug of antibodies against CDK2 (M-20),
CDK4 (C-22), or CDK1 (C-19) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
2 hr at 4°C, then incubated with 35 µl of protein-A-agarose beads. Beads were
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washed twice each with IP buffer and kinase buffer (50 mM HEPES [pH 7], 10 mM
MgCl2, 5 mM MnCl2). Then, 30 μl of kinase buffer, 1 µg of pRb or histone H1
(Upstate Biotechnology Inc., Charlottesville, VA.) substrate, 5 μCi of [γ-32P]ATP
(6,000 Ci/mmol), 1 mM DTT, and 5 μM ATP were added to the bead pellet and
incubated for 30 min at 30°C. SDS sample buffer was added, and each sample was
boiled for 3 min to stop reaction and electrophoresed through polyacrylamide gels.
Western blot and kinase assay bands were quantified using UN-SCAN-IT gel ™
version 6.1 software for windows.

3.2.3 Immunostaining
For immunofluorescence tissue cross sections of formalin fixed skin tumors
were permeablized using citrate antigen retrieval buffer, blocked with 10% normal
serum and stained with antibodies for keratin 5 (Covance Research Products,
Berkeley, CA, USA) and keratin 13 (Novus Biological, Littleton, CO, USA) followed
by incubation with Alexafluor secondary antibodies (Molecular Probes). Epithelial
cell proliferation was measured by intraperitoneal injection of BrdU 30 min before the
mice were sacrificed by CO2 asphyxiation. BrdU incorporation was detected by
immunohistochemical staining of paraffin-embedded skin sections with mouse antiBrdU (Ab-2) monoclonal antibody (Calbiochem, San Diego, CA, USA), biotinconjugated anti-mouse antibody (Vector Laboratories, Inc., Burlingame, CA, USA)
and an avidin–biotin–peroxidase kit (Vectastain Elite, Vector Laboratories, Inc.) with
diaminobenzidine as chromogen.
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3.2.4 Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 Software (GraphPad
Software, San Diego, CA, USA)

3.3 Results
3.3.1 Biochemical and histological evaluation of K5CDK4 / CDK2-/- mice
CDK2 expression has been largely implicated in induction of cell proliferation
(Tsai, Lees et al. 1993; van den Heuvel and Harlow 1993; Ohtsubo, Theodoras et al.
1995), however, ablation of CDK2 does not affect cell cycle progression in mice,
only the meiotic process (Berthet, Aleem et al. 2003; Ortega, Prieto et al. 2003). We
previously demonstrated that overexpression of CDK4 in mouse skin results in
increase epidermal proliferation associated with elevated CDK4 and CDK2 kinase
activity, presumably due to sequestration of p27Kip1 and p21Cip1 (Miliani de Marval,
Gimenez-Conti et al. 2001; Miliani de Marval, Macias et al. 2004). In order to
determine if CDK2 is necessary for CDK4-induced epidermal proliferation and
malignant transformation, we have generated K5CDK4/CDK2-/- compound mice.
Consistent with previous results, analysis of epidermal proliferation demonstrates a
two-fold increase in the number of S-phase cells (BrdU-positive) in K5CDK4
epidermis compared with wild type mice (Figure 10). On the other hand, CDK2-null
mice do not show a difference in the level of keratinocyte proliferation compared with
wild type mice, however, ablation of CDK2 in K5CDK4 background (K5CDK4/CDK2/-

mice) diminishes proliferation triggered by CDK4 overexpression (K5CDK4 mice)

(Figure 10). Biochemical analysis of mouse epidermis shows that CDK2 ablation
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does not affect transgenic expression of CDK4 in K5CDK4/CDK2-/- compound mice,
which remains higher compared to wild type littermates (Figure 11). Moreover, loss
of CDK2 expression is not compensated by increased levels of endogenous CDK4
or CDK6 which although heterogeneous among siblings of same genotype, the
levels of expression were similar between CDK2-/- and wild type mice (Figure 11).
Consistent with our previous description of K5CDK4 model, we did not observe
differences in Rb protein levels (Miliani de Marval, Gimenez-Conti et al. 2001). In
addition, we did not detect changes in protein mobility consistent with pRbphosphorylation. In vitro kinase assay shows 3.7-fold increase in CDK2 activity in
epidermis from K5CDK4 mice (Figure 11C, IP CDK2) (Miliani de Marval, GimenezConti et al. 2001). K5CDK4 mice shows increase CDK4 kinase activity (6.6-fold)
compared with wild type mice and importantly, CDK2 ablation does not reduce this
kinase activity (K5CDK4/CDK2-/- mice, 7.2-fold increase) (Figure 11C, IP CDK4).
Interestingly, the kinase activity of endogenous CDK4 is also augmented, 7.8-fold, in
CDK2-/- epidermis compared with wild type epidermis. While p27Kip1 and p21Cip1
inhibit CDK2-Cyclin E, they act as assembly factors for CDK4-Cyclins D. Therefore,
to determine if elevated CDK4 kinase activity in CDK2-/- is due to a redistribution of
Cip/Kip

proteins

we

conducted

co-immunoprecipitation

experiments.

Immunoprecipitation of p27Kip1 does not show increased complex formation in CDK2/-

compared to wild type (Figure 11B). In addition, CDK4/p27Kip1 complex formation

in K5CDK4/CDK2-/- epidermis is similar to that found in K5CDK4 epidermis.

At

present, we do not know the molecular mechanism underlying this increase of CDK4
activity, but whether this is a compensatory mechanism in keratinocytes and/or other
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CDK2-/- cells warrant further investigations. Recently, it has been demonstrated that
CDK1 can compensate the loss of CDK2 by binding to cyclin E and cyclin A,
however, we did not observed increase CDK1 kinase activity in CDK2-/- or
K5CDK4/CDK2-/- mice (Figure 11C, IP CDK1) (Aleem, Kiyokawa et al. 2005; Bashir
and Pagano 2005; Kaldis and Aleem 2005).
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Figure 10. Epidermal proliferation in K5CDK4/CDK2-/- compound mice. A. BrdU
incorporation of representative paraffin skin sections from wild type (a), CDK2-/- (b),
K5CDK4 (c), and K5CDK4/CDK2-/- (d) mice at 40X magnification. Arrows indicate
BrdU-positive cells. B. Bar graph indicates quantification of BrdU labeling index from
interfollicular epidermis.
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In fact, a mild reduction in CDK1 kinase activity was observed in keratinocytes
lacking CDK2 expression, although we did not detect increased p27Kip1 complexed
with CDK1 (Figure 11B). We conclude that ablation of CDK2 does not affect normal
keratinocyte proliferation, but reduces CDK4-induced keratinocyte hyperproliferation.

3.3.2 CDK2 deficiency reduces skin tumor development and malignant
progression
We previously demonstrated that forced expression of CDK4 results in
increase malignant progression to skin squamous cell carcinomas (SCC) in a twostage carcinogenesis protocol (Miliani de Marval, Macias et al. 2004). This protocol
induces skin papilloma development by a single application of a carcinogen follow by
bi-weekly treatment with a tumor promoting agent causing a selection of cells
bearing Ha-ras mutations. In order to investigate the role of CDK2 in K5CDK4 skin
tumorigenesis, we determine the responsiveness of K5CDK4/CDK2-/- to the twostage carcinogenesis. Four group of mice (K5CDK4, CDK2-/-, K5CDK4/CDK2-/- and
wild type) (20 newborns each) were topically treated with DMBA followed 2 weeks
later with bi-weekly applications of TPA. TPA treatment was continued for 25 weeks
and the incidence and multiplicity of papillomas and SCCs were scored in each
group for 40 weeks. Note that no spontaneous skin tumors were detected in
untreated mice. The incidence of papilloma reaches a plateau at ~15 weeks in
K5CDK4 and wild type mice where 100% and 97 %, respectively, develop skin
tumors (Figure 12B).
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Figure 11. Biochemical analysis of K5CDK4/CDK2-/- epidermal lysates.
A.
Immunoblots analysis of epidermal protein lysates from age matched wt (1-2),
CDK2-/- (3-4), K5CDK4 (5-6) and K5CDK4/CDK2-/- (7-8) mice with actin used as
loading control. Antibodies against CDKs and pRb are indicated on the left column.
B. p27 complex formation with CDK4 and CDK1 carried out by immunoprecipitating
epidermal lysates with p27 antibody followed by immunblot analysis for CDK4,
CDK1 and p27 as a control. CDK kinase assays were carried out with antibodies
against CDK4 (IP CDK4), CDK2 (IP CDK2) and CDK1 (IP CDK1) using pRb and
histone H1 peptides as substrates. Fold increase in CDK kinase activities gauged in
comparison to wild type activity.
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Reduced tumor incidence was observed in CDK2-/- and K5CDK4/CDK2-/- littermates
that reached a plateau of 82% and 70% of mice with tumors (Figure 12A). Ablation
of CDK2 also results in decreased number of tumors per mouse (multiplicity). At 20
weeks of promotion the four groups of mice reached a plateau where reduced
papilloma multiplicity was observed in K5CDK4 mice compared with wild type
littermates (8.5 and 6 papillomas per mouse respectively) (p<0.05; Mann-Whitney U
test) (Figure 12B). CDK2 deletion results in the development of fewer papillomas in
both CDK2-/- and K5CDK4/CDK2-/- mice (3.5 tumors/mouse) compared with wild type
and K5CDK4 mice (p<0.05; Mann-Whitney U test) (Figure 11B). Consistent with our
previous studies, SCCs develop rapidly and in greater number in K5CDK4
transgenic mice (Figure11C) (Miliani de Marval, Macias et al. 2004). The first SCC
appeared at 22 weeks of promotion and 70% of K5CDK4 mice had developed SCC
by 40 weeks of promotion. In sharp contrast, CDK2 ablation leads to a strong
reduction of malignant progression since only 28% of K5CDK4/CDK2-/- mice
developed SCCs (p<0.05) (Figure 11C).

K5CDK4/CDK2-/- mice also exhibit an

increased SCC latency period, where the first SCC was observed at 29 weeks of
promotion. SCC incidence was similar between CDK2-/- and wild type littermates
where only 15-20% of mice develop SCCs (Figure 11C).
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Figure 12. Effect of CDK2 deletion on Ras-CDK4 mediated skin tumorigenesis. A.
Percentage of mice with at least one papilloma (tumor incidence) within 40 weeks of
promotion with 2.5 µg TPA given twice weekly. B. Average number of papillomas
per mouse (tumor multiplicity) within 40 weeks of promotion with 2.5 µg TPA given
twice weekly. C. Percentage of mice with squamous cell carcinomas (SCC
incidence) within 40 weeks of promotion with 2.5 µg TPA given twice weekly. Wt
(■), CDK2 (x), K5CDK4 (▲) and K5CDK4/CDK2-/- (●) mice.
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Histopathological analysis was performed with 30-40 week old skin tumors
graded as papillomas or SCCs according to a modified Broder's classification (KleinSzanto 1997; Klein-Szanto and Conti 2002).

This classification system divides

SCCs into four grades: 1) SCC I: well differentiated SCC, most of the tumor mass
composed of differentiated cells; 2) SCC II: moderately differentiated with
approximately 50% of differentiating cells; 3) SCC III: poor differentiated tumor with
little keratinization and 4) SCC IV: poorly differentiated tumors with marginal or no
keratinization, including spindle cell carcinomas (Klein-Szanto, Larcher et al. 1989;
Klein-Szanto 1997). Most of the wild type tumors analyzed were benign papillomas
(60%) and 40% were classified as SCC I. On the other hand, analyzed tumors from
K5CDK4 mice were classified as SCC I (45%), SCC II (25%) and SCC III (5%) and
papillomas (25%). These data are consistent with our previous observation that
forced expression of CDK4 increases the rate of malignant conversion (Miliani de
Marval, Macias et al. 2004). In sharp contrast, only 43% of the K5CDK4/CDK2-/tumors were classified as SCC and all of them were well differentiated (SCC I) and
no SCC II or III were observed in this group. Finally, CDK2-/- mice showed a
spectrum of tumors similar to wild type littermates (Table 1). Consistently, K5CDK4
carcinomas showed strong positive immunofluorescence staining for keratin 13
(K13), a malignancy marker in squamous epithelia (Nischt, Roop et al. 1988),
whereas SCC from K5CDK4/CDK2-/- mice were K13-negative (Figure 13), further
confirming that SCC from K5CDK4/CDK2-/- mice were well differentiated SCC and
less aggressive than K5CDK4 SCC.
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Table 1. Histopathologic analysis of K5CDK4/CDK2-/- skin tumors
No of
No (%) of tumors classified as: *
Mice
tumors/group Papillomaa
SCC Ib
SCC IIc
SCC IIId
Wild type
23
14 (60)
9 (40)
0 (0)
0 (0)
CDK2-/12
8 (66)
4 (33)
0 (0)
0 (0)
K5CDK4
20
5 (25)
9 (45)
6 (25)
1 (5)
K5CDK4/CDK2-/14
8 (57)
6 (43)
0 (0)
0 (0)
a

b

χ2, p< 0.05. No atypia in basal layers. Well differentiated SCC, most of the tumor mass composed of differentiated
c

d

cells. Moderately differentiated with approximately 50% of differentiating cells. Poorly differentiated tumor with little
keratinization, approximately 10-25% of the tumor composed of differentiating cells.

