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ABSTRACT 

	  

	   Loss of normal growth control is a hallmark of cancer progression. Therefore, 

understanding the early mechanisms of normal growth regulation and the 

changes that occur during preneoplasia may provide insights of both diagnostic 

and therapeutic importance. Models of dysplasia that help elucidate the 

mechanisms responsible for disease progression are useful in highlighting 

potential targets for prevention. An important strategy in cancer prevention 

treatment programs is to target the reversal of premalignant disease through re-

differentiation. The studies presented here focused on investigating the 

mechanisms of reversal of dysplasia in tet-op-TAgMMTV-tTA mice, a well-

established model of re-differentiation of dysplasia and multi-step 

carcinogenesis. In this experimental model of viral-oncoprotein-induced epithelial 

cancer, progression proceeds through sequential steps of “reversible” (4-months-

of-age) and “irreversible dysplasia” (7-months-of-age) when TAg is 

downregulated. This study identified abnormal upregulation of cell cycle related 

proteins Cyclin D1, CDK4, CDK6 and phosphorylated pRb as mechanisms 
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responsible for dysplasia persisting after the initiating viral oncoprotein Simian 

Virus 40 T Antigen was downregulated. Significantly, p53 was not required for 

successful re-differentiation of dysplasia. Additionally, we investigated 3 

chemopreventive agents (UAB30, rosiglitazone and PD0332991) and tested their 

effect on reversal of dysplasia at the 7-month “ irreversible” timepoint. We 

determined that ligand-induced activation of RXR and PPAR gamma agonists 

attenuated Cyclin D1 and CDK6 but not CDK4 or phosphorylated pRb 

upregulation and dysplasia was not reverted. In contrast, administration of 

PD0332991, an orally available CDK4/6 inhibitor, was able to prevent 

upregulation of Cyclin D1, CDK6 as well as CDK4 and phosphorylated pRb and 

dysplasia was reverted. Moreover, the study distinguished CDK4 and 

phosphorylated pRb as targets for chemoprevention. These results reveal a 

candidate mechanism for interrupting cancer development at the dysplastic stage 

and highlight parameters to follow in evaluating potential biomarkers of response. 
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I. INTRODUCTION 
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A. The MMTV-tTA/tetop-TAg Mouse Model. 

1. Introduction. 

The tetracycline-operator (tet-op)-TAgMouse Mammary Tumor Virus (MMTV)- tetracycline 

TransActivator (tTA) mice have been well established as models of multi-step 

carcinogenesis (1–3). Additionally, the model has been used for investigation of 

mechanisms involved in re-differentiation and reversal of dysplasia (1; 3). In this 

system, expression of the viral oncoprotein TAg was targeted to the striated 

ductal epithelial cells of the submandibular salivary gland using the MMTV-Long 

Terminal Repeat (LTR) (4) and conditionally regulated using the tetracycline-

responsive gene expression system (5). MMTV (mouse mammary tumor virus) is 

a complex oncogenic retrovirus. In its viral form, MMTV has the ability to insert its 

viral genome into the host genome, and cause deregulation of genes resulting in 

mammary cancers in mice (6). The LTR of MMTV was selected in this model to 

target expression of tTA and consequently SV40-TAg to striated duct cells of the 

submandibular salivary gland (4).  

2. MMTV-tTA and tetop-TAg transgenes. 

The tetracycline-responsive transactivator (tTA) is a hybrid composed of 

the tetracycline repressor protein (TetR) from TN10 (Escherichia coli) fused to 

the viral protein 16 (VP16) activation domain from the herpes simplex virus. The 

fusion of VP16 imparts transactivation characteristics to a former bacterial 

repressor protein (7). The tTA protein binds to DNA at specific operator 

sequences and activates the promoter activating the transcription of the target 
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gene, TAg. Binding of tTA is controlled by tetracycline and its derivatives, upon 

binding, tTA is incapable of recognizing operator sequences and gene 

expression does not proceed or is halted.  

SV40 large T antigen (TAg) is a potent oncoprotein of 708-amino acids in 

size that has been shown to transform many cell types (8). The transformation 

potential of TAg is largely attributed to its disruption of the p53 and pRb tumor 

suppressor proteins (9; 10). TAg-mediated cellular transformation is dependent 

on protein and DNA binding at three TAg domains. One, the carboxy-terminal 

region which binds directly to the specific DNA binding domain of p53 and it has 

been hypothesized that upon binding, it inactivates p53’s tumor suppressor 

function (8). This domain is also necessary for TAg association with CBP, p300 

and p400 (11; 12). Two, the LxCxE motif, which binds to the retinoblastoma 

family of proteins pRb, p107, and p130 (13; 14). Lastly, the J domain, that 

cooperates with the LxCxE motif to inactivate pRb family members by 

sequestering them and enhancing their degradation (15; 16). TAg can bind 

directly to the specific DNA binding domain of p53, and it has been hypothesized 

that upon binding, TAg inactivates the tumor suppressor function of p53 (8). 

However, the binding of p53 with TAg also increases the half-life and steady-

state levels of p53 in cell culture partly due to the entrapment of the 

p300/mdm2/p53 complex that targets p53 for degradation (17; 18). In vitro tissue 

culture studies have suggested an unexpected role for p53 within the TAg 

complex by showing that the TAg-p53 complex has growth stimulatory activities 

that are required for malignant cell growth (19). Depletion of p53 then leads to 
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structural rearrangements of the multiprotein complex resulting in growth arrest 

(19). 

In the tetracycline-operator (tet-op)-TAgMouse Mammary Tumor Virus (MMTV)- tetracycline 

TransActivator (tTA) mouse model, the SV40 TAg gene was place under the control of 

an array of tet operator sequences and a promoter (1; 20). Therefore, this system 

allows a spacial expression to striated duct cells of the submandibular salivary 

gland via MMTV-LTR-tTA and a temporal expression of TAg via tetracycline 

responsive tet-op-TAg (Figure 1).  
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Figure 1. Diagram of the tetracycline-responsive transactivator “off” system. MMTV-

tTA/tetop-TAg animals are under conditional control of TAg by administration of tetracycline (tet). 

In the presence of tetracycline (left), tTA is unable to recognize the operator sequence of the tet-

op promoter and TAg transcription is impaired. In the absence of tetracycline (right), tTA freely 

binds to the operator sequence of the tet-op promoter and TAg transcription is activated. When 

tTA is present, there is no gene transcription in the presence of tetracycline. 
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3. Phenotypes. 

The persistent expression of TAg in the submandibular salivary gland 

causes scattered foci of transformed cells by 2 weeks of age (2). Histological 

changes continue, and by 4 months of age large areas of hyperplastic ductal 

structures are visible (1; 3). These structures are comprised of dysplastic ductal 

cells, defined as those cells lacking striations and demonstrating uniform nuclear 

pleomorphism and hyperchromasia. By 12 months of age, hyperplastic areas are 

surrounded by fibrosis and tumors develop to invasive adenocarcinoma and 

metastases (2). 

4. Time-sensitive reversal of TAg induced hyperplasia in ductal 

epithelial cells.  

This experimental model of epithelial cancer progression through viral 

oncoprotein induction proceeds through sequential steps of “reversible” and 

“irreversible” dysplasia when TAg is downregulated. The “reversible” stage is 

observed when expression of TAg is downregulated after 4 months of age. By 14 

days of TAg downregulation at 4 months, ductal cells that were previously 

dysplastic underwent differentiation that was characterized by appearance of 

striations within the ductal cells and decrease in nuclear size (3). Conversely, the 

“irreversible” stage is observed if TAg is downregulated at 7 months of age. After 

14 days of TAg downregulation at 7 months, the ductal cells remain dysplastic 

and large areas of transformed ductal cells persist even if TAg downregulation is 

extended to 21 days (1). Similarly, there is no reversal when TAg is 

downregulated in adenocarcinomas (3; 21). Notably, the apoptotic indices are not 



 
 

7 

significantly different after 14 days of TAg downregulation at the 4-month 

reversible timepoint versus the 7-month irreversible timepoint suggesting that 

differentiation is an important mechanism for reversal and that differential rates of 

apoptosis are not involved. (3).  

 

B. Cell Cycle. 

1. Overview. 

The mammalian cell cycle is a series of tightly regulated events that lead 

to a cell’s division and replication or, alternatively, apoptosis, senescence or 

quiescence. The cell cycle consists of the following defined phases: Interphase 

(G1, S phase, and G2) and M phase (mitosis/cytokinesis) (Summarized in Figure 

2) (22; 23). Progression of each phase is highly dependent on cell cycle 

checkpoints and the successful completion of the previous phase (24). G1 is a 

highly metabolically active phase, with active protein synthesis and a 20% 

increase in cell size (25–27). At the end of G1, the cell enters a restriction point, if 

molecular and extracellular conditions are not permissive, the cell exits the cell 

cycle and enters G0, a nonproliferative, yet active phase where growth, 

differentiation and apoptosis can occur (28). If the cell transitions through the 

restriction point and commits to the proliferative cycle, it will enter S phase and 

replication of DNA will occur (29). The cell will progress to G2 and continue 

protein synthesis and growth in preparation for mitosis. After G2, the cell 

encounters a G2/M checkpoint where DNA damage signals can halt the cell 

cycle and activate repair pathways (22). Mitotic entry will progress once all 
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genetic material is successfully duplicated and intact (30). During mitosis, 

chromosomes are separated and cytokinesis takes place (31).  

 

Figure 2. Phases of Cell Cycle Machinery. The cell cycle consists of the following defined 

phases: Interphase (G1, G0, S phase, and G2) and M phase (mitosis/cytokinesis) (Adapted from 

32). 

 

 

 



 
 

9 

 

2. CDKs and Cyclins. 

The central regulators of the cell-cycle system are a family or protein 

kinases called CDKs (cyclin-dependent kinases) (33; 34). Human CDKs include 

CDK1, CDK2, CDK4, and CDK6. The protein levels of CDKs remain relatively 

constant during the cell cycle; in contrast, their activation is highly cyclical and 

depends on extracellular signals and nutrient availability (33; 35). Changes in 

their activity lead to phosphorylation of intracellular proteins that initiate DNA 

replication, growth, mitosis, and cytokinesis (36–38). CDK protein kinase activity 

is dependent on association with another major cell cycle regulator, the Cyclin 

proteins, and the consequent phosphorylation of CDKs’ substrates (39). Cyclins 

have no enzymatic activity themselves but target the CDKs to specific cellular 

locations and form complexes that are responsible for phosphorylation and 

activation of downstream proteins that promote transcription, chromatin 

remodeling and microtubule formation (40; 41). Cyclin protein levels fluctuate in a 

cyclical manner at different stages of the cell cycle and their levels and activity 

are highly dependent on gene expression and proteolysis (42; 43). Eukaryotic 

cyclins include Cyclin A, Cyclin B, Cyclin D 1-3, and Cyclin E. The CDK/Cyclin 

activity is further modulated by cyclin-dependent kinase inhibitor (CDKI) proteins 

that include two major families: CIP/KIP (p21 CIP1/WAF1, p27 KIP1, p57 KIP2) 

that bind to and inhibit the activity of all CDKs (44–46) and the INK4 family (p15 

INK4b, p16	  INK4a, p18 INK4c, p19 INK4d) that exclusively bind to and inhibit the 

D-type CDKs (47–49). CDKIs regulate the cell cycle in part by stabilizing tumor 
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suppressor p53 by interacting with MDM2, one of the proteins responsible for 

p53 degradation. Additionally, CDKIs control cell cycle proliferation during G1 by 

inhibiting the ability of Cyclin D/CDK4 and Cyclin D/CDK6 complexes to 

phosphorylate pRb (47). Additionally, CDKIs, specifically INK4 proteins, inhibit 

CDKs by interfering with ATP binding and by increasing the rate of Cyclin 

dissociation and its consequent degradation.  