*Skin tumors were graded as papillomas or SCCs according to a modified Broders classification
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Figure 13. Keratin expression in K5CDK4/CDK2-/- mouse skin tumors. Expression
of normal differentiation marker keratin 5 (K5) (green) was detected by
immunofluorescence in all paraffin cross sections of wild type papillomas (a),
K5CDK4 SCC (c), and K5CDK4/CDK2-/- SCC (e). Note that while the normal pattern
of K5 expression (basal cell layer), as seen in wt papillomas, is lost in SCCs. SCC
from K5CDK4 mice (e) stain positive for keratin 13 (K13) (red), marker associated
with malignant progression. Magnifications at 200X; Dapi (blue) used as nuclear
counter stain.
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Biochemical analysis of skin tumors from the four genotypes indicates that
ablation of CDK2 results in a mild reduction in the transgenic expression of CDK4 in
K5CDK4/CDK2-/- compound mice (Figure 14A, lines 5-7 and 8-10). The mechanism
and consequences of this mild reduction in transgenic CDK4 expression warrants
further investigation. Regardless, CDK4 protein levels remain significantly higher in
comparison to wild type papillomas. Moreover, no compensation by CDK1 was
observed in CDK2-/- tumors, and all tumors showed similar level of pRb
phosphorylation (Figure 14A).

Interestingly, p15Ink4b expression was reduced in

K5CDK4 tumors independently of the CDK2 status. We hypothesized that CDK4
expression increases Smad3 phosphorylation resulting in inhibition of p15Ink4b
expression. Consistent with this hypothesis Liu et al. has shown elevated Smad3
phosphorylation by CDK4 and CDK2 (Liu and Matsuura 2005; Liu 2006). Whether
reduction of p15Ink4 levels take part in the increase susceptibility of K5CDK4 mice to
malignant transformation warrant further investigation. Consistent with our previous
reports, in vitro kinase assays show that CDK2 kinase activity is markedly elevated
in K5CDK4 papillomas (lanes 5-7) in comparison to wild type papillomas (lanes 1-2)
(Figu14B, IP CDK2).

Finally, similar levels of CDK4 kinase activity were also

observed in K5CDK4 (lanes 5-7) and K5CDK4/CDK2-/- (lanes 8-10) tumors (Figure
14B, IP CDK4).

We conclude that lack of CDK2 expression decreases papilloma

development and more importantly abolishes malignant progression induced by
forced overexpression of CDK4 in ras-dependent tumorigenesis.
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Figure 14. Biochemical analysis of K5CDK4/CDK2-/- papillomas. Protein lysates
from 30 week papillomas obtained from wt, CDK2-/-, K5CDK4 and K5CDK4/CDK2-/mice were separated by SDS-PAGE, transferred to nitrocellulose membrane and
blotted for CDK1, CDK2, CDK4, p15Ink4b and total pRb. Actin used as loading
control.
Hyperphosphorylation (ppRb) and hypophosphorylation (pRb) of
retinoblastoma protein was denoted on the right. B. CDK kinase assays were
carried out with antibodies against CDK4 (IP CDK4) and CDK2 (IP CDK2) using pRb
and histone H1 peptides as substrates, with fresh lysates extracted from papillomas.
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3.3.3 Lack of CDK2 expression does not inhibit oral tumor development
Overexpression of the murine c-myc gene in the basal cell layer of epithelium
(K5Myc mice) results in epidermal hyperplasia and hypertrophy (Rounbehler,
Schneider-Broussard et al. 2001; Miliani de Marval, Macias et al. 2004). In addition,
a high incidence of spontaneous tumors was observed in the oral mucosa of K5Myc
transgenic mice (Rounbehler, Schneider-Broussard et al. 2001; Miliani de Marval,
Macias et al. 2004). These results showed that c-myc acts as an oncogene in the
stratified epithelium, but the mechanisms leading to the malignant phenotype are not
fully understood. Interestingly, K5Myc mice exhibit elevated CDK4 protein levels
and ablation of CDK4 inhibits c-myc tumorigenic activities in epithelial tissues and
reduces CDK2 activity, presumably through redistribution of p27Kip1 that bind and
inhibit CDK2 (Miliani de Marval, Macias et al. 2004). In order to investigate whether
CDK2 mediates the oncogenic activities of c-myc, we developed K5Myc transgenic
mice that lack the expression of CDK2 (K5Myc/CDK2-/- mice). These mice, along
with K5Myc, CDK2-/- and wild type siblings, were analyzed for the development of
spontaneous tumors. Histological analysis of mice bearing the c-myc transgene
revealed tumors of oral mucosa (Figure 15A). These tumors were classified as oral
SCCs consisting of islands and cords of neoplastic epithelial cells showing a variable
degree of squamous differentiation with occasional keratin pearls in the centers.
The invasive margins of the tumor are surrounded by proliferative fibrous connective
tissue. Oral tumors were observed in K5Myc mice as young as 8 weeks old with an
incidence of ~95% (Figure 15B).

In sharp contrast to our previously published

K5Myc/CDK4-/- mice (Miliani de Marval, Macias et al. 2004), K5Myc/CDK2-/- mice
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develop tumors with the same frequency as K5Myc mice (Figure 15B).

Cell

proliferation analysis of oral cavity tumors did not reveal any obvious differences
between the two genotypes (Figure 16). Wild type and CDK2-/- littermates did not
show any signs of spontaneous tumor development up to 18 months of age. Thus,
mice with genetic ablation of CDK2 remain fully susceptible to Myc-driven
tumorigenesis of the oral mucosa. Collectively, these data indicate that CDK2 does
not play a relevant role in the development of the spontaneous oral tumors observed
in K5Myc mice.

3.3.4 CDK2 is dispensable for c-myc mediated keratinocyte proliferation
We also asked whether CDK2 mediates the epidermal hyperproliferation
phenotype triggered by Myc overexpression. Thus, we analyzed the epidermis of
K5Myc and K5Myc/CDK2-/- mice.

The skin of K5Myc mice shows hyperplasia

(increase cell number) (Figure 17). Abrogation of CDK2 expression (K5Myc/CDK2-/-)
does not result in reversion of epidermal hyperplasia and the hyperkeratosis
(accumulation of keratinized cells in the epidermal surface) characteristic of Myc
overexpression persist (Figure 17A). Several reports have demonstrated that Myc
induces the transcription of CDK4 (Erisman, Rothberg et al. 1985; Augenlicht,
Wadler et al. 1997; Hermeking, Rago et al. 2000). Consistent with these results, we
demonstrated that CDK4 and c-Myc overexpression results in CDK2 activation
through sequestration of p27Kip1 and p21Cip1 by CDK4 (Miliani de Marval, GimenezConti et al. 2001; Miliani de Marval, Macias et al. 2004). Furthermore, CDK2 activity
was inhibited in K5Myc/CDK4-/- epidermis, most likely due to redistribution of the
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CDK2 inhibitors p27Kip1 and p21Cip1 (Miliani de Marval, Macias et al. 2004). In order
to evaluate whether expression and kinase activity of CDK4 was affected by the lost
of CDK2 expression in K5Myc epidermis, we studied protein expression and in vitro
kinase activity in epidermis from K5Myc/CDK2-/- compound mice. Protein extracts
from mouse epidermis were subject to western blot analysis for CDK4 and CDK2.
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Figure 15. Effects of CDK2 ablation development of c-Myc induced oral squamous
cell carcinomas. A. H&E stained paraffin sections of 3 month old decalcified mouse
heads from K5-Myc and K5-Myc/CDK2-/- mice show similar levels of fibrosis and
areas of invasion, denoted by arrows, top panel. B. Percentage of mice with Mycinduced oral SCCs. Oral SCC formation, consisting of neoplastic epithelial cell
cords with a variable degree of squamous differentiation and occasional keratin
pearls (K) in the centers. Original magnification at 400X; K, keratin pearls; De,
dentin.
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Figure 16. Proliferation in oral cavity of K5Myc/CDK2-/- mice. Incorporation of BrdU
in S phase cells is restricted to basal cell layer of the gingival epithelium in wild type
mice (A-B). In contrast, brdU positive cells are show around epithelial tumor and
areas of invasion in K5Myc (C-D) and K5Myc/CDK2-/- mice. Original magnifications
at 40X and 400X.
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Figure 17. Epidermal phenotype of K5Myc/CDK2-/- mice. Paraffin sections of skin
from K5Myc/CDK2-/- and control littermates stained with H&E show that loss of
CDK2 does not affect c-myc induced epidermal hyperplasia. B. This was
confirmed by quantification of interfollicular keratinocytes. Arrow indicates epidermis
(E); dermis, D.
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Consistent with our previous results the level of CDK4 was two-fold higher in K5Myc
compared to wild type epidermis and absence of CDK2 does not modify CDK4
expression (Figure 18A). As previously reported the kinase activity of CDK4
increases 5.2-fold in K5Myc epidermis (Figure 18B, IP CDK4). Elevation in CDK4
kinase activity was also observed in K5Myc/CDK2-/- epidermis (3.7-fold) compared to
wild type mice.

As expected increased CDK2 kinase activity was observed in

K5Myc mice (3-fold) due to sequestration of p27Kip1 and p21Cip1 due to elevated
levels of CDK4 whereas a baseline activity was observed in the other three
genotypes (Figure 18B, IP CDK2) (Miliani de Marval, Macias et al. 2004).
Collectively, these results indicate that lack of CDK2 is dispensable for c-myc-induce
epidermal proliferation.
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A.
Figure 18.
Biochemical analysis of K5Myc/CDK2-/- mouse epidermis.
Immunoblot analysis of wild type (1), CDK2-/- (2), K5-Myc (3) and K5-Myc/CDK2-/- (4)
epidermal lysates for CDK2, CDK4 and actin as loading control. In vitro kinase
assay for CDK4 (B) and CDK2 (C) using pRb and histone H1 peptides as
substrates, respectively.
Fold increase in CDK kinase activities gauged in
comparison to wild type activity.
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3.4 Discussion
The concept that CDK2 is essential for controlled entry into S phase and the
onset of DNA replication was challenged a few years ago when two independent
groups reported the generation of CDK2-/- mice (Berthet, Aleem et al. 2003; Ortega,
Prieto et al. 2003). These mice are viable, develop normally and only show meiotic
defects. These results were surprising, as CDK2 was thought to be required for
promoting G1/S transition. In addition, it was also demonstrated that cancer cells
can proliferate in absence of CDK2 (Tetsu and McCormick 2003). Thus, data has
accumulated in the last few years introducing the concept that CDK2 is not an
adequate target for therapeutic intervention. In this chapter, we have investigated
the role of CDK2 in two oncogenic pathways. We have clearly shown that CDK2
contributes Ras-CDK4 malignant progression but is dispensable for c-Myc driven
oral squamous cell carcinomas.
We have previously shown that forced expression of CDK4 in mouse skin
induces keratinocyte proliferation and malignant progression in a ras-dependent skin
tumorigenesis model (Miliani de Marval, Gimenez-Conti et al. 2001; Miliani de
Marval, Macias et al. 2004). Genetic mouse models have shown that cells proliferate
well in the absence of individual CDKs or Cyclins. The latter suggest that there is
some redundancy or plasticity in normal cell proliferation by remaining CDKs and
Cyclins,

possibly

through

the

reassignment

of

cyclin-CDK

complexes

or

compensation by increased kinase activity. For example, CDK1 as a partner for
Cyclin E in CDK2-/- mice and the ability of D-type cyclins to activate CDK2 in
CDK4/CDK6 double knockout MEFs (Malumbres, Sotillo et al. 2004; Aleem,
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Kiyokawa et al. 2005). Here, we have examined the skin of CDK2-/- mice which is
structurally and functionally similar to that of wild type siblings. It has been reported
that CDK1 activation compensates for the absence of CDK2 in thymocytes, although
this mechanism may be dependent on the absence of p27Kip1(Aleem, Kiyokawa et al.
2005). Our biochemical analysis of CDK2-/- epidermis shows a reduction rather than
activation of CDK1. However, we observed increased activity of CDK4 in the
epidermis of CDK2-/- mice (Figure 11C, IP CDK4 ). Since p27Kip1 stabilize CDK4/Dtype cyclin complexes (Cheng, Olivier et al. 1999), it was possible that in absence of
CDK2, redistribution of p27Kip1 increases CDK4/D-type cyclin/p27Kip1 complex
formation. Nevertheless, biochemical analysis did not show increased formation of
those complexes. Whether increased CDK4 kinase activity compensates for CDK2
in the epidermis merits further investigation. The importance of the CDK4-CDK2 link
in keratinocyte proliferation was demonstrated by the activation of CDK2, through
titration of p27/p21, by forced expression of CDK4 (Miliani de Marval, Gimenez-Conti
et al. 2001; Miliani de Marval, Macias et al. 2004) and the reduction of the total
number of proliferative cells in K5CDK4/CDK2-/- epidermis compared to K5CDK4
mice. Therefore, activation of CDK4 and CDK2 kinases are necessary for epidermal
hyperproliferation observed in K5CDK4 mice.
We also studied whether CDK2 is required for CDK4-induced malignant
progression to SCCs. In our experimental setting overexpression of CDK4 reduces
the average number of papillomas per mouse (multiplicity), although the number of
mice with at least one papilloma (incidence) was similar between K5CDK4 and wild
type mice. Lack of CDK2 leads to significant reduction of papilloma incidence and
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multiplicity in both, K5CDK4/CDK2-/- and CDK2-/- mice. More importantly, lack of
CDK2 expression in a K5CDK4 background (K5CDK4/CDK2-/- mice) results in clear
reduction of CDK4-induced malignant progression to SCCs. Therefore, lack of CDK2
affects papilloma development and more importantly, CDK2 expression is required
for CDK4-induced malignant progression. Histopathological analysis of tumors from
the four genotypes confirms the role of CDK2 in SCC progression. Tumors from
K5CDK4 mice were classified as regular papillomas and SCC I, II, and III; whereas
most of the K5CDK4/CDK2-/- tumors were regular papillomas and no SCCs II or III
were observed. In addition, K5CDK4 carcinomas showed areas of strong positive
immunofluorescence staining for keratin 13 (K13), a malignancy marker in
squamous epithelia (Nischt, Roop et al. 1988), whereas SCCs from K5CDK4/CDK2-/mice were K13-negative.
We have previously demonstrated that cyclin D1 and CDK4 expression plays
an important role in papilloma development (Bianchi, Fischer et al. 1993; Robles and
Conti 1995; Robles, Rodriguez-Puebla et al. 1998; Rodriguez-Puebla, LaCava et al.
1998). We determined that cyclin D1 expression is not affected in CDK2-/- papillomas
The latter confirms that reduced papilloma formation and progression in CDK2-/- and
K5CDK4/CDK2-/- compound mice is not due to altered D-type cyclin levels. We also
observed a mild reduction of the expression of transgenic CDK4 in tumors from
K5CDK4/CDK2-/- mice compared with K5CDK4 papillomas (Figure 14). However,
the CDK4 protein levels were still higher than wild type mice. Thus, the reduction of
transgenic-CDK4 is not responsible for the reduction in the number of papillomas
and SCC in K5CDK4/CDK2-/- mice. We previously reported, that two independent
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K5CDK4 transgenic lines exhibiting different levels of CDK4 protein expression
develop SCCs at a similar rate (Miliani de Marval, Macias et al. 2004). Similar to
CDK1 expression in epidermis, CDK1 protein levels were variable among tumors
from the same genotype, but there are no relevant differences in CDK1 levels
among the four genotypes.
In chapter 2 we suggested that K5CDK4 mediated malignant progression is
due to the inhibition of Smad3 antiproliferative effects.

We demonstrated that

K5CDK4 papillomas but not K5CDK2 or K5CDK4D158N papillomas had reduced
protein levels of p15Ink4b.

Transcription of p15Ink4b can be down-regulated via

phosphorylation and inactivation of Smad3 by CDK4 (Liu and Matsuura 2005; Liu
2006).

However, decreased p15Ink4b was observed in both K5CDK4 and

K5CDK4/CDK2-/-, suggesting that its downregulation is not responsible for CDK4induced malignant progression.
Experimental data obtained from K5CDK4/CDK2-/- compound mice have
shown that CDK2 is dispensable for normal keratinocyte proliferation but plays an
important role in tumor progression. Interestingly, Duensing et al. determined that
CDK2 is dispensable for normal centrosome duplication, but required for oncogeneinduced centrosome overduplication (Duensing, Liu et al. 2006). Thus, lack of CDK2
could also abrogate centrosome overduplication in epithelial tumor cells protecting
the cells against genomic instability, a mechanism involved in malignant
progression.

The present study also shows a reduction in the total number of

chemically induced tumors in both CDK2-/- and K5CDK4/CDK2-/- mice suggesting
that CDK2 may play an important role in cell survival. To this effect, Huang et al
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have recently shown that CDK2 influences survival of cells under genotoxic stress
by inhibiting the forkhead transcription factor, FOXO1.

Importantly, CDK2

phosphorylates and inhibits the pro-apoptotic function of FOXO1 (Huang, Regan et
al. 2006; Huang and Tindall 2007). Thus, CDK2 ablation could restore or increase
FOXO1 activity leading to reduced tumorigenesis.
We have previously demonstrated that CDK4 ablation, but not cyclin D2,
inhibits c-myc-mediated oral tumorigenesis (Miliani de Marval, Macias et al. 2004).
Here we show that deletion of CDK2 in a K5Myc background does not affect tumor
development as 93% of K5Myc/CDK2-/- mice developed oral tumors. These tumors
were classified as SCCs showing a variable degree of squamous differentiation. No
difference in tumor incidence or the degree of differentiation was observed between
K5Myc and K5Myc/CDK2-/- mice as opposed to K5Myc/CDK4-/- mice which did not
develop tumors (Miliani de Marval, Macias et al. 2004). Immunostaining analysis of
Myc-induced oral tumors revealed the same levels of proliferation (BrdU-positive
cells) in the epithelial compartment of the oral tumors. Thus, it is clear that lack of
CDK2 does not affect the proliferation mediated by c-Myc. We have established that
CDK2 contributes to ras/CDK4-induced malignant progression but dispensable for cMyc-induced oral tumors.

This latter is in accord with work demonstrating that

aberrant levels of cyclin E in T-lymphocytes cooperates with Ras expression but not
c-Myc in T-cell lymphomas (Karsunky, Geisen et al. 1999). These data are
surprising since it is well documented that deregulated Myc activity leads to the
activation of CDK2-Cyclin E complexes (Muller, Bouchard et al. 1997; Perez-Roger,
Solomon et al. 1997; Amati, Alevizopoulos et al. 1998).
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Furthermore, CDK2 is

strongly expressed in human oral squamous cell carcinomas (Shintani, Mihara et al.
2002). To determine the effect of c-Myc in other tissues, we also analyzed mouse
epidermis from K5Myc and K5Myc/CDK2-/- mice. In contrast to the reduced
proliferation mediated by lack of CDK4, ablation of CDK2 did not result in
suppression of the epidermal phenotype observed in K5Myc mice. As we previously
reported, overexpression of CDK4 was observed in K5Myc epidermis and it was not
affected by CDK2 ablation (Hermeking, Rago et al. 2000; Miliani de Marval, Macias
et al. 2004). Consequently, lack of CDK2 cannot suppress the epidermal phenotype
mediated by c-myc suggesting that CDK4 plays a unique role in myc induced
keratinocyte proliferation (Dang 1999; Dang, Resar et al. 1999). Thus, our results
suggest that CDK2 is dispensible for myc-induce proliferation not only in the gingival
epithelium, but as a general characteristic of myc-induced proliferation in epithelial
tissues. In addition to inducing proliferation, Myc can also drive apoptosis which
serves as a barrier to unchecked cellular proliferation (Yin, Grove et al. 2001;
Pelengaris, Khan et al. 2002). In this sense, it was recently described that the
removal of CDK2 suppressed the ability of Myc to induce apoptosis (Deb-Basu,
Aleem et al. 2006). Thus, it is possible that loss of CDK2 reduces the c-mycmediated apoptosis supporting tumor development.
In summary, our data suggest that the efficacy of targeting CDK2 in tumor
development and malignant progression is dependent on the specific oncogenic
pathway involved.

Similarly, other groups have shown that different oncogenic

pathways respond differently to the inhibition of cell cycle regulators. For instance,
cyclin D1-deficient mice are resistant to breast cancers induced by ras, but remain
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fully sensitive to other oncogenic pathways such as those driven by myc or Wnt-1
(Yu, Geng et al. 2001). Also, CDK1 inhibition induces apoptosis in tumor cell lines
transformed with myc, but not Ras or a variety of other activated oncogenes (Goga,
Yang et al. 2007). Whether loss of CDK2 inhibits tumorigenesis mediated by other
pathways such as neu or wnt remains to be determined. Overall, we have
established that ras/CDK4-induced tumors are more sensitive to CDK2 inhibition
than myc-induced tumors. Therefore, the suitability of CDK2 as a target for
therapeutic intervention must be considered in the context of the particular
oncogenic pathway activated.
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CHAPTER IV
Transgenic expression of CDKs in mouse embryonic oral cavity
is specifically retained in the adult adenohypophysis and
collaborates in pituitary tumorigenesis.
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4.1 Introduction
In numerous studies it is proposed that the retinoblastoma (Rb) family of
proteins, pRb, p107 and p130, regulate passage through the R-point (Sherr 1994;
Weinberg 1995). This passage is characterized by the inactivation of pRb via its
sequential phosphorylation by cyclin-dependent kinases.

Proper controls of the

mechanisms, which regulate R-point passage, are critical for maintaining normal
levels of proliferating cells, avoiding hyperplastic and neoplastic growth.

Cyclin-

dependent kinase 2, 4, and 6 belong to a family of serine/threonine kinases whose
primary targets are the members of the pRb protein family. The activity of CDK4
and CDK6 is dependent upon the availability and complex formation with their
regulatory subunits D-type cyclins, D1, D2 and D3. CDK2 is activated by complex
formation with E and A-type cyclins. The activity of CDKs is subject to additional
levels of regulation, which include their association with inhibitory molecules such as
the INK4 and CIP/KIP family of proteins (Xiong, Hannon et al. 1993; Xiong 1996).
Disruption of the pRb pathway in various genetically engineered mouse models
leads to deregulated growth of mouse pituitary gland. Mice heterozygous for pRb
and nullizygous for p18Ink4c or p27Kip1 develop spontaneous intermediate lobe tumors
(Fero, Rivkin et al. 1996; Kiyokawa, Kineman et al. 1996; Nakayama, Ishida et al.
1996; Pei, Bai et al. 2004). Knock-in mice for CDK4R24C, a CDK4 mutant insensitive
to p16Ink4a inhibition, develop pituitary adenomas of the anterior lobe (Sotillo, Dubus
et al. 2001; Sotillo, Renner et al. 2005). Coincidently, mice nullizygous for CDK4
develop a hypoplastic pituitary gland and display lactotroph dysfunction and infertility
(Moons, Jirawatnotai et al. 2002; Moons, Jirawatnotai et al. 2002). Similarly G1/S
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regulators have been found to be altered in sporadic pituitary adenomas (Simpson,
Frost et al. 2001; Vax, Bibi et al. 2003). The pituitary gland is made up of two
morphologically

distinct

compartments,

the

adenohypophysis

and

the

neurohypophysis. The adenohypophysis, made up of the anterior and intermediate
lobes, is derived from an upwards growth of the primitive oropharnyx, known as
Rathke’s pouch (RP).
Previously, we reported the effects of transgenic expression of CDK4 and Dtype cyclin in epithelial tissues driven by the keratin 5 (K5) promoter (Robles,
Larcher et al. 1996; Rodriguez-Puebla, LaCava et al. 2000; Miliani de Marval,
Gimenez-Conti et al. 2001). Expression of reporter genes under the K5 promoter
readily show expression in the basal cell layer of the epidermis, thymic reticulum,
digestive tract, and the oral mucosa (Ramirez, Bravo et al. 1994). Although the
pituitary gland is derived from the oral ectoderm, it does not express keratin 5 and
transgenes under the K5 promoter were not previously detected in this organ
(Ramirez, Bravo et al. 1994). In this chapter, we describe the retention of humanCDK4 (hCDK4) and human-CDK2 (hCDK2) transgene expression under the K5
promoter in the adult mouse pituitary gland.

We determine that the sustained

expression of hCDKs is transgene specific, as no other K5 transgenic mice analyzed
show expression in the pituitary gland. Expression of hCDKs in pituitary cells is
maintained in an undifferentiated epithelial-like cell population with transient
amplifying (TA) cell characteristics. We observed strong synergistic effect between
expression of hCDK4 and lack of p27Kip1 resulting in aggressive pituitary
carcinomas. On the other hand, expression of hCDK2 does not synergize with loss
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p27Kip1. We conclude that expression of hCDK4 and hCDK2 are specifically retained
in the pituitary intermediate lobe, likely through a mechanism that favors selection of
cells with elevated CDK activity. The expression of hCDK4 in a TA-like cell
population affects the total number of stem cells and remains in the adult organ as
non-tumorigenic cells, but collaborate with loss of p27Kip1 in tumor development.
These tumors are initiated by inactivation of the Kip/Cip inhibitory pathway (Fero,
Rivkin et al. 1996; Kiyokawa, Kineman et al. 1996; Nakayama, Ishida et al. 1996)
suggesting that CDK4 expression synergize with p27Kip1 loss by accelerating
malignant tumor progression.

4.2 Materials and Methods
4.2.1 Mouse Experiments
Generation of K5CDK4, K5D3, K5D2 and K5-EGFP (KGS-377) transgenic
mice were previously reported (Rodriguez-Puebla, LaCava et al. 2000; Miliani de
Marval, Gimenez-Conti et al. 2001). Cdk4-null mice were developed by gene
targeting disruption by Tsutsui et al. (Tsutsui, Hesabi et al. 1999). Mice nullizygous
for p27Kip1 are commercially available (Strain, B6.129S4-Cdkn1btm1Mlf, The Jackson
Laboratory, Bar Harbor, Maine). K5CDK4D158N and K5CDK2 mice were develop by
cloning a cDNA contained the human CDK4 carrying the D158N mutation or humanCDK2 into the vector pBK5 which contained the 5.2 Kb bovine keratin 5 regulatory
sequences, β-globin intron 2 and the 3’ polyadenylylation sequences. This
constructs was designated as pK5CDK4D158N and pK5CDK2. The transgene was
excised from the plasmid vector by digestion with BssHII and microinjected into an
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FVB inbred strain at Science Park Transgenic Mouse Facility, M.D. Anderson
Cancer Center, Smithville, Texas.

4.2.2 Pathological Analysis and Immunostaining
Formalin fixed paraffin embedded pituitary samples were stained with H&E,
Helerant’s alizarin blue tetrachrome stain. Immunohistochemistry was performed
with antibodies against adrenocorticotropic hormone (ACTH), alpha melanocytestimulating hormone (α-MSH) (Dako North American Inc), prolactin (PRL) and
growth hormone (GH) (The National Hormone and Peptide Program, Harbor-UCLA
Medical Center).

E13.5 and E17.5 tissue samples were fixed in 4%

paraformaldehyde for 48 hrs at 4oC and then frozen in OCT with liquid N2 or
embedded in paraffin wax. Tissue cross sections of developing and adult pituitary
were permeabilized using citrate antigen retrieval buffer, blocked with 10% normal
serum and stained with antibodies for CDK4 (H-22), CDK4 (C-22), CDK2 (M-20),
Cyclin D3 (C-16) Cyclin D2 (M-20) and PCNA (Santa Cruz Biotechnologies, Santa
Cruz, CA). For DAB chromogen visualization samples are incubated for 1.5 hrs with
biotin-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA) or
Alexafluor secondary antibodies for immunfluorescence (Molecular Probes). Frozen
cross sections of K5-GFP transgenic embryos were directly counterstained with
DAPI and visualized under fluorescence microscope for EGFP expression using a
465-495 nm filter.
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4.2.3 Western Blots, Immunoprecipitation and Kinase Assays
Pituitary glands were homogenized with an eppendorpf mortar in lysis buffer,
150 mM NaCl, 1.0% IGEPAL, 0.5% DOC, 0.1% SDS, 50mM Tris (pH 8.0). Skin
protein lysates were collected from epidermal skin scrapes with lysis buffer as
described (Rodriguez-Puebla, Robles et al. 1998). Homogenates were sonicated
and centrifuged at 14,000 rpm at 4˚C. Supernatants were boiled in 2X sample buffer
for western blot analysis or stored at -80°C. Protein concentrations were determined
using Lowry Assay from Bio-Rad (Bio-Rad Laboratories, Inc., Hercules, CA). Fresh
protein preparations were immunoprecipitated for 2 h at 4˚C constant rotation with
protein A-agarose beads and specific polyclonal antibodies and washed three times
with wash buffer.