In early and mid-G1, D-type Cyclins form active complexes with CDK4/6 

cohorts and are responsible for initiating pRb phosphorylation, leading to its 

functionally inactive hyperphosphorylated state and resulting in the consequent 

passage through the restriction point into S phase (50–52). In late G1, CDK2 

heterodimerizes with Cyclin E and reinforces pRb phosphorylation leading to the 

irreversible gene expression program into S phase (Restriction Point) (33; 53; 

54). In the phases following the restriction point, CyclinA/CDK2 and 

CyclinB/CDK1 complexes help maintain pRb’s hyperphosphorylated state 

ensuring cell cycle progression (37) and summarized in Figure 3.  

3. Retinoblastoma protein (pRb) family.  

Members of the retinoblastoma protein family (pRb, p105, p107 and p130) 

are some of the major regulators of proliferation and their phosphorylation is 

strictly governed by the cell cycle machinery (50). G1 and the passage through 

the restriction point into S phase are complex processes in which pRb plays an 

important role as a regulator. Its central role is to relay signals between the cell 

cycle clock and the transcriptional machinery. pRb begins the cell cycle in a 

hypophosphorylated state and bound to DP-1 and E2F transcription factors 
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inhibiting their action. It becomes hyperphosphorylated during G1, maintaining 

this state through the remainder of the cell cycle. (37; 38). During G1, growth-

promoting signals stimulate the dissociation of the CDK4/6 from their inhibitory 

proteins (INK4) and initiate phosphorylation of pRb family members. The partially 

phosphorylated pRb proteins consequently dissociate from E2F transcription 

factors, and allow the expression of genes required for G1 to S phase transition 

and DNA synthesis. The downstream genes include other Cyclins that further 

regulate CDK activity, creating a positive cyclical loop that targets CDK inhibitors 

for degradation and further reinforces pRb phosphorylation (33; 38; 40; 44) and 

summarized in Figure 3.  
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Figure 3. Cell Cycle Checkpoints. The primary G1/S cell cycle checkpoint controls the 

commitment of cells to transition through the G1 phase restriction point (R) and enter into the 

DNA synthesis phase (S) (Adapted from 55) (Cell Signaling, 2010). 
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4. Deregulation of the cell cycle.  

Deregulation of the cell cycle machinery is a fundamental hallmark of 

cancer progression and a common feature in carcinogenesis (56). Cancer 

progression studies have identified the likely importance of genes controlling G1 

to S phase progression in the cell cycle including, CDK4, CDK6, Cyclin D1, their 

inhibitor p16, pRb, and p53 (56–58). Similarly, deregulation of p16, CDK4, CDK6 

and Cyclin D activities have been implicated in a variety of preneoplastic 

conditions (59; 60) and a study in bronchial epithelial cells further implicated D-

type Cyclins as novel molecular pharmacological targets for cancer 

chemoprevention (61). The importance and redundancy of CDKs and Cyclins in 

development and carcinogenesis are summarized in Table 1. 

The research presented here focuses on understanding why cell 

proliferation would persist when, theoretically, loss of TAg should restore function 

of retinoblastoma protein (pRb) and associated family members (8). Sustained 

hyperphosphorylation of pRb has been shown to play a role in the maintenance 

of cell proliferation in lymphomas, breast and colon cancer (50; 62; 63). In 

addition to its enzymatic inactivation, pRb can also be sequestered by viral 

oncoproteins causing a functional inactivation or suffer chromosomal mutations 

leading to its genetic inactivation (64; 65).  
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	   Alteration	   Model	   Cell	  Cycle	  Effect	   Associated	  Phenotype/characteristics	  

CDK1	  
KO	   Mouse	   Not	  reported	   Embryonic	  Lethal	  E2.5.	  (66)	  

Possible	  Gene	  
amplification	  

Human	  
alteration	  

Increased	  cell	  proliferation	   Large	  B-‐Cell	  lymphoma.	  (67)	  

CDK2	  

KO	   Mouse	   Delayed	  cell	  proliferation	  and	  S	  
phase	  entry.	  	  

Viable.	  Reduced	  body	  size.	  (68;	  69)	  

MMTV-‐
CyclinD1-‐CDK2	  

Constitutive	  
activation	  in	  
mice	  

pRb	  hyperphosphorylation,	  high	  
CDK2	  activity,	  upregulation	  of	  E2F	  
transcription	  

Basal-‐like	  breast	  cancer	  phenotype	  in	  tumors.	  
(70)	  

CDK4	  

KO	   Mouse	   Diminished	  CDK2	  activation,	  
impaired	  pRb	  phosphorylation.	  
Delayed	  S-‐phase	  entry	  

Reduced	  size,	  insulin	  deficient	  diabetes.	  Delayed	  
cell	  cycle	  entry.	  (71;	  72)	  

Gene	  
amplification	  

Human	  
alteration	  

pRb	  hyperphosphorylation,	  loss	  of	  
antiproliferative	  controls	  

Sarcomas,	  glioblastoma,	  breast	  cancer.	  (73–75)	  

CDK6	  

KO	   Mouse	   Delayed	  Cyclin	  D	  expression	  
induction	  and	  pRb	  
phosphorylation.	  Delayed	  S	  phase	  
entry.	  	  

Viable.	  Minor	  hematopoiesis	  defects.	  (76)	  

Gene	  
amplification	  

Human	  
alteration	  

pRb	  hyperphosphorylation,	  loss	  of	  
antiproliferative	  controls	  

Lymphoma,	  glioma,	  and	  squamous	  cell	  
carcinoma.	  (77;	  78)	  

Cyclin	  A	  
KO	   Mouse	   Not	  reported	   A1	  KO	  no	  effects.	  A2	  KO	  embryonic	  lethal	  E5.5.	  

(79;	  80)	  

Gene	  
amplification	  

Human	  
alteration	  

Increased	  proliferation.	  More	  
cells	  in	  S-‐phase	  

Poor	  prognosis	  in	  breast	  carcinomas.	  Tumor	  
relapse	  for	  HCC.	  (81;	  82)	  

Cyclin	  B	  
KO	   Mouse	   B1	  no	  cell	  cycle	  effects.	  B2	  not	  

reported.	  
B1	  KO	  is	  embryonic	  lethal	  E10.5.	  B2	  KO	  is	  
normal.	  (83)	  

Overexpression	   Human	  
alteration	  

Increased	  proliferation	   Radiotherapy	  resistance	  in	  neck	  squamous	  cell	  
carcinoma.	  (84)	  

Cyclin	  

D1	  

KO	   Mouse	   No	  cell	  cycle	  defects	  observed	   Reduced	  size,	  insulin	  deficient	  diabetes.	  
Abnormal	  mammary	  gland	  development.	  (85;	  
86)	  

Gene	  
amplification	  

Human	  
alteration	  

Cyclin	  D1	  overexpression	   Breast	  tumors,	  esophageal	  cancer,	  and	  
colorectal	  carcinomas.	  (87–89)	  

Cyclin	  E	  

KO	   Mouse	   Normal	  cell	  proliferation	  (DNA	  
synthesis)	  

E1	  KO	  no	  effect.	  E1,	  E2	  KO	  is	  embryonic	  lethal	  
E11.5	  (vascularization	  defects).	  (90;	  91)	  

Overexpression	   Human	  
alteration	  

Aneuploidy,	  high	  S-‐phase	  
percentages	  

Poor	  survival,	  aggressive	  phenotype	  in	  breast	  
cancer.	  (92)	  

 

Table 1. Consequences of deletions and amplifications of CDKs and Cyclins in mouse 

models and human alterations. 
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C. RXR and PPARγ. 

1. Role as Nuclear Receptors. 

Nuclear receptors are intracellular receptors that bind lipid-soluble 

hormones (steroid and thyroid hormones) in the cell. Upon ligand binding, some 

nuclear receptor complexes, such as those for cortisol, translocate to the nucleus 

and regulate expression of target genes. Retinoid receptors may be bound to 

DNA in the nucleus even in the absence of ligand. The inactive forms of nuclear 

receptors are bound to inhibitory protein complexes. Upon ligand binding, the 

structural conformation of the receptor is altered and causes the inhibitory 

proteins to dissociate (Figure 4). Additionally, ligand binding can cause receptors 

to bind coactivator proteins and induce gene transcription (93). The impact of 

germ-line and conditional RXRα and PPARγ deletion in genetically engineered 

mouse models is summarized in Table 2. Several of these studies correlate loss 

of RXRα or PPARγ function with increased cancer susceptibility or progression.  
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Figure 4. Nuclear Receptor Superfamily Ligand Binding. (A) A receptor protein in its inactive 

state is bound to inhibitory proteins. (B) The binding of ligand to the receptor causes the ligand-

binding domain of the receptor to clamp shut around the ligand, the inhibitory proteins to 

dissociate, and coactivator proteins to bind to the receptor's transcription-activating domain, 

thereby increasing gene transcription. (Adapted from 93) (Alberts et al. Figure 15.13, 2002). 
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2. Retinoid X Receptor (RXR). 

RXR belongs to the Retinoid Nuclear Receptors (RNR) superfamily that 

includes the RA (retinoic acid) receptors (RAR), which bind RA, and the Retinoid 

X Receptors (RXR), which bind 9-cis-retinoic acid. Research to identify the 

physiological ligand for RXR in tissues showed that unsaturated fatty acids, 

particularly linoleic and docosahexaenoic acids bound to and activated RXR as 

specific ligands, although with low affinity (94). Three types of RXRs have been 

identified: RXRα (alpha), RXRβ (beta), and RXRγ (gamma) (95). These 

receptors act predominantly as heterodimeric partners with RARs, vitamin D 

receptors, and thyroid hormone receptors, among others (96; 97). RXRs are 

involved in the regulation of many cellular processes, including growth, 

apoptosis, and differentiation (96). Conditional knockout studies have described 

increased multifocal hyperplasia in prostate and early myeloid leukemia 

development in APL models (Table 2). Studies have reported that RXR is critical 

for the growth of ER-negative cells and for the transformation of these cells into 

cancer (98). Additional reports have shown that retinoids can inhibit growth as 

well as invasion of malignant cells (98–100).  