Immunoprecipitates were electrophoresed through acrylamide

gels and electrophoretically transferred onto nitrocellulose membranes. After
blocking with 5% nonfat powdered milk tris-buffered saline (TBS) the membranes
were incubated with specific antibodies.

Horseradish peroxidase-conjugated

secondary antibody (Amersham Corp., Arlington Heights, IL), followed by enhanced
chemiluminescense (ECL detection kit) (Amersham Corp.) were used for
immunoblotting detection. The antibodies used were: polyclonal anti-mouse CDK4
(C22) and anti-human CDK4 (H22), cyclin D2 (M20), cyclin D3 (C16), CDK2 (M-20)
and Actin (I-19) (Santa Cruz Biotechnology Inc.).
For kinase assays 250 µg of protein lysates were immunoprecipitated with 2.5
µg of antibody against CDK2 or CDK4. 30 µl of pre-coated antibody beads were
incubated with the lysates for 1 h at 4°C. The beads were washed twice with
IGEPAL buffer (Tris pH 7.5, 150 mM NaCl, NP40 0.5%, 50 mM NaF, 1mM Na3VO4,
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1 mM DTT, 1 mM PMSF) and twice with kinase buffer. Then, 30 µl of kinase buffer,
0.5 µg of pRb substrate (Santa Cruz Biotechnology, Inc.) or H1 (Upstate
Biotechnology); 5µCi γ-32P-ATP (6000 Ci/mmol), 1mM DTT, 5 µM ATP was added
to the bead pellet and incubated for 30 min at 30°C. Sodium dodecyl sulfate sample
buffer was added, and each sample was boiled for 5 min and electrophoresed
through acrylamide gel.

4.2.4 Identification of SP population in mouse pituitary
We used a method developed by Goodell et al for the identification of SP cells
of mouse pituitary gland (Goodell, McKinney-Freeman et al. 2005).

Mice were

euthanized using CO2 asphyxiation and perfused with PBS to rid the pituitary of any
blood. Pituitaries from transgenic or wild type mice were pooled and disassociated
into single cells by incubating in 0.25% trypsin for 15-30 min at 37˚C. Cells were
resuspended in DMEM/Ham’s F12 1/1 chemically defined serum free media as
described by Chen et al (Chen, Hersmus et al. 2005). Cells were incubated with
Hoechst 33342 at 2.5 μg/ml and with 100 μM concentration of verapamil in control
samples for 90 min at 37˚C.

Verapamil is used to confirm SP phenotype by

blockage of dye efflux capacity. Cells were centrifuged, washed and resuspended in
PBS/2% FBS and 2 μg/ml of propidium iodide (PI) for dead cell discrimination. Flow
cytometric analysis was conducted using a DAKO Cytomation MoFlo. Hoechst dye
was excited with a UV laser set at 350 nm and its fluorescence measured using a
450/20 BP filter (blue emission) and a 670 filter (red emission). Cells were analyzed
and sorted within living (PI negative) population.
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4.2.5 RT-PCR of Hoechst dye sorted SP and MP pituitary cells.
SP and MP cells were sorted into microcentrifuge tubes, pelleted and washed with
PBS. Total RNA was extracted using RNAqueous® Kit from Ambion according to
manufactures instruction (Ambion, Austin, TX).
DNase 1 for 30 min at 37

o

Samples were incubated with

C to avoid contamination with genomic DNA.

Approximately 30 ng of total RNA was used for first strand cDNA synthesis in the
following RT-PCR mixture:

4 μl 5X first strand buffer, 1 ul 0.1 M DTT, 1 μl

RNaseOUT recombinant RNase inhibitor, 1 μl of random hexamer primers (50μm),
1 μl 10 mM dNTP Mix, and 1 μl of SuperScript III reverse transcriptase and brought
to 20 μl with RNase free H2O, Invitrogen Life Technologies, Inc. RT mixture was
incubated at 65˚C for 5 min, 25˚C for 5 min 50˚C for 60˚C min and 70˚C for 15 min.
As a positive control RT was conducted with 30 ng of total RNA from disassociated
keratinocytes isolated from dorsal skin of adult K5CDK4 transgenic mice. PCR was
conducted using 1.5 µl of RT reaction.

PCR primers for K5CDK4 transgene

(Forward, GTG CTG TCT CAT CGA TTT GGC AA and backward GTC GGC TTC
AGA GTT TCC ACA G). RT-PCR for L19 ribosomal protein was used as internal
control.

4.3 Results
4.3.1 Keratin 5 promoter drives the expression of CDK4 and CDK2 in mouse
pituitary gland.
It is widely recognized that transgene expression under the keratin 5 (K5)
promoter is restricted to the stratified epithelium such as epidermis, oral epithelium,
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palate, tongue, esophagus, stomach, thymus, salivary glands and trachea (Ramirez,
Bravo et al. 1994). Thus, this promoter has been widely used to develop transgenic
mice, in order to study keratinocyte proliferation, differentiation and skin
carcinogenesis (Robles, Larcher et al. 1996; Pierce, Fischer et al. 1998; RodriguezPuebla, LaCava et al. 2000; Miliani de Marval, Gimenez-Conti et al. 2001;
Rounbehler, Schneider-Broussard et al. 2001; Matsumoto, Kiguchi et al. 2004). To
study the role of deregulated CDK4 we have developed transgenic mice expressing
hCDK4 under the K5 promoter (K5CDK4 mice) (Miliani de Marval, Gimenez-Conti et
al. 2001). Strong expression of the transgene was observed in the basal cell layer of
mouse skin and other stratified epithelium (Miliani de Marval, Gimenez-Conti et al.
2001). Unexpectedly, a detailed histochemical analysis of K5CDK4 mice revealed
expression of the transgene in the developing and adult pituitary gland. Similarly,
overexpression of hCDK2 under the K5 promoter also drives the expression to
stratified epithelium (our unpublished results). It is known that the pituitary gland
develops from two different sources; one of them the ectodermal ventriculum that
grows upwards from the roof of the primitive oral cavity, forming what is known as
Rathke’s Pouch (RP). This structure differentiates into the adenohypophysis in which
the pars anterior, the pars intermedia and the pars tuberalis are clearly marked. As
expected, a close analysis of K5CDK4 embryos at E13.5 shows expression of
transgenic hCDK4 in the primitive oral epithelium, additionally, expression in RP was
also observed in a dorsal-ventral gradient (Figure 19 c, e).

The primitive oral

epithelium expresses keratin 5 suggesting that the observed expression of hCDK4 in
the embryonic pituitary is retained in the developing pituitary from pituitary progenitor
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cells (Figure 19). Further analysis of adult K5CDK4 and K5CDK2 pituitary glands
confirmed positive staining for hCDKs in the intermediate lobe of the pituitary gland
(Figure 20).

Analysis of these two independent transgenic lines, K5CDK4 and

K5CDK2, show similar results ruling out the possibility that transgene cDNA site
insertion is responsible for CDK expression in the pituitary gland.
Western blot analysis of adult pituitary glands showed a 7- and 12-fold
increased expression of CDK4 and CDK2 in K5CDK4 and K5CDK2 mice,
respectively, compared to wild type siblings (Figure 21 A). In order to corroborate
the expression of hCDK4, we immunoprecipitated pituitary lysates from adult
K5CDK4 mice using a polyclonal antibody that recognizes the native form of the
hCDK4 but not the endogenous mouse CDK4. Figure 21B shows that hCDK4 is
expressed in both, skin and pituitary gland of K5CDK4 transgenic mice.

To

eliminate the possibility of cross-reaction with the endogenous CDK4, we developed
K5CDK4/CDK4-/- compound mice where CDK4 is only expressed in K5 positive
tissues.

Western blot (Figure 21C) and immunofluoresence (figure) analysis of

pituitary glands from these compound mice also show expression of hCDK4 (Figure
22). It is worth mentioning that hCDK4 is expressed in the intermediate lobe of the
pituitary gland of K5CDK4/CDK4-/- compound mice. Therefore expression of hCDK4
does not rescue hypoplasia of the anterior lobe and its phenotypic consequences,
such as infertility due to lactotroph dysfunction, which are normally found in CDK4null mice (Moons, Jirawatnotai et al. 2002; Moons, Jirawatnotai et al. 2002;
Jirawatnotai, Aziyu et al. 2004).
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As aforementioned, the anterior pituitary originates from the oral epithelium, in
which the keratin 5 promoter is active. Thus, two possible explanations for the
continued expression of K5-transgenes in the pituitary gland are: (1) there is a
sustained ectopic expression by the endogenous and/or transgenic keratin 5
promoter (leaky promoter) or (2) there is an inherent function of the transgene being
expressed that allows this cell population to survive during pituitary organogenesis
which are retained in the adult pituitary gland.
To test the first hypothesis we evaluated the transgenic expression of
enhanced green fluorescent protein (EGFP) under the K5 promoter (K5-EGFP
transgenic mice) and the expression of endogenous keratin 5 in embryonic and adult
pituitary glands.
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Figure 19.
Visualization of K5-transgenes in embryonic pituitary.
A.
Immunofluorecense analysis was carried out on pituitary primordia from paraffin
embedded day 13.5 p.c. K5CDK4 embryos (c, e) using an antibody specific for
human CDK4. Frozen cross sections from OCT embedded 13.5 p.c. K5-GFP
embryos (d, f) were mounted and visualized directly using a 465-495 nm filter
(green). Panels e and f are 200X magnifications of marked areas on panel c and d
respectively. RP, Rathke’s Pouch; OC, Oral Cavity.
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Figure 20.
CDK transgene expression in adult mouse pituitary glands.
Immunofluorecense (IF) analysis for transgene expression (green) in pituitary glands
of K5CDK4 (a), K5CDK2 (c) and wild-type littermate (e). Primary antibodies omitted
in blank control (g). Original magnifications at 20X. DAPI used as nuclear counter
stain (b, d, f, h). OC, oral cavity; RP, Rathke’s pouch; AL, anterior lobe; IL,
intermediate lobe; N, nuerohypophysis.
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We did not detect positive signal for keratin 5 in pituitary glands, although, clear
staining was observed in the oral cavity and basal cell layer of mouse epidermis
(Figure 22). Analysis of K5-EGFP embryos at E13.5, showed no expression of
EGFP in the developing pituitary, although, positive staining for the oral cavity was
clearly observed (Figure 19 d & f). Likewise, non-positive staining was observed in
adult pituitary gland from adult K5-EGFP mice by direct immunofluorescence,
western blot and FACS analysis (data non-shown).

In addition, we analyzed

transgenic expression of CDK4 partners cyclin D2 and cyclin D3 in previously
described K5Cyclin D2 and K5Cyclin D3 transgenic mice (Rodriguez-Puebla,
LaCava et al. 2000). In this case, increased expression of cyclin D2 and cyclin D3
was observed in skin, but not in pituitary gland of the respective transgenic mice
where endogenous cyclin D2 and D3 are highly expressed (Figure 21).
These results indicate that there is not sustained ectopic expression by K5
promoter (leaky promoter) in pituitary gland.

Thus, expression of the catalytic

subunit, CDK4 and CDK2, but not the regulatory, D-type cyclins appears to provide
a selective advantage to pituitary progenitor cells.
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Figure 21. Biochemical analysis of K5-transgenic mouse pituitary glands. (A)
Immunoblot analysis for respective transgene expression in lysates from pituitary
and epidermal skin scrapes of K5CDK4, K5-Cyclin D2 (K5-D2), and K5-Cyclin D3
(K5-D3) transgenic mice and wild type (wt) littermates. Immunoblots for actin and
prolactin (PRL) used as loading controls. (B) Immunoprecipitation of pituitary lysates
from K5CDK4, K5CDK4D158N (D158N), K5-D2 and K5-D3 transgenic mice were
blotted with antibodies against respective transgenes. (C) Immunoblot for CDK4 in
pituitary lysates of K5CDK4/CDK4-/- compound mice and control littermates.
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Figure 22. Keratin 5 expression developing pituitary gland. Cross-sections from
E13.5 (a,c) and E17.5 (b,d) wild type embryos were stained for endogenous keratin
5. Positive staining was observed in oral cavity (OC) for keratin 5 (green), but not in
developing pituitary denoted by the formation of Rathke’s pouch (RP). Dapi used as
nuclear counterstain.
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Figure 23. CDK4 transgene expression in CDK4 null background. Paraffin
embedded cross-sections of CDK4-/- (c) and K5CDK4/CDK4-/- (d) were probed with
an antibody specific for hCDK4 (green). Dapi used as nuclear counter stain.
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We previously observed that overexpression of CDK4 or the kinase dead
mutant (CDK4D158N) in mouse epidermis leads to indirect activation of CDK2 through
a mechanism that involved sequestering of p27Kip1 and p21Cip1 (non-catalytic
function of CDK4) (Chapter 2). Hence, we asked whether retention of transgene
expression is via a direct or indirect mechanism. To determine if CDK kinase activity
is directly implicated in transgene expression we analyzed the pituitary glands of
K5CDK4D158N transgenic mice. Analysis of pituitary gland lysates from K5CDK4D158N
mice showed no expression of the transgene indicating that CDK4 kinase activity is
required to maintain expression of CDK4 in the pituitary intermediate lobe (Figure
21B, D158N).
Next, we asked whether the cell population expressing transgenic CDK4
differentiated into intermediate lobe hormone expressing cells (corticotropes) or
remained as undifferentiated cells progenitor like cells. The intermediate lobe of the
anterior pituitary contains cell lineages expressing α-MSH, β-endorphin and ACTH
products derived from processing of the same precursor, pro-opiomelanocortin
(POMC).

Thus, we analyzed CDK4 and ACTH expression in the pituitary of

K5CDK4 E17.5 embryos. Double immunofluorescence studies showed that the cells
expressing hCDK4 do not express ACTH, although, both cell populations appears to
be adjacent to each other (Figure 24).
Collectively, these data indicate that sustained expression of CDK4 in the
pituitaries of K5CDK4 mice is due to an inherent function of this kinase.

The

expression of CDK4 can provide progenitor cells in the presumptive oral cavity a
selective advantage during pituitary organogenesis, resulting in the retention of
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Figure 24. Hormone and hCDK4 expression in developing pituitary. Double
immunofluorescence was performed on paraffin embedded cross sections of
K5CDK4 13.5 p.c. embryos for hCDK4 (green) and ACTH (red). Expression of
CDk4 and ACTH are mutually exclusive. DAPI used as nuclear counterstain (blue).
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these cells in the adult pituitary gland. Furthermore, these cells stop the expression
of CDK4 when they differentiate to hormone expressing cells or alternatively they do
not differentiate and remain as undifferentiated CDK4-expressing cells.

4.3.2 Overexpression of CDK4 reduces the number of pituitary stem cells
It has recently been observed that the adult mouse pituitary contains a cell
population displaying stem/progenitor cell like characteristics (Chen, Hersmus et al.
2005). The fact that CDK4-retaining cells are not hormone-expressing cells
(differentiated cells) suggests that primitive oral epithelial cells are retained in the
pituitary of K5CDK4 mice as progenitor/stem cells. Thus, we investigated whether
transgenic expression of CDK4 affects the pituitary stem cell population. A method
proven valuable for the identification of adult stem cells in a number of tissues is
based on dye efflux capacity mediated by the G2 subtype member of the ATP
binding cassette (ABC) transporter. The exclusion of a vital dye is a characteristic of
the “side population” (SP) displayed by multiple adult stem cell type (Zhou, Schuetz
et al. 2001). Cells that efficiently exclude the vital dye Hoechst 33342 have been
identified in bone marrow and are visualized as SP cells enriched in hematopoietic
stem cells (HSC) (Goodell, Brose et al. 1996). The adult pituitary also contains a SP
displaying verapamil-sensitive Hoechst dye efflux capacity (Chen, Hersmus et al.
2005). Thus, we used the SP characteristic to investigate the effect of transgenic
expression of CDK4 on the pituitary stem cell population in the adult pituitary gland.
FACS analysis of pituicytes incubated with Hoechst dye demonstrated that K5CDK4
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Figure 25. Analysis of pituitary stem cells with Hoechst 33342 vital dye. Dual
wavelength FACS analysis shows pituitary cells incubated with Hoechst dye from
wild type pituitary glands SP cells consists of (A) 1.62% of total living cells, (B)1.22%
in K5CDK4 pituitary glands and can be blocked with (C) verapamil (0.06%). (D) RTPCR carried out for CDK4 transgene cDNA with FACS sorted MP and SP cells from
wild type and K5CDK4 pituitary glands demonstrates that K5CDK4 transgene is in
MP cells. RT-PCR using total RNA extracted from K5CDK4 keratinocytes used a
positive control. L19 ribosomal protein used as internal control.
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mouse pituitary glands contain a 25% reduction of cells making up the SP, in
comparison to age matched wild type littermates (Figure 25). Four independent
experiments confirmed the reduction of the SP population in K5CDK4 mice (p<0.01).
In order to determine whether hCDK4 is expressed in the SP cells or in other
pituitary cells (MP, main population), we performed reverse transcription PCR
analysis on the total RNA isolated from SP and MP cells. Figure 25D shows that
hCDK4 is expressed in the MP, but not in the SP or stem cells. Taken with the fact
that hCDK4 expressing cells do not express POMC derived hormones, we have
hypothesized

that

expression

of

hCDK4

induces

proliferation

of

pituitary

progenitor/stem cells causing an imbalance towards undifferentiated trans-amplifying
(TA) like cells.

Thus, disruption of the balance between self-renewal and

proliferation causes a decrease in the number of stem cells in favor of TA-cells. As
opposed to stem cells, which are defined as a slow proliferating cell population, TA
cells are rapidly proliferating cells that give rise to differentiated cell lineages. To test
this hypothesis we evaluated the proliferative capacity of hCDK4 expressing cells.
Double immunofluorescence analysis shows that the majority of hCDK4 expressing
cells are BrdU-positive in E17.5 K5CDK4 developing pituitary glands, on the other
hand no ACTH-expressing cells were detected in the BrdU-positive cell population
(Figure 26). Thus, the hCDK4-retaining cells exhibit the main characteristic of TA or
undifferentiated cells, which is a high proliferative capacity, and do not express
POMC derived hormones, such as ACTH expressing corticotropes (Figure 26).
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Figure 26. CDK4 transgene and hormone expression in proliferating cells of
developing pituitary gland as analyzed by immunofluorescence. Paraffin embedded
cross sections of K5CDK4 17.5 p.c. embryos were double labeled for (a-d) hCDK4
(green) and BrdU (red) or (e-h) ACTH (green) and BrdU (red). Merge of CDK4 and
BrdU labeled cells shows a majority of CDK4 positive cells also stain positive for
BrdU (yellow). In contrast, merge of ACTH (green) and BrdU (red) (h) shows that
very almost no proliferative cells are hormone expressing.
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4.3.3 CDK4 accelerates pituitary tumor formation in p27Kip1 nullizygous mice
Deregulation of the pRb pathway results in hyperplasia and pituitary tumor
development that arise in the intermediate lobe. i.e. p27-/- and p18-/- mice develop
pars intermedia tumors with similar origin to those in pRb+/- mice (Jacks, Fazeli et al.
1992; Fero, Rivkin et al. 1996; Franklin, Godfrey et al. 1998).

We have

demonstrated that overexpression of CDK4 in the intermedia lobe did not result in
hyperplasia or pituitary tumor development, but the fact that hCDK4 is specifically
retained in a TA-like cell population lead us to hypothesize that CDK4 could
contribute to pituitary tumor development by synergizing with loss of p27Kip1. In
order to rigorously test this hypothesis, we generated K5CDK4/p27-/- compound
mice. K5CDK4/p27-/- mice were born at the expected Mendelian ratio and do not
display major abnormalities at birth. The morbidity of these mice was noticeably
increased in K5CDK4/p27-/- mice as they develop very aggressive pituitary tumors
with decreased latency compared to p27-/- mice (Figure 27). In fact, p27-/- single
mutants have a decreased survival rate due to the presence of pituitary tumors and
40% are dead by 30 weeks. In contrast, the survival of K5CDK4/p27-/- drops
dramatically at 13 weeks of age, 50% survival, and 0% at 28 weeks (Figure 27E).
Changes in the shape of the head of K5CDK4/p27-/- mice, due to intracranial
compression, is clearly notable at 12 weeks of age. Necropsy of these mice showed
that these are large tumors, which expand dorsally and impinge on the overlying
brain (Figure 27C-D). No mice with such a severe phenotype was observed in the
p27-/- and K5CDK4 groups.
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Figure 27. Phenotypic analysis of K5CDK4/p27-/- compound mice. Dorsal views of
pituitaries from 14 week old wild type (A); p27-/-, 25weeks (B); K5CDK4/p27-/-, 8
weeks (C); K5CDK4/p27-/-, 14 weeks (D). (E) Survival curve of compound mice;
wild-type (♦), p27+/- (○), p27-/- (■), K5CDK4 (□), K5CDK4/p27+/- (●), and
K5CDK4/p27-/- (▲) mice.
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Figure 28. Immunohistochemical analysis of anterior and intermediate lobe
hormones in normal pituitary glands and K5CDK4/p27-/- pituitary tumors. Tissue
sections were probed with antibodies against adrenocorticotropic hormone, ACTH
(a-b); α-melanocyte stimulating hormone, α-MSH (c-d); prolactin, PRL (e-f); and
mouse growth hormone, GH (g-h) were used. Arrows denote negative and positive
staining (brown) for respective hormones in remnants of anterior lobe. A, anterior
lobe; IL, intermediate lobe; N, nuerohypophysis. Left panels, normal pituitary
glands; right panels, K5CDK4/p27-/- pituitary tumors
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In addition, these tumors appear hemorrhagic, poorly differentiated and were
classified as pars intermedia chromophobe carcinomas which is relatively rare in
mice.
Immunohistochemical staining of K5CDK4/p27-/- pituitary tumors showed the
majority of the tumor mass stained positive for pars intermedia lobe hormones ACTH
and α-MSH (Figure 28b & d). In comparison, positive staining for prolactin and
growth hormone was observed only in the remnants of the anterior lobe for
K5CDK4/p27-/- tumors (Figure 28f, h). These data corroborate that K5CDK4/p27-/tumors like previously described p27-/- tumors originate in the pars intermedia
compartment (Fero, Rivkin et al. 1996; Kiyokawa, Kineman et al. 1996) supporting
the hypothesis that CDK4 expression synergizes with the lack of p27Kip1.
As mentioned previously, CDK2 transgene is also retained in the adult mouse
pituitary gland.

Like K5CDK4 mice, transgene expression of CDK2 is primarily

restricted to the intermediate lobe and pituitary glands appear normal upon
microscopic examination.

To determine if elevated levels of CDK2 can also

synergize with lack of p27Kip1 we developed K5CDK2/p27-/- compound mice.
K5CDK2/p27-/- mice were born at the expected Mendelian ratio and do not display
major abnormalities at birth.

In contrast to K5CDK4/p27-/- mice, transgene

expression of CDK2 in K5CDK2/p27-/- compound mice does not accelerate
development of pituitary tumors. Macroscopic analysis shows that K5CDK2/p27-/mice developed hyperplastic pituitary similar to that observed in p27-/- mice (Figure
29B).
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Figure 29. Dorsal view of K5CDK2/p27-/- pituitary glands. Dorsal view of mouse
pituitary gland from 12-week-old wild type (a), K5CDK2 (b), p27-/- and K5CDK2/p27-/(d) compound mice. Note that p27-/- and K5CDK2/p27-/- appear hyperplastic in
comparison to wild type mice, but overexpression of CDK2 does not synergize with
loss of p27.
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We have established that pituitary cells retaining hCDK4 expression are in the
proliferative compartment and do not express ACTH as do corticothroph
differentiated cells (Figure 3). Therefore, we hypothesize that hCDK4 expressing
cells are in a primed proliferative state, which can synergize with an additional hit,
such as p27Kip1 loss, and are primary contributors to the phenotype observed in our
compound mice.

To determine the contribution of hCDK4 expressing cells to

accelerated pituitary development in K5CDK4/p27-/- pituitary tumors we conducted
double immunofluorescence experiments. We determined that hCDK4 is frequently
co-expressed with the proliferation marker PCNA (Figure 30A). On the other hand, in
most instances expression of PCNA and α-MSH expression is mutually exclusive
(Figure 30B). Only in a few cases, cells overexpressing PCNA and α-MSH were
observed. Thus, we conclude that hCDK4-expressing cells are the primary
contributors to accelerated pituitary tumor onset and progression in our compound
mice.

4.3.4 Biochemical analysis of K5CDK4/p27-/- pituitary tumors
Immunoblot analysis corroborates that hCDK4 is expressed in pituitary tumors and
lack of p27Kip1 expression seems to cause an expansion of hCDK4 expressing cell
population (Figure 31A). We further studied the phosphorylation status of pRb in
K5CDK4/

p27-/-

mice.

In

vivo

analysis

shows

increased

level

of

hyperphosphorylated pRb in K5CDK4/p27-/- pituitary tumors compared to p27-/-,
K5CDK4 and wild type pituitary (Figure 31B).
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Figure 30. Hormone and transgene expression in proliferating cells of K5CDK4/p27/pituitary tumors. PCNA (green) was used as a marker of proliferation in pituitary
tumors from compound mice and co-stained with an antibody for A) hCDK4 (red) or
B) α-MSH (red-cytoplasmic). Note that a large number of PCNA positive cells
express hCDK4 (bright yellowish, A. g-h). In contrast, very few PCNA positive cells
co-stained for α-MSH (B. g-h). Right panels are a 1000X magnification of yellow
boxed sections in left panels. Dapi used a nuclear counter stain.
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We also assessed CDK4 and CDK2 kinase activity in pituitary and tumor samples
from wild type, p27-/-, K5CDK4 and K5CDK4/p27-/- pituitary lysates. These assays
were performed with antibodies that specifically recognize human or mouse CDK4.
As expected, a significant increase in CDK4-kinase activity was observed in
K5CDK4/p27-/- compound mice (Figure 31C). We also observed that lack of p27Kip1
increases endogenous CDK4 activity, which synergizes with hCDK4 kinase activity
as observed in K5CDK4/p27-/- mice (Figure 31C, line 6). We have previously
established that increased expression of CDK4 levels results in activation of CDK2
through a mechanisms involving sequesteration of p21Cip1 and p27Kip1 in epithelial
tissues (Miliani de Marval, Gimenez-Conti et al. 2001; Miliani de Marval, Macias et
al. 2004), thus, we also assayed CDK2 kinase activity in pituitary lysates. Pituitary
lysates form p27-/- and K5CDK4/p27-/- mice show strong CDK2 kinase activity
compared with wild type and K5CDK4 mice (Figure 31D). In fact, no quantitative
difference was observed in the elevation of CDK2 kinase activity between p27-/- and
K5CDK4/p27-/- mice. These results imply that increase CDK2 kinase activity is not
due to overexpression of hCDK4, but to the lack of p27Kip1, also suggesting that the
synergistic effect of CDK4 expression and lack of p27Kip1 in tumorigenesis is due to
an inherent function of CDK4 and not to the indirect activation of CDK2.
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Figure 31. Biochemical analysis of K5CDK4/p27-/- pituitary tumors. (A) CDK4 and
(B) pRb immunoblots of protein lysates from pituitary glands of K5CDK4/p27-/- mice
and control littermates. (C) CDK4 in vitro kinase assay was conducted with
antibodies against endogenous CDK4 (C-22) and transgenic hCDK4 (H-22) using a
pRb peptide as a substrate. (D) Kinase activity for CDK2 was performed using H1
as a substrate.
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4.3.5 CDK4 cooperation with p27 loss induces thymic hyperplasia
It has previously been reported that the keratin 5 promoter is active in the
thymic epithelium and that forced expression of cyclin D1 and cyclin D2 by the
keratin 5 promoter causes marked thymus hyperplasia (Robles, Larcher et al. 1996;
Rodriguez-Puebla, LaCava et al. 2000). As expected, increased expression of Cdk4
was detected in K5CDK4 thymus tissues enriched for stromal cells but not from
thymic lymphocyte suspensions by immunblot analysis (Figure 32A). However,
unlike cyclin D1 or cyclin D2 transgenics, K5CDK4 mice did not develop progressive
thymus hyperplasia (Figure 31B). In order to further test the hypothesis that p27Kip1
loss cooperates with overexpression of Cdk4 we analyzed the thymus of
K5CDK4/p27-/- mice.