UAB30 (9-cis UAB30) is a novel synthetic Retinoid X Receptor-selective 

retinoic acid. It binds RXRα with higher affinity than retinoic acid and is the most 

potent and selective of RAs for activating RXRs (101). Data shows that UAB30 

effectively reduces the tumorigenic phenotype in mouse breast carcinoma with 

lower toxic effects than natural retinoids (102; 103). Recent human pilot studies 
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show that UAB30 has a favorable toxicity and pharmacokinetic profile in healthy 

volunteers (104).  

3. Peroxisome proliferator-activated receptor gamma (PPARγ).  

Peroxisome proliferator-activated receptor gamma (PPARγ) is part of the 

Peroxisome Proliferator-Activated Receptor (PPAR) superfamily of nuclear 

receptors. Three types of PPARs have been identified in the literature: PPARα 

(alpha), PPARβδ (beta/delta), and PPARγ (gamma) (105–107). These receptors 

are structurally related to each other and are expressed in varying parts of the 

body. PPARs are ligand-dependent transcription factors that bind to specific 

peroxisome proliferator response elements (PPREs) as heterodimers with RXR 

to regulate transcription of target genes (108; 109). Numerous ligands of PPARs 

have been identified, including fatty acids and their derivatives (eicosanoids and 

prostaglandins) (110; 111). Studies show that PPARs play a role in regulating 

fatty acid storage and glucose metabolism, stimulating lipid uptake and 

adipogenesis by fat cells (112–114). Additional suggested putative roles for 

PPARs include angiogenesis, inflammation, cellular differentiation, and 

carcinogenesis. Studies in homozygous and heterozygous PPARγ alterations 

showed impaired adipogenesis and increased incidence of tumor formation 

(Table 2). Research suggesting that PPARγ ligands inhibited cell proliferation 

during adipocyte differentiation has lead to studies investigating the effects of 

PPARγ activation in cancer (115; 116). Cell culture studies have shown that 

activation of PPARγ induced growth arrest and apoptosis in breast cancer cells 

(117) and downregulated Cyclin D1 expression (118). Additionally, recent clinical 
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trials have suggested a promising role for PPARγ agonist’s antitumor activity and 

disease stabilization in advanced malignancies (119).  

Rosiglitazone is a member of the thiazolidinedione (TZD) class of anti-

diabetic agents and is a highly selective and potent agonist for PPARs (120). 

TZDs have been found to increase expression of adipocyte genes and induce 

adipocyte differentiation (121).  

4. PPARγ and RXR heterodimerization and combination therapy. 

Since PPARγ forms heterodimers with RXR after activation (Figure 5), 

recent studies have investigated whether combination treatment targeting both 

receptors could be more effective than single agent therapy. An early study 

reported that combination of PPARγ ligand troglitazone and RAR ligand retinoic 

acid caused marked apoptotic cell death of tumors induced by MCF-7 breast 

cancer cells in immunodeficient mice without toxic side effects (122). A 

chemoprevention investigation reported that the combination of PPARγ ligand 

troglitazone and RXR-selective retinoid, LG10068 was more effective than single 

agent therapy in the prevention of preneoplastic mammary lesions (123). 

Significantly for the study reported here, the 'irreversible' salivary epithelial 

dysplasia in the Tet-op-TAgMMTV-tTA mice expresses both RXR and PPARγ but 

demonstrates loss of expression of the PPARγ downstream gene Protein 

Phosphatase 2 A (PP2A) and maintenance of transcription factor DRTF1 

(Database of Rice Transcription Factor)-Polypeptide-1 (DP-1) in its 

phosphorylated state promoting cell cycle progression (3). 
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Figure 5. PPARγ  and RXR as heterodimers. Nuclear receptor RXR binds to UAB30 resulting in 

dissociation of corepressors and recruitment of coactivator proteins. PPARγ binds rosiglitazone 

(ROSI), heterodimerizes with RXR and promotes transcription of the downstream target genes.  
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PPARγ 

Embryonic 

knockout 

• Developmental abnormalities (Cardiomyopathies, 

lipodystrophy) 

• Embryonic lethal at day E9.5 (124) 

Heterozygote 

• Increased tumor incidence 

• Increased susceptibility to tumor formation and death 

• Increased tumor size and morphological changes (125; 

126) 

Conditional 

knockout 

(Cre-loxP) 

• Lower PPARγ responsive genes 

• Impaired adipogenesis (127) 

RXRα 

Embryonic 

knockout 

• Developmental abnormalities (Ventricular defects, ocular 

malformations, delayed organ development) 

• Embryonic lethal at day E16.5 (128) 

Heterozygote 
• Growth deficiencies (weight deficit, Vitamin A deficiencies) 

• Early death (week 3) (128; 129) 

Conditional 

knockout 

• Multifocal hyperplasia (prostate) (PB-Cre4) (130) 

• Early myeloid leukemia development (Cre-loxP) (131) 

 

Table 2. Effects of PPARγ  and RXRα homozygous and heterozygous disruptions in mice.   
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D. CDK/Cyclin Inhibitors. 

1. Introduction. 

Protein kinases play a key role in orchestrating complex signaling events 

that drive and control the cell cycle mechanism (reviewed in section I B2). 

Researchers have observed and investigated CDKs gene amplification and 

protein overexpression in a wide variety of human cancers. These alterations 

often result in loss of antiproliferative checkpoints resulting in deregulated 

proliferation. In some cancer types these changes have been linked with poor 

prognosis, relapse and radiotherapy resistance (Table 1). Consequently, 

synthetic inhibitors that target these cell cycle kinases have been proposed and 

extensively investigated as potential anticancer therapies.  

2. Pan-CDK inhibitors. 

The first generation of CDK inhibitors had wide-spectrum effects targeting 

kinases at many different phases of the cell cycle with significant off-target 

effects. Some of these pan-CDK inhibitors include flavopiridol, roscovitine, and 

olomoucine. (71; 132–134). Inactivation of these CDKs has a widespread impact 

on the cell cycle, affecting gene expression, proteolysis and apoptotic responses. 

A new generation of pan-CDK inhibitors possessing greater CDK selectivity and 

higher antiproliferative activity in tissue culture studies appears more potent in 

inhibiting tumor growth in vivo. (P276-00, AT7519, ZK304709, purvalanol A, 

NU6140). However, many of these compounds have shown toxicity due to 

downregulation of crucial cell cycle proteins in normal cells. Therefore, the 
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potential therapeutic use of wide-spectrum CDK inhibitors as single agents in 

cancer therapy appears to be limited (135–139).  

3. CDK-specific inhibitors as chemopreventives and cancer therapies. 

Research has shown that inhibition of specific CDKs in some cancer types 

may have therapeutic value with reduced toxicities (140–142). Therefore, specific 

CDK inhibitors such as quinolinyl thiazolinone Ro-3306 (specific to CDK1/Cyclin 

B), Ryuvidine (specific for CDK4) and the orally active pyridopyrimidine PD-

0332991 (specific to CDK4/6) may be promising pharmaceuticals (143–146). 

Recent data using preclinical cell line and animal models of lung and intestinal 

cancers highlights the possibility of using CDK inhibitors as chemoprevention 

agents (147; 148). Glimberti et al. investigated the chemotherapeutic potential of 

the CDK2 inhibitor seliciclib and observed significant dose-dependent growth 

suppression in lung cancer cell lines. Additionally, they reported a decrease in 

proliferation markers in lung dysplasia and a reduction of high-grade lesions in a 

transgenic model that spontaneously develops lung carcinogenesis (147). Boquoi 

and colleagues observed G2 arrest, cell cycle inhibition and reduced tumor 

number and tumor burden in a model of intestinal tumorigenesis after the 

administration of CDK2/7/9 inhibitor SNS-032 (148).  

4. CDK4/6-specific inhibitor PD0332991. 

PD0332991 is a pyridopyrimidine-derived Cyclin-dependent kinase (CDK) 

inhibitor with potential antineoplastic activity (145) (Depicted in Figure 6A). Early 

reports documented its in vitro specificity against CDK4/6 (IC50 = 0.011, 0.016 

µM, respectively) and showed no activity against a panel of 36 other protein 
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kinases (143). PD0332991 fills the ATP binding pocket of CDK4/6 almost 

completely, therefore inhibiting its activity as depicted in Figure 6B. Studies 

revealed its potent anti-proliferative activity against subcutaneous human tumor 

xenografts (143; 145). Additionally, administration of PD0332991 reduced tumors 

in mice bearing the Colo-205 human colon carcinoma cell line. An increase in 

sensitivity to tamoxifen in breast cancer cell lines with conditioned resistance to 

ER blockade upon administration of the CDK4/6 inhibitor has been reported 

(149). An important predictor of response to PD0332991 is the presence of pRb 

and low expression of p16 in the targeted cells (150; 151). Several clinical trials 

to identify the dose-limiting toxicity (DLT) of PD0332991 have been initiated and 

report the drug is generally well tolerated with DLTs related to myelosuppression 

and resulting leukopenia/neutropenia and fatigue (152; 153).  

Currently, there are nine actively recruiting clinical trials testing efficacy, 

progression free survival, tumor response rates, and time to disease progression 

in a variety of cancers (Table 3). Five of these trials are investigating PD0332991 

as a single agent in glioblastoma, liposarcoma, solid tumors, hepatocellular 

carcinoma, and non-small cell lung cancer. Seven out of nine studies have 

specific criteria excluding patients whose tumors test negative for pRb. Notably, 

there are no reports of clinical trials recruiting patients to examine PD0332991 as 

chemopreventive agent. Here, we utilized PD0332991 to test if inhibition of the 

CDK4/6 pathway would promote regression of 'irreversible' dysplasia. 
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Figure 6. Chemical structure and binding of PD0332991. (A) Chemical structure of PD033291, 

6-acetyl-8-cyclopentyl-5-methyl-2-(5-(piperazin-1-yl)pyridin-2-ylamino)pyrido[2,3-d]pyrimidin-

7(8H)-one. (B) Surface representation of the bound inhibitor PD0332991 and the ligand-binding 

pocket of CDK6. The surfaces of the inhibitors are shown as solid, partially transparent surfaces 

in purple for PD0332991. The surface of the CDK6 binding pocket is shown as a blue-lined mesh. 