Remarkably, K5CDK4/p27-/- compound mutant animals

developed massive thymic hyperplasia (Figure 31C).

Thymus weight from

compound mice ranged from 0.34 to 1.10 grams in 6-9-week-old mice.

In

comparison, wild type and p27-/- average thymus weight was 0.91 and 0.170 grams,
respectively.

A detailed weight curve was not conducted because of thymic

regression due to morbidity and wasting associated with pituitary tumor onset in
K5CDK4/p27-/- mice. Histological sections from 6-week-old mice demonstrate that
the organ is hyperplastic with a relatively normal stromal and lymphocyte
morphology consistent with hyperplasia rather than lymphomatous transformation
(Figure 32E-F).
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Figure 32. Collaboration of CDK4 and p27Kip1 loss in thymus. A. Western blot
analysis shows overexpression of CDK4 in stromal compartment of thymus, with
actin used as loading control. Appearance of thymus from K5CDK4 (B), p27-/- (C)
and K5CDK4/p27-/- (D) at 10 weeks of age. Hematoxylin and eosinstained sections
of 7-week-old thymuses show both medullary and cortical thymic maturation in
K5CDK4 (E), p27-/- (F) and K5CDK4/p27-/- compound mice (Chien, Rabin et al.
2006).
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Figure 33. Expression of T-pit in K5CDK4 pituitary glands. Western blot analysis of
pituitary lysates from K5CDK4 transgenic animals shows a reduction of T-Pit protein
levels in comparison to wild type mice, with actin used as a loading control.
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4.4 Discussion
The bovine keratin 5 promoter directs transgene expression to the basal cell
layer of stratified squamous epithelia and a number of other epithelial cells such as
thymic reticulum and trachea (Ramirez, Bravo et al. 1994; Robles, Larcher et al.
1996; Rodriguez-Puebla, LaCava et al. 2000). It is known that the pituitary gland
develops from two different sources; one of them is an ectodermal ventriculum that
grows upwards from the roof of the primitive oral cavity, a keratin 5 expressing
epithelia, known as Rathke’s Pouch (RP). However, no expression of endogenous
keratin 5 or K5-driven transgenes was detected in embryonic or adult pituitary gland
suggesting that keratin 5 promoter is turned-off during pituitary organogenesis.
Surprisingly, we observed that hCDK4 and hCDK2 expression under the keratin 5
promoter persists in the intermedia lobe of embryonic and adult pituitary glands.
Analysis of CDK4-kinase inactive transgenic mice, K5-CDK4D158N, did not show
expression of the CDK4D158N transgene in the pituitary gland suggesting that the
kinase activity of CDK4 is necessary to maintain its expression in a specific cell
population during pituitary organogenesis. This also indicates that indirect activation
of CDK2 by the non-catalytic function of CDK4D158N sequestering p21Cip1 and p27Kip1,
is not sufficient to retain the primitive epithelial cell phenotype (K5-transgene positive
cells) in adult pituitary. However, overexpression of hCDK2 under the keratin 5
promoter also allows retention of the primitive epithelial cell phenotype. These
contradictory results can be explained by the difference in the level of CDK2
expression. While K5CDK4D158N mice show increased CDK2 kinase activity, CDK2
protein levels remain unchanged. Thus, elevated CDK2 protein levels in K5CDK2
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mice may affect additional pathways required for retention of primitive epithelial
phenotype. In fact, increased expression of CDK2 allows CDK2/D-type cyclin
complex formation that could mimic the role of CDK4/D-type cyclins. The effect of
CDK2 overexpression in epithelial tissue and pituitary gland warrant further
investigation.
Immunolocalization of hCDK4 in pituitary embryos at E13.5 shows distribution
of the transgenic protein in the primitive anterior and intermedia lobes (Figures 1 and
3A). On the other hand, hCDK4-positive cells localize almost exclusively in the pars
intermedia in E17.5 embryos (Figure 3B). The parts intermedia, which is separated
from the anterior lobe by a residual cleft of the original Rathke’s pouch, is lined by
cuboidal epithelial cells. These epithelial cells are clearly observed in adult and
E17.5 pituitaries as hCDK4-positive cells, although other sparse cells also expresses
hCDK4 (Figure 1B, 3B). Thus, it is plausible that epithelial-like cells derived from the
primitive oral epithelium are retained in the E13.5 pituitaries from K5CDK4, but later
only the progenitors of the intermedia lobe maintain an active K5 promoter. Several
groups have described epithelial-like cells in the pituitary glands of multiple species,
although an unambiguous characterization of these cells has not been established
(Herring 1908; Ogawa, Sugihara et al. 1990; Ogawa, Sugihara et al. 1990; Shimada
1992).

It is interesting to note that nestin expression, an intermediate filament

protein identified as a marker of neuroepithelial stem/progenitor cells, did not colocalize with any pituitary hormone and regardless of age it was detected in the
border of the pituitary cleft (Krylyshkina, Chen et al. 2005). Again, the similarity of
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distribution of hCDK4-expressing cells and the nestin-positive cells suggests that
these epithelial-like cells behave as pituitary progenitor cells.
Analyses of embryonic pituitary also demonstrate that the epithelial-like cells
expressing hCDK4 do not express hormones found in the intermedia lobe, ACTH
and α-MSH. In addition, these cells are BrdU- and PCNA-positive cells. This pattern
of expression is also observed in the adult intermediate lobe and pituitary tumors
suggesting that the hCDK4-expressing cells are proliferative cells, and the
expression of hCDK4 is turned-off during the differentiation process. The fact that
EGFP and the CDK4 regulatory subunits, cyclin D2 and cyclin D3, are not expressed
in the pituitary gland from in the respective transgenic mice, strongly suggest that
the retention of hCDKs is due to an intrinsic function of CDK4 and CDK2. Western
blot analysis of cyclin D2 and cyclin D3 in pituitary lysates from wild type mice show
that both cyclins are highly expressed in the pituitary gland. Thus, it is feasible that
cyclin D2 and cyclin D3 are not the rate-limiting factor for activation of CDK4 in this
organ. Thus, increased expression of these cyclins in the pituitary should not result
in overactivation of the endogenous CDK4. This would explain why cyclin D2 and/or
cyclin D3 do not favor selection of a cell population in which the K5 promoter
remains active. We can hypothesize that early expression of CDK4 or CDK2 in the
primitive oral epithelium results in a selective advantage of a cell population that
remains as epithelial-like cells. Whether inactivation of pRb or an alternative
pathway is involved in the selection or retention of the CDK transgene expressing
cells warrants further investigation.
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Our analysis also shows a reduction in the number of pituitary stem cells,
although, hCDK4 is not expressed in this cell population, but in a TA-like proliferative
cell population. Thus, we hypothesized that overexpression of CDK4 enhances
proliferation causing shift from stem toward TA cells. Thus, disrupting the balance of
stem cell self-renewal and proliferation, reducing the overall stem cell population.
Consistent with our hypothesis, self-renewal of hematopoietic stem cells is affected
in p21-/- and p27-/- mice. In these settings, p21Cip1 ablation leads to stem cell
exhaustion, likely through CDK4 and/or CDK2 activation (Cheng, Rodrigues et al.
2000), whereas lack of p27Kip1 greatly increases the transient amplifying (TA) or
progenitor pool size (Cheng, Rodrigues et al. 2000). Also, it has been recently
demonstrated that Rb-deficient skin has a reduced number of epidermal stem cells
(Ruiz, Santos et al. 2004).
It has been demonstrated that p27Kip1 and Rb are on non-overlapping
pathways in the mouse pituitary. Thus, it is plausible that lack of p27Kip1 affects
another pathway causing the hyperplastic phenotype observed in p27Kip1-null mice.
Several groups have demonstrated that deregulation of the pRb pathway results in
hyperplasia and pituitary tumor development in genetically modified mice. In fact,
p27-/- and p18-/- mice develop pars intermedia tumors with similar origin to those in
pRb+/- mice (Jacks, Fazeli et al. 1992; Fero, Rivkin et al. 1996; Franklin, Godfrey et
al. 1998). In addition, reduced tumor latency was observed in pRb+/-/p27-/- compound
mice suggesting that these genes cooperate to suppress tumor development by
integrating different regulatory signals (Park, Rosai et al. 1999). Also, Franklin et al
(Franklin, Godfrey et al. 1998) demonstrated that p18Ink4c and p27Kip1 mediate two
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different pathways in mouse pituitary, in which p18Ink4c shows functional dependence
on CDK4 (Pei, Bai et al. 2004). Here, we have established that overexpression of
CDK4 in the intermedia lobe synergizes with loss of p27Kip1 resulting in the
development of aggressive adenocarcinomas that are not observed in p27-/- and
p27-/-/Rb+/- mice. These results support the model in which p27Kip1 and Rb impinge
on separate pathways (Park, Rosai et al. 1999), but also support the idea that CDK4
expression induces malignant progression through synergism with a second event.
Supporting this notion, we have previously reported that overexpression of CDK4 in
mouse epidermis causes hyperplasia but not spontaneous tumor development.
However, when subjected to a two stage carcinogenesis protocol it synergizes with
Ha-ras mutations, increasing the rate of malignant conversion (Miliani de Marval,
Macias et al. 2004). CDK4 also behaves as a tumor promoter, since K5CDK4 mice
treated with a single dose of DMBA, no TPA application, develop skin tumors. Thus,
it is conceivable that cells overexpressing CDK4 are in a primed state, which can
then synergize with an additional hit such as Ha-ras activation or loss of p27Kip1.
Supporting a unique role of CDK4 in tumor development, we have demonstrated that
although CDK2 transgene expression is also retained in the pituitary gland, it does
not synergize with p27Kip1 loss in tumor development. Thus, it is feasible that CDK4
and p27Kip1 affect alternative pathways and do not act only through pRb
phosphorylation, whereas CDK2 does not act on these alternative pathways. For
example, it has been shown that CDK4 regulates TGF-β effector proteins, R-Smads,
via phosphorylation (Matsuura, Denissova et al. 2004).

In turn Smads 1 and 4

regulate the expression of T-Pit, a transcription factor which is expressed solely in
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POMC expressing cells and is essential for corticotroph and melanotroph terminal
differentiation (Nudi, Ouimette et al. 2005). Interestingly, western blot analysis of
K5CDK4 pituitary lysates show reduced levels of T-Pit (Figure 33). Whether CDK4
regulate T-Pit and is involved in inhibition of POMC expression warrant further
investigation. In that case, reduced T-Pit levels via CDK4/Smad pathway may
explain why cells overexpressing CDK4 remain in an undifferentiated TA-like state.
Interestingly, expression of a CDK4 resistant to Ink4 inhibitors (CDK4R24C/R24C
mice) leads to pituitary tumor development, mostly adenomas with a variety of
hormone expression (Sotillo, Dubus et al. 2001) whereas overexpression of CDK4
(K5CDK4 mice) does not result in pituitary abnormal morphology nor tumor
development. However, the more relevant difference between these two models is
that whereas K5CDK4 mice overexpress hCDK4 only in the pars intermedia of
pituitary gland, CDK4R24C/R24C express the activate isoform in all tissues (Rane,
Dubus et al. 1999). Importantly, pituitary tumors from CDK4R24C/R24C mice develop in
pars distalis and rarely affect pars intermedia (Sotillo, Renner et al. 2005). However,
both

CDK4R24C/R24C and

K5CDK4

mice

synergize

with

lack

of

p27Kip1.