(Reproduced from figures 1 and 4 from 154) (Lu and Schulze-Gahmen, 2006).
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Phase	   Malignancy	   Dosage	   Drug	  
Combinations	  

Primary	  Outcome	   Molecular	  Profile	  
Criteria	  

I	   Relapsed	  Mantle	  Cell	  
Lymphoma	  

Escalating	  dose	  (21	  
day	  cycle)	  50,	  75,	  100	  

mg	  and	  125	  mg	  

	  With	  Bortezomib	   Determination	  of	  
maximum	  tolerated	  

dose	  (MTD)	  

Cyclin	  D1	  positivity	  

I	   Advanced	  Breast	  
Cancer	  

n/a	   With	  Paclitaxel	   Determination	  of	  
maximum	  tolerated	  

dose	  (MTD)	  

pRb	  positive	  disease	  

I/II	   Multiple	  Myeloma	   Escalating	  dose	  (28	  
day	  cycle):	  50,	  75,	  100	  

mg	  and	  125	  mg	  

With	  Velcade	  &	  
Dexamethasone	  

Objective	  Response	  
Rate	  (ORR)	  

pRb	  positive	  disease	  

I/II	   Hormone-‐Receptor	  
Positive	  Advanced	  
Breast	  Cancer	  

125	  mg/day	   With	  Letrozole	   Safety	  profile	  and	  
progression	  free	  
survival	  (PFS)	  

CCND1	  amplification	  
and/or	  loss	  of	  p16	  

ER+/HER2-‐	  

II	   Advanced	  or	  
Metastatic	  
Liposarcoma	  

200	  or	  125	  mg	  once	  
daily	  14	  consecutive	  

days	  

none	   Proportion	  of	  PFS	  rate	  
of	  ≥	  40%	  at	  12	  weeks.	  

pRb	  positive	  disease.	  CDK4	  
amplification	  by	  FISH	  

II	   Recurrent	  
Glioblastoma	  

25	  mg	  daily	  for	  21	  
consecutive	  days	  

none	   Efficacy	  as	  
determined	  by	  
progression	  free	  
survival	  (PFS)	  

pRb	  positive	  disease	  

II	   Advanced	  
Hepatocellular	  
Carcinoma	  

125	  mg,	  3	  cycles	   none	   Time	  to	  Disease	  
Progression	  (TTP)	  

pRb	  positive	  disease	  

II	   Refractory	  Solid	  
Tumors	  

n/a	   none	   Response	  rates,	  
Safety	  and	  tolerability	  

pRb	  present,	  CDK4	  
mutation	  or	  amplification	  

(melanoma).	  CCND1	  
amplification	  

II	   Advanced	  Non-‐small	  
Cell	  Lung	  Cancer	  

NSCLC.	  

125	  mg	  PO	  days	  1	  -‐	  21	   none	   Tumor	  response	  by	  
direct	  RECIST	  
measurement	  

pRb	  positive	  and	  p16	  
protein	  absent/low	  in	  
tumor	  biopsy	  specimen	  

 

Table 3. Clinical Trials Actively Recruiting for PD0332991 Intervention. MTD, maximum 

tolerated does, PFS, progression free survival, TTP, time to disease progression. Data extracted 

from (155) http://clinicaltrials.gov 2011. 
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II. MATERIALS AND METHODS 
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A. Tetop-TAgMMTV-tTA and Tetop-TAgMMTV-tTA/p53-/- genetically engineered 

mice. 

Double transgenic mice carrying a mouse mammary tumor virus long 

terminal repeat (MMTV) tetracycline responsive transactivator (tTA) transgene 

and tetracycline responsive promoter (tetop)-Simian virus 40 T Antigen (TAg) 

transgene (Tetop-TAgMMTV-tTA) (1) were maintained on a C57Bl/6 background. At 

twenty-one days post-partum pups were weaned from dams, separated 

according to sex, and ear tagged with individual numbers for identification. A 

2mm section of tail tissue was obtained and frozen. Tail samples were shipped 

for genotyping analysis via real time PCR (Polymerase Chain Reaction) 

(Transnetyx, Cordova, TN). Tetop-TAgMMTV-tTA/p53-/- mice were generated by 

breeding Tetop-TAgMMTV-tTA mice with p53+/- mice (156). Only male mice were 

used in the study to control for sexual dimorphic effects in salivary gland 

development (157). Animals not required for breeding or specific experiments 

were euthanized by CO2 narcosis per Georgetown University regulations and 

guidelines. Cohort sizes at different timepoints in days after initiation of 

doxycycline therapy to downregulate TAg expression as follows: Tet-op-TAgMMTV-

tTA at age 4 months (m) : 0(n = 4), 2(n = 4), 6(n = 4), 10(n = 4), and 14(n=5); at 

age 7m: 2(n = 3), 6(n = 3), 10(n = 3), 10(n=3), 14(n = 5). Tet-op-TAgMMTV-tTA/p53-/- 

at age 4m: 14 (n=5). 
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B. Animal Care. 

Necessary food and water were provided ad libitum to the mice. Animals 

were housed 5 per cage (at maximum) unless pups younger than 21 days were 

nursing from the dam. In that case the entire litter was maintained with the dam. 

They were maintained on a 12-hour light and 12-hour dark schedule in ventilated 

cages. Their primary enclosure was monitored for temperature and humidity and 

they were housed in a temperature controlled animal facility room. In the 

experiments described here, all procedures involving animals were performed in 

accordance with current federal (National Institutes of Health (NIH) Guide for the 

Care and Use of Laboratory Animals) and university guidelines and were 

reviewed and approved by the Georgetown University Institutional Animal Use 

and Care Committee (GUACUC).  

C. Harvesting Tissue Samples. 

Mice were euthanized by CO2 narcosis and salivary glands and liver 

tissue were collected in either 10% neutral buffered formalin for histological 

studies or snap frozen in liquid nitrogen for RNA and protein studies. Frozen 

tissues were stored at –80°centigrade (C). Submandibular salivary gland tissue 

and adenocarcinomas were harvested from mice following euthanasia.  

D. Doxycycline Administration. 

Doxycycline was administered to mice in chow (200 mg/kg, Bio-Serv, 

Frenchtown, NJ) ad libitum. Doxycycline (Fisher Scientific, Pittsburgh, PA) was 

administered in the drinking water to selected groups of mice to downregulate 

TAg expression. Doxycycline stock (100X) was prepared (20 mg/mL) in distilled 
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water and frozen in 5 mL or 40 mL aliquots wrapped in aluminum foil to protect 

from light-induced degradation. In the F-zone of the animal facility, the 100X 

stock was added to 400 mL of water in black water bottles to a final concentration 

of 200 µg/mL. Doxycycline water was replaced twice per week.  

E. Pharmaceutical Agents and Administration. 

Cohorts of 7-month-old mice were randomized by dividing littermates into 

intervention or control groups. Doxycycline was administered in the water as 

described in Section D at the same time treatment with UAB30, rosiglitazone or 

PD0332991 was initiated. UAB30 (300 mg/kg/chow) was administered alone or 

with rosiglitazone (400mg/kg/chow) for 14 or 28 days. UAB30 was synthesized at 

University of Alabama Birmingham, provided mixed in chow, and stored at 4°C. 

Rosiglitazone mixed in chow was provided by the University of Alabama, 

Birmingham and stored at 4°C. PD0332991 (Selleck Chem, Houston, TX) was 

administered by oral gavage (150 mg/kg) for 10 days after preparation in 50 mM 

lactate buffer with pH 4 adjusted with 1 N hydrochloric acid (HCl) solution in 

HPLC-grade water (Sigma–Aldrich, St. Louis, MO, USA). To test if 

pharmaceuticals achieved targeted biological effects, TAg expression was 

assessed on western blots (doxycycline), retinyl palmitate was quantified by High 

Performance Liquid Chromatography (HPLC) (UAB30), expression levels of 

Adipose differentiation related protein (ADRP), Fatty acid binding protein 4 

(FABP4), Pyruvate dehydrogenase kinase isozyme 4 (PDK4) were measured by 

real-time reverse transcriptase PCR (RT-PCR) (UAB30, rosiglitazone), and levels 



 
 

31 

of phosphorylated pRb were measured by western blot (PD0332991). Cohort 

sizes: UAB30: n=5,10. UAB30+ROSI: n=5,9. PD0332991: n=4,3.  

F. RNA Isolation and Real-time RT-PCR. 

Total RNA was isolated using Trizol reagent (Invitrogen Life Technologies, 

Carlsbad, CA) from submandibular salivary gland tissue, quantified on a 

spectrophotometer, and 2 µg of total RNA were used to prepare cDNA by a 

reverse transcriptase reaction. Semiquantitative reverse transcription-PCR (RT-

PCR) was performed by using REDTaq DNA polymerase (Sigma-Aldrich). Cycle 

numbers were tested for each primer combination to determine the cycle number 

when the reaction became saturated. TaqMan Gene Expression Assays (ABI 

Prism 7700) detected ADRP (Pin1) (Mm00475794_m1), FABP4 

(Mm00445878_m1), PDK4 (Mm01166879_m1), and 18s rRNA 

(Hs99999901_s1). Reactions were performed following manufacturer's 

recommendations using ABI Prism 7700 sequence detector and data analyzed 

with ABI Software (Applied Biosystems, Carlsbad, CA). Relative mRNA gene 

expression normalized against untreated control mice [2−ΔΔ(Ct)]; where Δ(Ct) = 

Ct (target gene) − Ct (18s rRNA) (158). 

G. Protein Extraction and Western Blot Analysis. 

Frozen salivary gland tissue was homogenized in 1X protein lysis buffer 

(9803, Cell Signaling Technology, Beverly, MA) with phosphatase inhibitor 

cocktail tablets (C# 04906837001 Roche Applied Science, Indianapolis, IN) to 

extract whole proteins and incubated at 4°C with constant rotation for 1 hour with 

vortexing every 20 mins. Protein concentration was quantified by bicinchoninic 
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acid protein assay (BCA) (Pierce, Rockford, IL). Proteins (60 µg) were 

fractionated on precast NuPAGE 4-12% gradient Bis-Tris gels (NP0335; 

Invitrogen Life Technologies, Inc. Carlsbad, CA) and electrophoretically 

transferred onto nitrocellulose membranes (Amersham Biosciences, Piscataway, 

NJ) for Western blot analysis. Membranes were blocked in 5% nonfat dry milk in 

Tris-buffered saline and 0.1% Tween for one hour at room temperature and 

exposed to the respective primary antibody overnight at 4°C. Membranes were 

exposed to a 1:5000 dilution of the appropriate secondary antibody anti-rabbit 

NA934V (GE Healthcare, Piscataway, NJ), anti-goat SC-2768 or anti-mouse SC-

2005 (Santa Cruz Biotechnology, Santa Cruz, CA). Protein levels were visualized 

using the ECL Plus Western Blotting Detection kit (RPN2133; Amersham 

Biosciences). Protein levels were quantified using Adobe Photoshop CS5 (San 

Jose, CA) by converting the image to grayscale and recording the mean 

intensity, pixel value and standard deviation using the histogram tool. The 

relative density was calculated by dividing the mean intensity x pixel value by the 

value of the standard control (beta actin). Samples from at least 3 different 

mice/timepoint/treatment groups were analyzed for each antibody. WB primary 

antibodies: Anti-Cyclin D1 (DCS6) 1:2000, anti-CDK4 (DCS156) 1:1000, anti-

CDK6 (DCS83) 1:1000, anti-Cyclin E (HE12) 1:1000, anti-pRb-Ser-807/811 

(9308) 1:1000 (Cell Signaling Technology, Beverly, MA), Anti-CDK2 (sc-163) 

1:200, anti-pRb (sc-50) 1:200, anti-p21 (sc-6246) 1:200, anti-p27 (sc-528) 1:200, 

anti-DP-1 (sc-610) 1:200, anti-E2F-1 (sc-193) 1:200, anti-TAg (sc-147) 1:200 

(Santa Cruz Biotechnology Inc.).  
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H. Histological Analyses and Immunohistochemistry. 