CDK4R24C/R24C/p27-/- compound mice developed pituitary tumors in both, pars
anterior and pars distalis, which are composed of hyperplasia and well-differentiated
cells (Sotillo, Renner et al. 2005). On the other hand, overexpression of hCDK4 in a
p27-/- background leads to the development of aggressive adenocarcinomas derived
from the intermediate lobe with 100% of incidence. The distribution of CDK4R24C
mutation in human pituitary tumorigenesis has been extensively examined in nonfunctioning adenomas, somatotrophinomas, and corticotroph adenomas (Wölfel,
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Hauer et al. 1995; Zuo 1996). All these studies failed to find CDK4R24C or CDK4R24H
mutations. Thus, the Ink4a-resistant mutation appears to be largely specific for
familial and sporadic melanomas (Wölfel, Hauer et al. 1995; Zuo 1996). On the other
hand, overexpression of wild type CDK4 has been found in breast cancer, gliomas
or meningiomas (He, Allen et al. 1994; Schmit, Ichimura et al. 1994; Weber, Bostrom
et al. 1997; An, Beckmann et al. 1999) whereas amplification of the CDK4 locus has
also been reported (Khatib, Matsushime et al. 1993; Wei, Lonardo et al. 1999;
Wunder, Eppert et al. 1999). To the best of our knowledge overexpression of wild
type CDK4 in human pituitary tumors has not been investigated.
We have observed a reduction in the number of pituitary stem cells
associated with overexpression of hCDK4 in transient-amplifying (TA)-cells.
Interestingly, reduction of stem cell population and increase keratinocyte proliferation
has also been described in pRb-/- skin (Ruiz, Santos et al. 2004). In that case,
decreased stem cells is associated with a reduction in number of benign tumors, but
the benign skin tumors progress rapidly to squamous cell carcinomas. It is also
worth mentioning that K5CDK4 skin showed mild reduction of skin papillomas in a
two stage carcinogenesis model, but also show sharp increase in malignant
progression (Miliani de Marval, Macias et al. 2004). If CDK4 also shifts the balance
from stem/progenitor towards TA like cells in the skin needs to be investigated.
Whether increase number of TA-cells is a general mechanism that affects tumor
grade or progression merits further investigation.
In conclusion, we demonstrated that transgenic expression of hCDK4 and
hCDK2 in oral epithelium is specifically retained in embryonic and adult mouse
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pituitary. We found that CDK-retention occurs specifically in the intermedia lobe, but
not in other pituitary cell populations arising from the primitive oral cavity. We also
found that hCDK4-expressing cells remain as undifferentiated cells, non-hormone
expressing, and further synergize with lack of p27Kip1 to induce aggressive pituitary
carcinomas. The role of CDKs in primitive pituitary cells that cause retention of its
expression appears to be unique and it is not shared by the CDK4-partners, cyclin
D2 and cyclin D3. In this model reduction of p27Kip1 level can act as the initiation
event whereas overexpression of CDK4, but not CDK2 acts as a tumor promoting
agent. We propose that early overexpression of CDK4 and CDK2 in the primitive
oral cavity can alter cell fate of pituitary progenitor cells, but only CDK4 expressing
cells are primed for malignant transformation in collaboration with a second hit.
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CHAPTER V
General Discussion
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For more than two decades now, the pRb/p16/CDK/cyclin pathway has been
implicated in tumorigenesis. pRb and p16Ink4a are defined as tumor suppressors,
whereas D-type cyclins have been described as oncogenes (Hunter and Pines 1994;
Sherr 1996). While CDK4 was frequently found amplified and overexpressed in
human tumors, it was not until Zuo et al associated a germline mutation in the
p16Ink4a binding domain of CDK4 (R24C) with familial melanoma, that CDK4 was
directly implicated in tumor development (Zuo 1996).

Since then, it has been

suggested that overexpression of CDK4 may contribute to tumor formation through
its catalytic function and through the sequestration of CKIs from CDK2-Cyclin E
(McConnell, Gregory et al. 1999; Sherr and Roberts 1999). Therefore not only does
the enzymatic (kinase) activity of CDK4 promote cell cycle progression, but
overexpression of CDK4 acts as a sink for CDK2 inhibitors. For this reason, we and
others have speculated that CDK2 plays a contributory role in tumor development.
CDK2 activity is frequently found elevated in human tumors, but since it has not
been found directly mutated and is rarely overexpressed or genetically amplified in
human tumors, its role in tumor development is unclear.
The goal of our studies was to address three central questions:
(1) Does elevated CDK2 kinase activity contribute to tumor development?
(2) Is CDK2 necessary for tumor development and/or progression?
(3) Which is the more relevant function of CDK4 in tumorigenesis? It’s kinase or
sequestration activity?
Herein we have investigated the role of elevated CDK2 kinase activity in
tumor

development

and

progression.

Contrary
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to

our

initial

hypothesis,

overexpression of CDK2 does not result in early progression to squamous cell
carcinomas under a two-stage carcinogenesis protocol in either K5CDK2 or
K5CDK4D158N mice. In fact, both K5CDK2 and K5CDK4D158N transgenic mice have
a reduced number of papillomas in comparison to wild-type siblings.

Although

K5CDK4, K5CDK2 and K5CDK4D158N all have elevated CDK2 activity, only K5CDK4
mice exhibit an accelerated rate of malignant progression. Interestingly, Lazorov et
al reported that primary human epidermal cells transduced with CDK4, but not CDK2
or CDK4D158N, collaborate with oncogenic v-Ha-Ras (Lazarov, Kubo et al. 2002).
Thus, our results are consistent with those found in primary human cells and are not
species specific. These results clearly address our first question, showing that
elevated CDK2 kinase activity per se does not enhance tumorigenesis.

In

addition, we found that K5CDK2 mice treated with DMBA only do not
deveoverexpression of CDK2 did not enhance normal keratinocyte proliferation.
These results suggest that overexpression of CDK2 does not provide any type of
proliferative advantage to normal or transformed (DMBA initiated) keratinocytes. We
speculate that in human tumors CDK2 is not found mutated, overexpressed or
genetically amplified, because it does not provide a selective advantage.
Since we did not find that elevated levels of CDK2 or CDK4D158N altered the
development or progression of skin tumors we concluded that the malignant
phenotype observed in K5CDK4 mice is primarily dependent on the catalytic function
of CDK4.

Biochemical analysis of tumors shows that Smad2/3-mediated

transduction of TGF-β signaling is inhibited in K5CDK4 tumors.

Interestingly,

Smad2/3 was recently described as a new target of CDK4 (Matsuura, Denissova et
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al. 2004). We detected elevated levels of Smad2/3 phosphorylation and loss of
p15Ink4b (TGF-β/Smad3 downstream target) expression exclusively in K5CDK4
papillomas. TGF-β plays a very complex role in cancer, first as a tumor suppressor
and later as a tumor promoter (Bierie and Moses 2006).

Coincidently, various

groups have shown that deregulated TGF-β signaling in the mouse skin elicits a
malignant phenotype (Cui, Fowlis et al. 1996; Go, Li et al. 1999; Bierie and Moses
2006). We believe that the inhibition of Smad2/3 transduction of TGF-β antigrowth
signals by CDK4 phosphorylation is an important epigenetic mechanism, which
could mimic loss of TGF-β signaling. Whether this is a general mechanism that
promotes malignant progression in human tumors needs to be investigated.
In order to address our second question we utilized CDK2-/- mice, which
were obtained through collaborative efforts. Our previous results have shown that
forced expression of CDK4 and c-Myc in mouse epidermis is followed by CDK2
activation.

This suggested that CDK2 contributes to the development of

spontaneous oral tumors in K5Myc mice and the formation of Ras-induced SCC in
K5CDK4 mice. Therefore, we decided to determine the effects of CDK2 ablation in
these two oncogenic pathways, c-Myc and Ras-CDK4. To do so we developed
K5Myc/CDK2-/- and K5CDK4/CDK2-/- compound mice.

Under a two stage

carcinogenesis protocol CDK2-/- mice remain susceptible to skin tumor formation,
albeit, CDK2-/- and K5CDK4/CDK2-/- had a reduced number of papillomas per
mouse. This is consistent with results showing that CDK2-/- MEFs are susceptible to
oncogenic transformation but with reduced efficiency (Ortega, Prieto et al. 2003).
Moreover, K5CDK4/CDK2-/- had a clear reduction of SCC development in
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comparison to K5CDK4 mice.

The reduction in the total number of papillomas and

reduced tumor grade, suggest that CDK2 is needed in the initiation and progression
stages of Ras-mediated tumorigenesis. During the inititation process, lack of CDK2
may affect cell survival upon genotoxic stress (DMBA treatment) or alternatively
inhbit the clonal expansion of DMBA initiated keratinocytes by TPA inducedproliferation (Huang, Regan et al. 2006). Either mechanism could result in reduced
papilloma multiplicity. Therefore, it would be interesting to quantitate the proliferative
and apoptotic response of CDK2-/- keratinocytes to TPA or DMBA treatment. CDK2
through deregulation of its regulatory subunit Cyclin E has been previously
implicated in chromosomal instability (Spruck, Won et al. 1999; Simone, Resta et al.
2002) and has been shown to be dispensable for normal centrosome duplication but
necessary for oncogene mediated centrosome overduplication (Duensing, Liu et al.
2006). Future studies should be aimed at determining if CDK2 restrains genomic
instability in Ras-CDK4-mediated SCCs.
In contrast, we showed that CDK2 is completely dispensable for c-Myc
mediated keratinocyte proliferation and tumor development.

Altogether, these

results suggest that CDK2-Cyclin E contributes to Ha-Ras, but not c-Myc mediated
tumorigenesis. This highlights that the role of cell cycle regulators varies in different
oncogenic pathways. For instance, cyclin D1-deficient mice are resistant to breast
cancers induced by ras, but remain fully sensitive to other oncogenic pathways such
as those driven by c-yc or Wnt-1 (Yu, Geng et al. 2001). In addition, ablation of
CDK4 inhibits formation of Ras-mediated skin tumors and Neu-mediated mammary
neoplasia, but is dispensable for wnt-mediated mammary tumors (Rodriguez-
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Puebla, Miliani de Marval et al. 2002; Reddy, Mettus et al. 2005; Yu, Sicinska et al.
2006). Similar results have been found using small molecule CDK inhibitors. For
example, targeted inhibition of CDK1 with small molecule inhibitor purvalonal results
in massive cell death in c-Myc transformed cell lines, but not in cells transformed
with any other oncogenes (Ras, Notch1, Bcr/Abl, E2F1, CCND1) (Goga, Yang et al.
2007). Overall, we have shown that CDK2 is necessary for Ras-CDK4-mediated,
but not c-myc-mediated tumorigenesis.
In Chapter 3 we described the retention of K5 transgenes in the mouse
pituitary gland. Transgene expression was observed in the intermediate lobe of
K5CDK2 and K5CDK4 pituitary glands. We therefore decided to investigate the role
of these proteins using the pituitary as a model organ.

Immunofluorescence,

immunoblot and pull down experiments show that early transgene expression of
CDK4 and CDK2 in pituitary precursor cells is retained in the intermediate lobe of
K5-trangenic pituitary glands. This result is further supported by the detection of
CDK4 in pituitary lysates from K5CDK4/CDK4-/- compound mice, in which all CDK4
detected in any mouse tissues is the transgenic isoform. Failure to detect transgene
expression in various independent K5-transgenic mice, K5GFP, K5D2, K5D3,
K5CDK4D158N, suggests that ectopic promoter activity does not play a role in the
retention of transgene in K5CDK4 pituitary glands. Furthermore, retention of CDK
transgenes in two independent transgenic mouse lines (K5CDK2 and K5CDK4)
rules out site insertion as a possibility for sustained transgene expression. The latter
implies that retention is due to an inherent function of the transgene being
expressed.

In support, kinase inactive CDK4D158N was undetectable in protein

146

lysates from K5CDK4D158N pituitary glands. This implicates CDK4 kinase activity in
the retention of transgene positive pituitary cells.

Hoechst dye exclusion

experiments show that K5CDK4 pituitary glands contain a decreased amount of cells
with stem cell like characteristics.

In addition, double immunofluorescence

experiments show that CDK4 is not expressed in differentiated hormone expressing
cells.

Hence, it is possible that overexpression of CDK4 is maintained in an

undifferentiated-TA like cell population with a high proliferative capacity. Supporting
this hypothesis we demonstrated that hCDK4 expressing cells does not express
hormone (ACTH and α-MSH), but correlated well with cell proliferative capacity
(BrdU and PCNA positive cells).
Since multiple genetic mouse models of cell cycle regulatory proteins develop
spontaneous pituitary tumors (p27-/-, pRb+/-, p18-/-), we decided to test how
overexpression of CDK2 or CDK4 would influence pituitary tumorigenesis. To do so
we developed K5CDK4/p27-/- and K5CDK2/p27-/- compound mice.

CDK4

expressing pituicytes synergize with loss of p27Kip1, drastically accelerating the onset
and progression of pituitary tumors in K5CDK4/p27-/- mice.

Furthermore, CDK4

collaborates with loss of p27Kip1 to induce thymic hyperplasia. In contrast, CDK2
transgene expression did not synergize with p27Kip1 loss in the pituitary or thymus.
We have suggested that overexpression of CDK4 may lead to loss of TGF-β
signaling through the inhibition of Smad2/3 in the mouse skin.

There is some

evidence that suggest this may also occur in the pituitary gland where CDK4
overexpressing cells are maintained in undifferentiated-TA like cells and leads to a
diminished the stem cell pool. First, T-Pit a transcription factor that is expressed
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solely in POMC expressing cells and is essential for corticotroph and melanotroph
terminal differentiation is regulated by Smad proteins. We noticed that K5CDK4
pituitary lysates have decreased levels of T-Pit in comparison to wild type pituitaries
(Figure 33). Additionally, ablation of Elf, TGF-β adaptor protein that binds Smad3, in
mice leads to the loss of stem cells in the subventricular zone of the mouse brain
(Golestaneh, Tang et al. 2006). Interestingly, loss of stem cell marker nestin in Elf-/neuroepithelial progenitor cells coincided with elevated expression of CDK4.
Whether overexpression of CDK4 alters the equilibrium between stem and TA-like
cells in the skin needs to be investigated. Altogether, we have shown that early
overexpression of either CDK2 or CDK4 can alter cell fate of pituitary progenitor
cells, but only CDK4 collaborates in the neoplastic transformation of these cells.
These results are consistent with our observations in the mouse skin, that CDK4 but
not CDK2 drive the malignant transformation of keratinocytes.
In addition to the projects outlined in the preceding chapters, we commenced
an investigation in which we set out to identify novel CDK4 binding partners.
Preliminary results outlined in Appendix I clearly show a changing trend in the
distribution of CDK4 in high molecular weight fractions obtained by size exclusion
chromatography of mouse skin, papillomas and cell line extracts. It is apparent that
CDK4 shifts from high molecular weight (HMW) fractions in normal and hyperplastic
skin to low molecular weight (LMW) fractions in mouse skin tumors. This shift of
CDK4 distribution from high to low molecular weight complexes was clear in
fractions of lysates of mouse skin tumor derived cell lines. SCC derived cell lines,
JWF2 and CH72, do not contain CDK4 in HMW fractions as opposed to MT1/2 cell
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lines (derived from DMBA initiated skin cells). Interestingly, CH72 and JWF2 but not
MT1/2 cells form aggressive SCCs when grafted to nude mice. All together, these
results suggest that CDK4 is sequestered in HMW complexes in normal/nontransformed cells, but the interaction with HMW complexes is lost in cells with
increasingly deregulated cell proliferation and malignant phenotype. Identification of
proteins interacting with CDK4 in HMW fraction would help to differentiate CDK4
regulation in normal versus neoplastic cells.
In conclusion, we believe that the works presented herein effectively address
our test questions.