Formalin fixed tissue was embedded in paraffin using standard 

techniques. Sections (5 µm) were cut for Hematoxylin and Eosin (H&E) staining 

and immunohistochemistry (IHC). One H&E section from one submandibular 

salivary gland from each mouse was selected randomly and analyzed for the 

extent of dysplasia under 10× magnification. The morphology of each ductal 

structure per section was categorized as either dysplastic, in-transition, and 

normal-like ductal (n=1000± 200 ductal structures counted/section) and 

percentages of each category calculated for each mouse. Normal-like 

differentiated ductal structures were defined by the appearance of ductal 

epithelial cells that were fully striated and demonstrated monomorphic small 

nuclei without hyperchromasia. In-transition structures were defined by the 

appearance of ductal epithelial cells that were only partially striated coupled with 

the appearance of some cells demonstrating nuclear pleomorphism and 

hyperchromasia. Dysplastic ductal structures were defined by the appearance of 

ductal cells without striations with all demonstrating nuclear pleomorphism, and 

hyperchromasia. For immunohistochemistry, paraffin-embedded tissue sections 

were deparaffinized, rehydrated, and quenched with 3% hydrogen peroxide. 

Antigens were retrieved by incubating slides at 98°C for 20 minutes (min) in 

Citrate Buffer (10mM Sodium Citrate, 0.05% Tween-20, pH6). Slides were 

allowed to cool in the retrieval solution (20 min), and then treated with Avidin and 

blocked with the appropriate IgG-blocking reagent (10 min), exposed to the 

appropriate primary antibody (1 h) and to biotinylated anti-rabbit or anti-mouse 
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IgG secondary antibody (30 min), exposed to ABC reagent (30 min), stained with 

3,3′-diaminobenzidine chromogen (5 min; Dako, Carpinteria, CA), and 

counterstained with hematoxylin. Sections from at least three different 

mice/timepoint/treatment groups were analyzed for each antibody. Digital 

photographs were taken using the Nikon Eclipse E800M microscope setup with 

Nikon DMX1200 software (Nikon Instruments, Inc., Melville, NY). IHC primary 

antibodies: Anti-Cyclin D1 (sc-718) 1:50, anti-CDK6 (sc-7961) 1:50, anti-CDK4 

(sc-260) 1:200, anti-Cyclin E (sc-198) 1:80, anti-p21 (sc-6246) 1:100, anti-p27 

(sc-528) 1:40, anti-pRb (sc-50) 1:25, anti-DP-1 (sc-610) 1:80, anti-E2F-1 (sc-193) 

1:40 (Santa Cruz Biotechnology Inc.). Anti-pRb-Ser-807/811 (9308) 1:100 (Cell 

Signaling Technology). Anti-CDK2 (MS-459) 1:25 (Thermo Scientific, Fremont, 

CA). 

I. Statistical Analysis. 

Student's t tests were used to analyze differences in relative protein levels 

and percentages of dysplastic, in transition and normal-like mammary glands. 

Mann Whitney U tests were used to analyze differences in relative RNA 

expression levels. Statistically significant differences were evaluated using 

GraphPad Prism version 4.03 for Windows (GraphPad Software, San Diego, 

CA). Significance was assigned at p ≤ 0.05. Power calculations demonstrated 

that specified n per genotype per timepoint had greater than 80% power to detect 

statistically significant changes in histology and gene expression levels at the 

p<0.05 significance level (159). 
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III. RESULTS 
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A. Histology of 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. 

1. Histological characteristics following TAg downregulation in 4- and 

7-month-old Tet-op-TAgMMTV-tTA mice. 

Representative H&E sections were taken to illustrate histological changes 

of ductal cells in the submandibular salivary gland accompanying TAg 

downregulation in 4- and 7- month-old Tet-op-TAgMMTV-tTA mice over a 14-day 

timecourse. Arrows point to dysplastic ductal epithelial cells with nuclear 

pleomorphism and hyperchromasia and arrowheads point to striated ductal 

epithelial cells with normal nuclear appearance. Timepoint (days): 0, prior to TAg 

downregulation; 2, 6, 10 and 14 indicate the number of days of doxycycline 

administration to downregulate TAg. m= months. Magnification H&E images = 

60X. Size bar = 10 µm. Cohort sizes: 4m: 0(n = 4), 2(n = 4), 6(n = 4), 10(n = 4), 

and 14(n=5); 7m: 2(n = 3), 6(n = 3), 10(n = 3), 10(n=3), 10(n = 5). 

TAg expression targeted to the submandibular salivary gland resulted in 

salivary dysplasia extending throughout most the gland by 4 months of age in tet-

op-TAgMMTV-tTA mice (Fig. 7A). TAg downregulation led to dysplasia reversal and 

establishment of normal histology in 4- but not 7-month-old mice (Fig. 7B). 
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Figure 7. Characteristics of ductal epithelial cells of Tet-op-TAgMMTV-tTA mice at 4 and 7 

months of age. Representative H&E sections illustrate histological changes of ductal cells in the 

submandibular salivary gland accompanying TAg downregulation in 4- (A) and 7- (B) month-old 

Tet-op-TAgMMTV-tTA mice over a 14-day timecourse. Arrows point to dysplastic ductal epithelial 

cells with nuclear pleomorphism and hyperchromasia and arrowheads point to striated ductal 

epithelial cells with normal nuclear appearance. Timepoint (days): 0, prior to TAg downregulation; 

2, 6, 10 and 14 indicate the number of days of doxycycline administration to downregulate TAg. 

m= months. Magnification H&E images = 60X. Size bar = 10 µm. Cohort sizes: 4m: 0(n = 4), 2(n 

= 4), 6(n = 4), 10(n = 4), and 14(n=5); 7m: 0(n = 3), 2(n = 3), 6(n = 3), 10(n=3), 14(n = 5). 
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2. Histological phenotype quantification in 4- and 7-month-old Tet-op-

TAgMMTV-tTA mice. 

To evaluate the distribution of histological lesions, the morphology of each 

ductal structure per section was categorized as either dysplastic, in-transition, 

and normal-like (n=1000± 200 ductal structures counted/section) and 

percentages of each category calculated for each mouse. Percentages were 

compared using Student's t test. p<0.05 was considered to be a statistically 

significant change. The histological phenotype at both ages consisted of varying 

percentages of dysplastic (Fig. 8A), in transition (Fig. 8B), and normal-like 

structures (Fig. 8C) resembling those of wild-type mice (Fig. 8D).  

Stacked bar graphs show distribution of dysplastic, in transition and 

normal-like structures before and 14 days after TAg downregulation in 4- (Fig. 

8E) and 7-month-old (Fig 8F) mice. The percentages of dysplastic structures 

were 8% in 4-month-old and 58% in 7-month-old mice (*p<0.01). The 

percentages of in transition structures were 15% in 4-month-old and 32% 7-

month-old mice (**p<0.008). The percentages of normal-like structures were 76% 

in 4-month-old and 10% 7-month-old mice (***p<0.05). 

While the percentages of these structures were similar at 4 and 7 months 

of age before TAg downregulation, the percentages were significantly different 

after TAg downregulation (Fig. 8E,F). At 4 months of age, the majority of ductal 

structures reverted to normal-like (76%) with only 8% remaining dysplastic. In 

contrast, at 7 months of age, the majority of ductal structures remained dysplastic 

(58%) with a minority appearing normal (10%). These results support the earlier 
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findings that the ductal epithelial cells of the salivary gland undergo successful 

reversal after 14 days of TAg downregulation at 4 but not 7-months-of-age.  
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Figure 8. Quantified characteristics of ductal epithelial cells of Tet-op-TAgMMTV-tTA mice at 4 

and 7 months of age. The histological phenotype at both ages consisted of varying percentages 

of dysplastic (A), in transition (B), and normal-like structures (C) resembling those of wild-type 

mice (D). Arrows point to dysplastic ductal epithelial cells with nuclear pleomorphism and 

hyperchromasia and arrowheads point to striated ductal epithelial cells with normal nuclear 

appearance. Stacked bar graphs shows distribution of dysplastic, in transition and normal-like 

structures before and 14 days after TAg downregulation in 4- and 7-month-old mice. (E, F) The 

percentages of dysplastic structures were 8% in 4-month-old and 58% in 7-month old mice (*). 

The percentages of in transition structures were 15% in 4-month-old and 32% 7-month old mice 

(**). The percentages of normal-like structures were 76% in 4-month-old and 10% 7-month old 

mice (***). (Asterisks = p<0.05). Percentages were compared by Student's t test. Timepoint 

(days): 0 prior to TAg downregulation and 14 days of doxycycline administration to downregulate 

TAg. m= months. Magnification H&E images = 60X. Size bar = 10 µm. Cohort sizes: 4m: 0(n = 4), 

14(n=5); 7m: 0(n = 3), 14(n = 5). 
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B. Protein Expression Characteristics of 4- and 7-month-old Tet-op-

TAgMMTV-tTA mice. 

1. Comparison of cell cycle protein expression patterns by western blot 

following TAg downregulation in 4- and 7-month-old Tet-op-TAgMMTV-tTA 

mice. 

To evaluate the molecular differences responsible for the diverse reversal 

phenotypes observed at 4 and 7 months, cell cycle protein levels were measured 

by western blot. Cyclin D1, CDK4, CDK6, Cyclin E, CDK2, p21, p27, pRb, 

phosphorylated-pRb, DP-1, and E2F1 were selected for their involvement in the 

cell cycle checkpoints. Representative western blots illustrate the different 

expression patterns of cell cycle regulatory proteins accompanying TAg 

downregulation in submandibular salivary tissue in 4- (Fig. 9A) and 7- (Fig. 9B) 

month-old Tet-op-TAgMMTV-tTA mice over a 14-day timecourse.  
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Figure 9. Comparison of protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Representative 

western blots illustrate the different expression patterns of cell cycle regulatory proteins 

accompanying TAg downregulation in submandibular salivary tissue in 4- (A) and 7- (B) 

month-old Tet-op-TAgMMTV-tTA mice over a 14-day timecourse. Beta actin was used as a 

loading on control. Each lane represents an individual animal. 60 micrograms protein 

loaded in each lane. Timepoint (days): 0, prior to TAg downregulation; 2, 6, 10 and 14 

indicate the number of days of doxycycline administration to downregulate TAg. m= 

months. Cohort sizes n=3 mice per timepoint.  
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2. Cyclin D1, CDK6 and CDK4 expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice.  

To determine if changes in steady state protein levels of cell cycle effectors 

Cyclin D1, CDK6, and CDK4 played a role in reversal, we measured their protein 

levels on western blots. Protein levels were quantified and normalized to β-actin 

and relative levels compared using Student's t test. p<0.05 was considered to be 

a statistically significant change (Figure 10). Line graphs illustrate mean relative 

steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice 

before and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate 

TAg. Cyclin D1, CDK6 and CDK4 were significantly higher in 7- as compared to 

4-month-old mice 10 and 14 days after TAg downregulation. Cyclin D1 was 4-fold 

higher at 10 days (p<0.021) and 8-fold higher at 14 days (p<0.01). CDK6 was 2-

fold higher at 10 days and 4-fold higher at 14 days (both p<0.01). CDK4 was 3-

fold higher at 10 days (p<0.01) and 22-fold higher at 14 days (p< 0.05). 

Expression levels of these proteins initially rose at both ages, but in 7-month-old 

mice they further increased while they fell to starting levels in 4-month-old mice 

after 10 to 14 days of TAg downregulation. These results suggested that 

differences in steady state protein levels of Cyclin D1, CDK6, and CDK4 play a 

role in reversal of ductal epithelial cells at the 4 and 7-month timepoints.  
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Figure 10. Comparison of Cyclin D1, CDK6, and CDK4 protein expression patterns 

when TAg was downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Line graphs 

illustrate mean relative steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-

old mice before and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate TAg. 

Cyclin D1, CDK6 and CDK4 were significantly higher in 7- as compared to 4-month-old mice 10 

and 14 days after TAg downregulation. Cyclin D1: ^4-fold (p<0.021) and ^8-fold (p<0.01), 

respectively. CDK6: ^2-fold and ^4-fold (both p<0.01), respectively. CDK4: ^3-fold (p<0.01) and 

^22-fold (p< 0.05), respectively. Carets (^) indicate higher relative expression levels in 7- as 

compared to 4-month-old mice at the same timepoint. Relative protein expression levels 

determined by quantification of western blots using densitometry (Photoshop cs5) and normalized 

to β-actin. Mean and SEM indicated for each timepoint. Levels were compared by Student's t test. 

Timepoint (days): 0; prior to TAg downregulation, 2, 6, 10 and 14 indicate the number of days of 

doxycycline administration to downregulate TAg. m= months. Cohort sizes n=3 mice per 

timepoint.  
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3. Total pRb and phosphorylated pRb protein expression patterns when 

TAg was downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice.  

Since we observed increased protein levels of Cyclin D1, CDK6, and CDK4 

following TAg downregulation in 7-month-old mice, we tested if phosphorylation 

levels of their downstream target pRb were affected by their upregulation. To 

determine patterns of protein expression, western blots were quantified and 

normalized to β-actin and relative expression levels compared using Student's t 

test. p<0.05 was considered to be a statistically significant change (Figure 11). 

Line graphs illustrate mean relative steady-state protein levels in 4- (dotted lines) 

and 7- (solid lines) month-old mice before and 2, 4, 6, 10 and 14 days after 

initiating doxycycline to downregulate TAg. Protein levels of phosphorylated pRb 

were significantly higher in 7- as compared to 4-month-old mice at the 10 and 14 

day timepoints but significantly lower at the 0 timepoint. Phosphorylated pRb was 

18-fold lower at 6 days (p<0.05), 24-fold higher at 10 days (p<0.01) and 68-fold 

higher at 14 days (p<0.018). Total pRb was 5-fold lower at 6 days (p<0.05). 

Although protein levels of total pRb were increased at 4 months of age, levels of 

the phosphorylated form were nearly undetectable at the later timepoints. These 

results suggested that inactivation of pRb through phosphorylation correlated 

with Cyclin D1, CDK6, and CDK4 protein upregulation and could be responsible 

for maintenance of dysplasia at 7 months.   
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Figure 11. Comparison of pRb and phosphorylated pRb protein expression patterns when 

TAg was downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Line graphs illustrate 

mean relative steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice 

before and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate TAg. Expression 

levels of phosphorylated pRb were significantly higher in 7- as compared to 4-month-old mice at 

the 10 and 14 day timepoints but significantly lower at the 0 timepoint. Total pRb levels were 

significantly lower in 7-month-old mice at the 6 day timepoint. Phosphorylated pRb: *18-fold lower 

(p<0.05), ^24-fold (p<0.01) and ^68-fold (p<0.018) higher, respectively. Total pRb: *5-fold lower 

(p<0.05). Asterisks indicate lower (*) and carets higher (^) relative expression levels in 7- as 

compared to 4-month-old mice at the same timepoint. Relative protein expression levels 

determined by quantification of western blots using densitometry (Photoshop cs5) and normalized 

to β-actin. Mean and SEM indicated for each timepoint. Levels were compared by Student's t test. 

Timepoint (days): 0; prior to TAg downregulation, 2, 6, 10 and 14 indicate the number of days of 

doxycycline administration to downregulate TAg. m= months. Cohort sizes n=3 mice per 

timepoint.  
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4. DP-1 and E2F1 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice.  

DP-1 and E2F1 are inhibited by hypophosphorylated pRb. Since we found 

increased phosphorylation (hyperphosphorylation) of pRb after 14 days of TAg 

downregulation at 7 months, we wanted to examine if this pRb inactivation would 

correlate with changes in DP-1 and E2F1 protein levels. To determine patterns of 

protein expression, western blots were quantified and normalized to β-actin and 

relative expression levels compared using Student's t test. p<0.05 was 

considered to be a statistically significant change (Figure 12). Line graphs 

illustrate mean relative steady-state protein levels in 4- (dotted lines) and 7- (solid 

lines) month-old mice before and 2, 4, 6, 10 and 14 days after initiating 

doxycycline to downregulate TAg. Expression levels of DP-1 were significantly 

higher in 7- as compared to 4-month-old mice at the 2, 6, 10 and 14 day 

timepoints but lower at the 0 timepoint. E2F-1 expression was significantly higher 

in the 7-month-old mice at the 14 day timepoint. DP-1 was 2-fold lower at 0 days 

(p<0.005), 3-fold higher at 2 days (p<0.041), 2-fold higher at 6 days (p<0.01), 3-

fold higher at 10 days (p<0.05), and 6-fold higher at 14 days (p<0.01). E2F-1 was 

29-fold higher at 14 days (p<0.05). The patterns of expression for DP-1 from 6-14 

days were similar at the 4- and 7-month timepoints, however, protein levels were 

higher at 7 months. These results indicated that DP-1 and E2F1 protein levels 

were increased after 14 days of TAg downregulation in 7-month-old mice and this 

correlated with hyperphosphorylation of pRb.  
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Figure 12. Comparison of DP-1 and E2F1 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Line graphs illustrate mean 

relative steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice before 

and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate TAg. Expression levels of 

DP-1 were significantly higher in 7- as compared to 4-month-old mice at the 2, 6, 10 and 14 day 

timepoints but lower at the 0 timepoint. E2F-1 expression was significantly higher in the 7-month-

old mice at the 14 day timepoint. DP-1: *2-fold lower (P<0.005), ^3-fold (p<0.041), ^2-fold 

(p<0.01), ^3-fold (p<0.05), and ^6-fold (p<0.01) higher, respectively. E2F-1: ^29-fold higher 

(p<0.05). Asterisks indicate lower (*) and carets higher (^) relative expression levels in 7- as 

compared to 4-month-old mice at the same timepoint. Relative protein expression levels 

determined by quantification of western blots using densitometry (Photoshop cs5) and normalized 

to β-actin. Mean and SEM indicated for each timepoint. Levels were compared by Student's t test. 

Timepoint (days): 0; prior to TAg downregulation, 2, 6, 10 and 14 indicate the number of days of 

doxycycline administration to downregulate TAg. m= months. Cohort sizes n=3 mice per 

timepoint.  
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5. p21 and p27 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice.  

p21 and p27 inhibit the activity of CDKs and cyclins. Since we measured an 

upregulation of CDK and cyclin proteins after 14 days of TAg downregulation at 7 

month-of-age, we wanted to determine if decreased p21 and p27 protein levels 

would be correlated with these changes. To determine patterns of protein 

expression, western blots were quantified and normalized to β-actin and relative 

expression levels compared using Student's t test. p<0.05 was considered to be 

a statistically significant change (Figure 13). Line graphs illustrate mean relative 

steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice 

before and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate 

TAg. Expression levels of p21 and p27 were significantly lower in 7- as compared 

to 4-month-old mice at the 2, 6, 10 and 14-day timepoints. p21 was 2-fold lower 

at 2 days (p<0.05), 3-fold lower at 6 days (p<0.01), 10-fold lower at 10 days 

(p<0.04), and 13-fold lower at 14 days(p<0.01). p27 was 7-fold lower at 2 days 

(p<0.03), 6-fold lower at 6 days (p<0.05), 5-fold lower at 10 days (p<0.01), and 6-

fold lower at 14 days (p<0.01). p21 and p27 expression levels were similar at 4 

and 7 months before TAg downregulation, however, they quickly increased at 4 

months following TAg downregulation while they stayed low in the 7-month-old 

mice. These results showed that a decrease in p21 and p27 protein levels was 

correlated with increased protein levels of CDKs and cyclins 14 days after TAg 

downregulation at 7 months-of-age.  
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Figure 13. Comparison of p21 and p27 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Line graphs illustrate mean 

relative steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice before 

and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate TAg. Expression levels of 

p21 and p27 were significantly lower in 7- as compared to 4-month-old mice at the 2, 6, 10 and 

14-day timepoints. p21: *2-fold (p<0.05), *3-fold (p<0.01), *10-fold (p<0.04), and *13-fold 

(p<0.01), respectively. p27: *7-fold (p<0.03), *6-fold (p<0.05), *5-fold (p<0.01), and *6-fold 

(p<0.01), respectively. Asterisks indicate lower (*) relative expression levels in 7- as compared to 

4-month-old mice at the same timepoint. Relative protein expression levels determined by 

quantification of western blots using densitometry (Photoshop cs5) and normalized to β-actin. 

Mean and SEM indicated for each timepoint. Levels were compared by Student's t test. Timepoint 

(days): 0; prior to TAg downregulation, 2, 6, 10 and 14 indicate the number of days of doxycycline 

administration to downregulate TAg. m= months. Cohort sizes n=3 mice per timepoint.  