We have addressed the role of CDK2 in tumorigenesis in

multiple settings and have firmly established that while it cannot behave as an
independent tumor promoter, it is not completely dispensable for tumorigenesis. Our
results suggest that CDK2 should not be abandoned as a therapeutic target.
However, we speculate that the effectiveness of targeting CDK2 in human
malignancies may depend on the oncogenic pathway involved.

Therefore, it is

pertinent that future studies investigate the role of CDK2 in additional oncogenic
pathways.

We believe that the increasing ability to accurately identify the

“oncogenic signature” of human tumors using gene expression profiling and having a
firm understanding of the role of individual CDKs in different oncogenic pathways will
help to determine when and in what combination it would be best to use small
molecule CDK inhibitors (Bild, Yao et al. 2006; Potti, Dressman et al. 2006). We
have also provided evidence, which suggests that CDK4 kinase activity is the more
relevant function in tumor development and progression. We demonstrated that
overexpression of CDK4 can influence TGF-β signaling via phosphorylation of
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Smad2/3. In addition, we deomonstrated that early overexpression of CDK4 can
influence cell fate and predispose cells to neoplastic transformation.

Whether

regulation of cell fate and TGF-β signaling by CDK4 is a prominent event in
tumorigenesis may well have significant translational implications. We believe that
future studies should be aimed at determining the consequences of Smad3
phosphoryltion at CDK4 specific sites in tumor development and progresson. In
terms of normal cell proliferation, multiple groups have shown that CDK2, CDK4 and
CDK6 individually and in combination are dispensible for proliferation of most cell
types most (Tsutsui, Hesabi et al. 1999; Berthet, Aleem et al. 2003; Ortega, Prieto et
al. 2003; Malumbres, Sotillo et al. 2004). There is growing evidence that CDK1 can
compensate for G1 CDKs as it is able to bind cyclins D and E in the absence of G1
CDKs and phosphorylate pRb in order to drive cell cycle progression (Aleem,
Kiyokawa et al. 2005; Santamaria, Barriere et al. 2007). However, we and others
have shown that CDK2 and CDK4 are not entirely dispensible for neoplastic cell
proliferation. Therefore, while CDK1 likely compensates for G1 CDKs in normal cells
we believe that this plasticity is not present in neoplastic cells. The development of
knockin mouse models for CDK4 and CDK2 kinase inactive mutants will help to
determine under which conditions and to what extent these CDKs can be
compensated for. Lastly, our preliminary results presented in appendix I, have also
led us to hypothesize that there exists a yet unidentified CDK complex and perhaps
a new form of CDK regulation that appears to be present in normal cells, but absent
in transformed cells. We believe that the continuation of these studies aimed at
identifying novel CDK binding proteins in high molecular weight complexes will make
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evident a new layer of CDK regulation and provide insights as to how to better
approach CDKs as therapeutic targets.
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Appendix I
Analysis of CDK4 distribution in high and low molecular
weight complexes in normal and neoplastic epithelial cells
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Introduction
In the last few years, we have worked on the regulation of proliferation and
differentiation in epithelial tissues. Our results showed relevant differences in the
roles of cyclin dependent-kinases 4 and 6 (CDK4, CDK6), and the three D-type
cyclins during neoplastic development and normal epidermal proliferation. The more
relevant changes were detected in the composition of complexes that involved
CDK4 and CDK6. CDK4 complexes appear to be involved in the tumorigenesis
process, whereas CDK6 complexes play an important role in epidermal proliferation
and differentiation. In order to study the roles of the different cell cycle regulators
and cell-cycle complexes compositions in vivo, we have developed several
transgenic mice that express CDK4 (K5CDK4), or their cognate D-type cyclins in
epidermis. The most severe phenotype was observed in K5CDK4 animals, which
developed severe epidermal hyperplasia and hypertrophy, and increased papilloma
malignant progression. In the last few years several proteins have been showed that
interact with CDK4 in mammalian cells (Cip/Kip family, Ink4 family, D-type cyclins,
MyoD, p34SEI, p50CDC37, CEBP/α). The general goal of this study was to identify
novel CDK4 binding partners that may influence its role in tumorigenesis.

Materials and Methods
Epidermal scrapes from 2-4 month old wild type, transgenic or knockout mice
were extracted with NP-40 lysis buffer; Tris [pH 7.5], 150 mM NaCl, 0.5% NP-40.
Papillomas at 20 weeks of promotion were obtained from mice skin under
DMBA/TPA protocol. Hyperplastic skin samples were obtained from areas without
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papillomas after 20 weeks of TPA application. MT½ (DMBA initiated mouse
keratinocytes), JWF2(squamous cell carcinomas [SCC]) and CH72 (SCC) cell lines
60-70% confluent were also extracted with IGE-PAL buffer.
Sephacryl

S-200

and

S-300

high-resolution

gel

filtration

columns

(Amersham/Pharmacia) were used to separate whole cell extracts. The columns
were calibrated with a molecular weight standard kit specific for gel filtration
chromatogophy (Sigma, MW 29, 66, 150, 443, 669 kDa). Samples were run at
constant flow and pressure using 50 mM Tris-Cl, 100 mM NaCl, 0.02% sodium
azide, pH 7.70 running buffer. Fractions were collected collected in 3 ml fractions
every 3 min for a total of 105 min. Samples were immediatedly put on ice and then
boiled at 95°C for 5 min in SDS sample buffer and stored at -80°C. For western blot
analysis 50 ul of each fractions were electrophoresed through 12% polyacrylamide
gels and electrophoretically transferred to nitrocellulose membranes. After being
blocked with 5% nonfat powdered milk, the membranes were incubated with specific
antibodies. Enhanced chemiluminescense SuperSignal® West Femto Maximum
Sensitivity Substrate kit (Pierce Biotech., Inc., Rockford, IL) was used for
immunoblotting detection. Bio-image analysis was used to quantify the protein levels
in each fraction. Mean densities from each sample fraction were summed and taken
as 100% of total protein, each band density was plotted as a percentage of the total
protein obtained from the column fraction.
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Results
Our first objective is to identify if there are any differences in the interaction
between CDK4 and novel interacting partners in normal and neoplatic cells. We
utilized gel filtration chromatography to separate and obtain CDK4 complexes of
high and low molecular weight in order to establish a pattern of CDK4 distribution in
normal and neoplastic cells.

Protein lysates from normal epidermis, skin tumors

and cell lines were separated by size exclusion and collected fractions were
submitted to western blot analysis. Fractions collected ranged from 29 to 663 kDa.
In order to establish a baseline of CDK4 distribution we first analyzed CDK4
distribution in protein extracts from normal mouse epidermis. As expected we found
CDK4 in fractions from low molecular weight, ~29, ~66 and ~150 kDa, more than
likely CDK4 monomers and Cyclin D/CDK4/CKI complexes (Figure 34A).
Interstingly, we also found CDK4 protein in fractions of high molecular weight (HMW)
(669-443 kDa) in the epidermis of wild type mice. Interestingly, western blot analysis
of the same fractions did not show CDK6 in HMW fractions, suggesting a specific
role for CDK4 (Figure 34B). We also found cyclin D1, the main regulator of CDK4
activity, HMW fractions (Figure).

On the other hand, p27Kip1 was not found in

HMW complexes only LMW fractions (dimmer or trimmers of 29-90 kDa).
Furthermore, analysis of protein lysates from CDK4-/- epidermis shows that loss of
CDK4 results in a loss of cyclin D1 in HMW complexes, but not in a loss of cyclin D2.
This suggests that cyclin D1 forms part of these CDK4 HMW complexes (Figure 35).
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Figure 34. Distribution of CDKs in HMW and LMW fractions of wild type epidermis.
Epidermal lysates from wild type mice were subjected to size exclusion
chromatography. Fractions were subjected to western blot analysis for CDK4 and
CDK6. Blots were digitized and total pixels from fractions 1-31 were summed and
taken as 100%. Individual lanes were then taken as percent of total protein to
determine distribution of CDK4 and CDK6 in fractions. Fractions 1-5 (~669 kDa),
fractions 6-12 (~443-150 kDa), fractions 13-21 (~66 kDa), fractions 22-30 (~29 kDa).
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Figure 35. D-type Cyclin distribution in HMW and LMW fractions. Epidermal Lyasates from Wt, CDK4-/- and K5CDK4
mice were separated by size exclusion chromatography and fractions were analyzed for cyclin D1 and D2 expression.
Fractions 1-5 (669 kDa), fractions 6-12 (443-150 kDa), fractions 13-21 (66 kDa), fractions 22-30 (29 kDa). Cyclin D1 does
not appear in HMW fractions in CDK4-/- mice and the majority is redistributed to ~150-66 kDa fractions.
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Next we wanted to determine if the distribution of CDK4 differs between
normal skin and hyperplastic skin or skin tumors. Protein extracts from TPA treated
wild type mice (hyperplastic skin) and wild type papillomas were separated using
size exclusion chromatography. We found that CDK4 was in HMW fractions of both
samples, however as the distribution of CDK4 in HMW complexes decreased in
hyperplastic skin and papillomas in comparison to normal skin (Figure 36). In all,
CDK4 distribution appears to be a shift from HMW complexes to LMW complexes
with increasing deregulated cell proliferation. To confirm these results we decided to
use immortalized mouse cell lines derived from skin and SCCs. First we separated
whole cell lysates from MT1/2 cells, which are derived from inititated mouse skin.
Immunoblot analysis shows that CDK4 is found in the HMW fraction of these cell
lysates (Figure 37A). Next we decided to subject SCC derived cell lines, JWF2 and
CH72, to the same procedure. Interstingly, immunblot analysis shows that CDK4 is
absent in HMW fractions from these cell lysates (Figure 37B C).
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B.
CDK4 Distribution in Mouse Papilloma
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Figure 36. Distribution of CDK4 in hyperplastic skin and mouse papilloma.
Fractions from 20-week TPA treated skin (A) and 20-week mouse papillomas (B)
were analyzed for the distribution pattern of CDK4. Fractions 1-5, 669 kDa; 6-9, 443
kDa; 10-18, 200-150 kDa; 20-40, 29 kDa.
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Figure 37. Distribution of CDK4 in cell lines derived from initiated skin and SCCs.
A. Fractions from wholes cell MT1/2 cell lysates were analyzed for CDK4
distribution. B) Distribution of CDK4 in CH72 and C) JWF2 SCC whole cell lysates.
Fractions 1-5, 669 kDa; 6-9, 443 kDa; 10-18, 200-150 kDa; 20-40, 29 kDa.
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B.
CDK4 Distribution in CH72 cells
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C.
CDK4 distribution in JWF2 cells
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Discussion
We have demonstrated that CDK4 is eluted in high molecular weight (HMW)
fractions in addition to expected low molecular weight fractions, in normal mouse
keratinocytes. The distribution of CDK4 in HMW complexes is higher in normal and
hyperplastic skin in comparison to that in mouse skin tumors. This apparent shift of
CDK4 from high to low molecular weight complexes is consistent with results found
in cell culture. We found that SCC derived cell lines, JWF2 and CH72, do not
contain CDK4 in any HMW complexes compared to MT1/2 cell lines (derived from
DMBA initiated skin cells). Interestingly, CH72 and JWF2 but not MT1/2 cells form
aggressive SCC when grafted to nude mice. All together, these results suggest that
CDK4 is sequestered in HMW complexes in non-transformed cells, but interaction
with high molecular weight complexes is lost in cells with increasing malignant
phenotype. Our results also suggest that cyclin D1 is sequestered in these HMW
complexes. Future directions should include conducting additional immunblots for
known CDK4 inhibitors, INK4 family members, to determine if these proteins appear
in HMW complexes with CDK4. However the approximate size of these HMW
complexes (669-443) if far larger than CDK/CKI complexes and suggest that novel
proteins may aid in regulating CDK4 activity. It is also essential that future
experiments determine the enzymatic activity, if any, of CDK4 in these HMW
complexes. Preliminary, two-dimensional polyacrylamide gel electrophoresis (2DPAGE) experiments showed that CDK4 interacts specifically with several proteins
with a molecular weight of 50-80 kDa and an isoelectric point between 6-7 (data not
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shown). However, our attempts at identify these proteins by trypsin digestion and
mass spectrometry analysis were unfruitful and should be revisited.
Although this work is in the preliminary stages, we have shown that there is a
clear shift in the distribution of CDK4 from high to low molecular weight complexes in
cells with increasingly deregulated cell proliferation and malignant phenotype. The
relative abundance and composition of these complexes in normal mouse skin
versus skin tumors needs to be further analyzed. This will allow us to identify novel
CDK regulatory proteins and understand how CDK4 kinase activity is regulated in
normal versus neoplastic cells.

This work is significant because it may provide

insights as to how to better approach CDK4 as a therapeutic target.
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Appendix IV
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