 
 

51 

6. Cyclin E and CDK2 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice.  

Cyclin E and CDK2 are important regulators of cell cycle progression. Since 

we measured protein changes in Cyclin D1, CDK4, and CDK6 we wanted to test 

if Cyclin E and CDK2 levels were also increased after 14 days of TAg 

downregulation in 7-month-old mice. To determine patterns of protein 

expression, western blots were quantified and normalized to β-actin and relative 

expression levels compared using Student's t test. p<0.05 was considered to be 

a statistically significant change (Figure 14). Line graphs illustrate mean relative 

steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice 

before and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate 

TAg. Expression levels of Cyclin E were 2-fold higher at 10 days (p<0.05) and 

CDK2 levels were 2- fold higher at 14 days (p<0.05). Expression patterns of 

Cyclin E and CDK2 were similar in the 4- and 7-month-old mice although with 

statistically significantly higher levels of Cyclin E at the 10- and CDK2 at the 14-

day timepoint in the 7-month-old mice. These results showed that an increase in 

Cyclin E and CDK2 protein levels correlated with increases in Cyclin D1, CDK6, 

and CDK4 and may contribute to maintenance of dysplasia at the 14 day 

timepoint in 7 month-old mice.  
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Figure 14. Comparison of Cyclin E and CDK2 protein expression patterns when TAg was 

downregulated in 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. Line graphs illustrate mean 

relative steady-state protein levels in 4- (dotted lines) and 7- (solid lines) month-old mice before 

and 2, 4, 6, 10 and 14 days after initiating doxycycline to downregulate TAg. Expression levels of 

Cyclin E were ^2-fold higher at 10 days (p<0.05) and CDK2 levels were ^2- fold higher at 14 days 

(p<0.05). Carets indicate higher (^) relative expression levels in 7- as compared to 4-month-old 

mice at the same timepoint. Relative protein expression levels determined by quantification of 

western blots using densitometry (Photoshop cs5) and normalized to β-actin. Mean and SEM 

indicated for each timepoint. Levels were compared by Student's t test. Timepoint (days): 0; prior 

to TAg downregulation, 2, 6, 10 and 14 indicate the number of days of doxycycline administration 

to downregulate TAg. m= months. Cohort sizes n=3 mice per timepoint.  
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7. Comparison of cell cycle protein expression by 

immunohistochemistry between 4- and 7-month-old Tet-op-TAgMMTV-tTA 

mice. 

To determine whether patterns of cell cycle protein expression were 

localized to salivary ductal cells, sections from submandibular salivary glands 

were stained for cell cycle proteins. Immunohistochemistry (Figure 15) revealed 

parallel expression changes to those observed by western blot. Fourteen days 

after TAg downregulation 7-month-old mice showed increased expression of 

Cyclin D1, CDK6, CDK4, CDK2, phosphorylated pRb, DP-1 and E2F-1 with 

decreased expression of p21 and p27 as compared to 4-month-old mice. 
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Figure 15. Comparison of protein expression patterns in salivary ductal cells when TAg 

was downregulated in 4- and 7-month-old 4- and 7-month-old Tet-op-TAgMMTV-tTA mice. 

Representative histological sections of submandibular salivary gland from 4- and 7-month-old 

Tet-op-TAgMMTV-tTA mice illustrated changes in cell cycle proteins. Immunohistochemical detection 

of Cyclin D1 (A), CDK6 (B), CDK4 (C), CDK2 (D), pRb (G), DP-1 (H), and E2F-1 (I) was higher 

and detection of p21 (E) and p27 (F) lower in 7- as compared to 4-month-old mice 14 days after 

administration of doxycycline to downregulate TAg (panels outlined in black). No differences in 

expression of total pRb (J) or Cyclin E (K) were found. Digital photographs taken at x40 and 

cropped to pre-set dimensions. Size bar = 20 µm. Timepoint (days): 0; prior to TAg 

downregulation, 2, 6, 10 and 14 indicate the number of days of doxycycline administration to 

downregulate TAg. m= months. Cohort sizes n=3 mice per timepoint. 
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C. Histological and molecular characteristics of 4-month Tet-op 

TAgMMTV-tTA/p53-/- mice. 

1. Histological phenotype quantification in 4-month-old Tet-op-TAgMMTV-

tTA/p53-/- mice. 

To test if p53 was required for dysplasia reversal, the extent of dysplasia 

was compared before and after TAg downregulation in 4-month-old tet-op-

TAgMMTV-tTA/p53-/- mice. To evaluate the distribution of histological lesions, the 

morphology of each ductal structure per section was categorized as either 

dysplastic, in-transition, and normal-like (n=1000± 200 ductal structures 

counted/section) and percentages of each category calculated for each mouse. 

Percentages were compared using Student's t test. p<0.05 was considered to be 

a statistically significant change. (Figure 16). 

Stacked bar graphs show distribution of dysplastic, in transition and 

normal-like structures before and 14 days after TAg downregulation in 4-month-

old Tet-op-TAgMMTV-tTA/p53-/- mice. The percentage of dysplastic structures was 

significantly lower 14 days after TAg downregulation (*28% vs. 5%, p<0.01).  

Dysplasia was significantly reduced in the tet-op-TAgMMTV-tTA/p53-/- mice 

following TAg downregulation even though p53 was absent. A provocative finding 

was the lower extent of dysplasia at baseline in mice lacking p53. Only 28% of 

the ductal structures were dysplastic in the 4-month tet-op-TAgMMTV-tTA/p53-/- mice 

before TAg downregulation (Figure 16) as compared to 90% in the tet-op-

TAgMMTV-tTA mice (Fig. 8E, p ≤0.0079). 
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Figure 16. Characteristics of ductal epithelial cells of Tet-op-TAgMMTV-tTA/p53-/- mice at 4 

months of age. Stacked bar graphs showing distribution of dysplastic, in transition and normal-

like structures before and 14 days after TAg downregulation in submandibular salivary glands of 

4-month-old Tet-op-TAgMMTV-tTA/p53-/- mice. The percentage of dysplastic structures was 

significantly lower 14 days after TAg downregulation (*28% vs. 5%, p<0.01). Percentages were 

compared by Student's t test. Timepoint (days): 0 prior to TAg downregulation and 14 days of 

doxycycline administration to downregulate TAg. m= months. Cohort sizes: n=5, 4.  
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2. Comparison of protein expression patterns by western blot following 

TAg downregulation in 4-month-old Tet-op-TAgMMTV-tTA/p53-/- mice.  

Theoretically, downregulation of TAg expression would restore p53 

function. Since p53 was not required for dysplasia reversal (Figure 16), cell cycle 

protein expression changes were compared by western blot of protein extracts 

from submandibular salivary gland tissue 14 days after TAg downregulation in 4-

month-old tet-op-TAgMMTV-tTA/p53-/- mice to determine molecular differences 

(Figure 17). Western blots were quantified, normalized to β-actin and relative 

expression levels compared using Student's t test. p<0.05 was considered to be 

a statistically significant change. 

Representative western blots illustrate changes in expression levels of cell 

cycle regulatory proteins (Fig. 17A) in submandibular salivary tissue of 4-month-

old Tet-op-TAgMMTV-tTA/p53-/- and Tet-op-TAgMMTV-tTA and 7-month-old Tet-op-

TAgMMTV-tTA mice. Effective TAg protein downregulation after 14 days of 

doxycycline administration in 4-month-old Tet-op-TAgMMTV-tTA/p53-/- is shown (Fig. 

17B). Bar graphs comparing relative protein expression levels from three 

randomly selected mice from each cohort 14 days after TAg downregulation in 4-

month-old Tet-op-TAgMMTV-tTA/p53-/- and Tet-op-TAgMMTV-tTA and 7-month-old Tet-

op-TAgMMTV-tTA mice are presented (Fig. 17C).  

 Dysplasia was significantly reduced in the tet-op-TAgMMTV-tTA/p53-/- mice 

following TAg downregulation even though p53 was absent and there was no 

upregulation of p21 or p27 (Fig. 16, 17). Expression levels of Cyclin D1, CDK6, 
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CDK4, CDK2, phosphorylated pRb, DP-1 and E2F-1 at the 14-day timepoint 

were similar to 4-month-old tet-op-TAgMMTV-tTA and significantly lower than 7-

month-old tet-op-TAgMMTV-tTA mice.  

 p53, p21, and p27 were not required for reversal of dysplasia following 

TAg downregulation in 4-month tet-op-TAgMMTV-tTA/p53-/- mice.  
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Figure 17. Comparison of protein expression patterns when TAg was downregulated in 4-

month-old Tet-op-TAgMMTV-tTA/p53-/- mice. Western blots illustrate relative expression levels of cell 

cycle regulatory proteins (A) in submandibular salivary tissue of 4-month-old Tet-op-TAgMMTV-

tTA/p53-/- and Tet-op-TAgMMTV-tTA and 7-month-old Tet-op-TAgMMTV-tTA mice. Beta actin was used as 

a loading on control. Each lane represents an individual animal. (B) Western blot illustrates 

relative expression levels of TAg in submandibular salivary tissue of untreated (No Doxy) and 
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doxycycline-administered (Doxy) 4-month-old Tet-op-TAgMMTV-tTA/p53-/- mice. Equal protein loading 

was verified by coomassie staining (data not shown). Each lane represents an individual animal. 

(C) Bar graphs comparing relative protein expression levels in submandibular salivary tissue of 4-

month-old Tet-op-TAgMMTV-tTA/p53-/- and Tet-op-TAgMMTV-tTA and 7-month-old Tet-op-TAgMMTV-tTA 

mice. Absence of p53 was associated with significant reductions in relative expression levels of 

p21 (p<0.01), p27 (p<0.01) and total pRb (p<0.05). No significant differences in expression levels 

of Cyclin D1, CDK6, CDK4, Cyclin E, CDK2, phosphorylated pRb, DP-1 or E2F-1 were found 

between 4-month-old Tet-op-TAgMMTV-tTA/p53-/- and Tet-op-TAgMMTV-tTA mice. There were significant 

differences in expression of Cyclin D1, CDK6, CDK4, CDK2, pRb, phosphorylated pRb, DP-1 and 

E2F-1 between 7-month-old Tet-op-TAgMMTV-tTA and 4-month-old Tet-op-TAgMMTV-tTA/p53-/- and Tet-

op-TAgMMTV-tTA mice. Relative protein expression levels determined by quantification of western 

blots using densitometry (Photoshop cs5) and normalized to β-actin. Levels were compared by 

Student's t test. 60 micrograms protein loaded in each lane. Mean and SEM indicated. Cohort 

sizes n=3 mice per timepoint. Timepoint=14 days after initiation of doxycycline to downregulate 

TAg. m= age in months. Beta actin was used as a loading on control. Each lane represents an 

individual animal.  
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D. Histological and molecular characteristics of 7-month old Tet-op 

TAgMMTV-tTA mice treated with RXR and PPARγ  agonists. 

1. Testing the effect of RXR and PPARγ  agonists on reversal of 

dysplasia in 7-month-old Tet-op-TAgMMTV-tTA mice as compared to untreated 

controls. 

To investigate if RXR or RXR in combination with PPARγ agonists could 

promote reversal of dysplasia in 7-month-old Tet-op TAgMMTV-tTA mice coincident 

with TAg downregulation, the RXR agonist UAB30 (300 mg/kg/chow) was 

administered for either 14 or 28 days alone or in combination with the PPARγ 

agonist rosiglitazone (400mg/kg/chow) for 28 days (Figure 18). Control untreated 

mice received the same chow but without added UAB30 or rosiglitazone (ROSI). 

To evaluate the distribution of histological lesions, the morphology of each ductal 

structure per section was categorized as either dysplastic, in-transition, and 

normal-like (n=1000± 200 ductal structures counted/section) and percentages of 

each category calculated for each mouse. The percentage of structures in each 

category was compared between treated and untreated control mice to 

determine if the treatment induced significant histological changes. Student's t 

test was used to determine if any changes observed were statistically significant 

(p<0.05). No significant histological reversal was found with any of the regimens. 
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Figure 18. Histological characteristics of 7-month-old Tet-op TAgMMTV-tTA mice treated with 

RXR and PPARγ  agonists UAB30 and rosiglitazone (ROSI) as compared to untreated 

controls. Stacked bar graphs comparing distribution of dysplastic, in transition and normal-like 

structures in submandibular salivary glands from untreated control and 14 day-UAB30-treated (A) 

and in untreated control and 28 day-UAB30+ROSI-treated (B) 7-month-old Tet-op-TAgMMTV-tTA 

mice in which TAg was coincidentally downregulated by doxycycline. No significant differences in 

reversal were observed with either treatment (compared by Student's t test). Cohort sizes: 

UAB30: n=5,10. UAB30+ROSI: n=5,9. Timepoints=14 or 28 days after administration of agonist 

plus doxycycline to downregulate TAg. m= age in months. 
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2. Comparison of liver retinyl palmitate levels following TAg 

downregulation in 7-month-old Tet-op-TAgMMTV-tTA mice treated with UAB30 

and rosiglitazone as compared to untreated controls. 

Liver retinyl palmitate levels are metabolically reduced with administration 

of specific rexinoids including UAB30 when delivered at therapeutic levels (102). 

Liver retinyl palmitate levels were quantified by High Performance Liquid 

Chromatography (HPLC) in untreated control, 14-day-UAB30-treated, 28-day-

UAB30-treated and 28-day-UAB30+ROSI-treated mice to determine if the diets 

administered in this study resulted in reduced liver retinyl palmitate levels (Figure 

19). Levels were compared by Student's t test. p<0.05 was considered to be a 

statistically significant change. 

Liver retinyl palmitate levels were significantly reduced after 28 days of 

treatment with either UAB30 alone or the combination of UAB30 plus 

rosiglitazone (Figure 19). These results suggested that the failure of dysplasia 

reversal following 28 days of treatment with UAB30 and rosiglitazone was not 

due a lack of metabolic activity from the pharmaceuticals.  
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Figure 19. Liver retinyl palmitate levels following TAg downregulation in 7-month old Tet-

op-TAgMMTV-tTA mice treated with UAB30 and rosiglitazone as compared to untreated 

controls. Retinyl palmitate levels were measured in liver by HPLC. Bar graphs illustrate that 7-

month-old Tet-op-TAgMMTV-tTA mice that received UAB30 or UAB30+ROSI for 28 days exhibited 

significantly reduced levels *p<0.0233 **p<0.0175. Levels were compared by Student's t test. 

Cohort size: n=3. Mean and SEM shown. Timepoints=14 or 28 days after administration of 

doxycycline to downregulate TAg. m= age in months.
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3. Comparison of expression levels of downstream genes regulated by 

RXR and PPARγ in 7-month-old Tet-op-TAgMMTV-tTA mice treated with UAB30 

and rosiglitazone as compared to untreated controls. 

RXR and PPARγ agonists have been shown to induce expression of 

genes involved in adipocyte lipid storage (160–162). As presented above (Figure 

19), liver retinyl palmitate levels were measured to verify that the diets 

administered provided systemic drug levels sufficient to alter metabolic activity in 

the liver. To test if administration of UAB30 and rosiglitazone altered expression 

levels of downstream target genes in the target tissue in this study, the 

submandibular salivary gland, RNA expression levels of adipose differentiation 

related protein (ADRP), fatty acid binding protein 4 (FABP4), pyruvate 

dehydrogenase kinase isozyme 4 (PDK4) were measured by real-time reverse 

transcriptase PCR (RT-PCR) from total RNA extracted from the submandibular 

salivary glands of mice treated with UAB30 alone or in combination with 

rosiglitazone and untreated control mice. The treated mice included cohorts of 

14-day-UAB30-treated, 28-day-UAB30-treated and 28-day-UAB30+ROSI-treated 

mice (Figure 20). Relative expression levels were compared using Mann Whitney 

U tests. p<0.05 was considered to be a statistically significant change. 

All three downstream genes regulated by RXR and PPARγ showed 

significant increases in expression levels with all three regimens (Figure 20). 

These results suggested that the failure of dysplasia reversal at 7 months after 

treatment with UAB30 alone or in combination with rosiglitazone was not due a 

lack of impact of the ligands on at least some representative RXR/ PPARγ target 
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genes. Interestingly while 14 days of UAB30 administration did not reduce liver 

retinyl palmitate levels, it was sufficient to increase expression levels of the RXR/ 

PPARγ target genes evaluated in the submandibular salivary gland.  
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Figure 20. Expression levels of FABP4, ADRP, and PDK4 in 7-month-old Tet-op-TAgMMTV-tTA 

mice treated with UAB30 and rosiglitazone as compared to untreated controls. Boxplots 

comparing relative RNA expression levels in submandibular tissue from 7-month-old Tet-op-

TAgMMTV-tTA control untreated mice versus 14-day-UAB30-treated, 28-day-UAB-treated and 28-

day-UAB30+ROSI-treated mice with coincident TAg downregulation. Significant increases 

(measured by Mann Whitney U tests *p<0.05) in expression levels of FABP4, ADRP and PDK4 

were found after administration of UAB30 alone for 14 days that were not further increased by 

extending treatment to 28 days or adding rosiglitazone (UAB30+ROSI). Cohort size: n=3. Mean 

and SEM shown. Normalized to 18s. Timepoints=14 or 28 days after administration of 

doxycycline to downregulate TAg. m= age in months.  
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4. Comparison of protein expression patterns by western blot following 

RXR and PPARγ  agonists administration and TAg downregulation in 7-

month-old Tet-op-TAgMMTV-tTA mice as compared to untreated controls. 

‘Irreversible’ dysplasia was not reversed by exposure to RXR and PPARγ 

agonists in 7-month-old mice when TAg levels were downregulated even though 

exposure resulted in metabolic changes in the liver and altered gene expression 

levels in the submandibular salivary gland (Fig. 18-20). To evaluate if RXR and 

PPARγ agonist administration resulted in any changes in cell cycle protein 

expression when TAg was coincidently downregulated, protein levels were 

measured by western blot of protein extracts from submandibular salivary gland 

tissue isolated from untreated control mice and mice that received 28 days of 

combination UAB30 plus rosiglitazone therapy (Figure 21). Western blots were 

quantified, normalized to β-actin and relative expression levels compared from 

control untreated and treated mice using Student's t test. p<0.05 was considered 

to be a statistically significant change. The 28-day combination treatment cohort 

was selected for this analysis because liver retinyl palmitate levels were reduced 

and target gene expression in the submandibular salivary gland increased at this 

timepoint. The combination treatment cohort was selected because combination 

therapy is hypothesized to have potentially greater impact than single therapy 

(163). 

Representative western blots illustrate changes in expression levels of cell 

cycle regulatory proteins (Fig. 21A) and TAg (Fig. 21B) in submandibular salivary 
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tissue of untreated control and 28-day-UAB30+ROSI-treated 7-month-old Tet-op-

TAgMMTV-tTA mice that coincidentally received doxycycline to downregulate TAg. 

Bar graphs with the relative expression levels measured from three randomly 

selected mice from each cohort are shown (Fig. 21C). Expression levels of Cyclin 

D1, CDK6, phosphorylated pRb and E2F-1 were significantly reduced in the 

UAB30+ROSI-treated mice. Cyclin D1 was 2-fold lower (p<0.01). CDK6 was 3-

fold lower (p<0.02). Phosphorylated pRb was 3-fold lower (p<0.05). E2F-1 was 4-

fold lower (p<0.01). 

In summary, while significant reductions in protein expression were 

observed for some cell cycle proteins (Cyclin D1, CDK6, phosphorylated pRb 

and E2F-1), others were unchanged (CDK4, Cyclin E, CDK2, p21, p27, pRb, 

DP1), and no histological reversal was observed in any of the cohorts treated 

with UAB30 or the combination of UAB30 and rosiglitazone. These data showed 

that administration of UAB30 alone, or in combination rosiglitazone were 

sufficient to induce changes in protein levels of some but not all cell cycle 

regulatory proteins. However, since the expression changes were not correlated 

with histological reversal, the results suggest that either the threshold level of 

these changes or the fact that CDK4 was not reduced could be possible 

mechanisms for non-reversal.  
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Figure 21. Comparison of protein expression patterns 28 days after TAg downregulation in 

7-month-old Tet-op-TAgMMTV-tTA mice treated with UAB30 and rosiglitazone as compared to 

untreated controls. Western blots illustrate relative expression levels of cell cycle regulatory 

proteins (A) in submandibular salivary tissue of untreated control and 28-day-UAB30+ROSI-

treated 7-month-old Tet-op-TAgMMTV-tTA mice. Beta actin was used as a loading on control. Each 

lane represents an individual animal. (B) Western blot illustrates relative expression levels of TAg 

in submandibular salivary tissue of untreated (No Doxy) and doxycycline-administered (Doxy) 7-

month-old Tet-op-TAgMMTV-tTA mice that coincidentally were either untreated control (-) or 

UAB30+ROSI treated (+). Equal protein loading was verified by coomassie staining (data not 
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shown). Each lane represents an individual animal. (C) Bar graphs comparing relative protein 

expression levels in submandibular salivary tissue 28 days after TAg downregulation in control 

untreated and UAB30+ROSI-treated 7-month-old TAgMMTV-tTA mice. Expression levels of Cyclin 

D1, CDK6, phosphorylated pRb and E2F-1 were significantly reduced in the UAB30+ROSI-

treated mice. Cyclin D1: 2-fold (p<0.01). CDK6: 3-fold (p<0.02). Phosphorylated pRb: 3-fold 

(p<0.05). E2F-1: 4-fold (p<0.01). Relative protein expression levels determined by quantification 

of western blots using densitometry (Photoshop cs5) and normalized to β-actin. Levels were 

compared by Student's t test. 60 micrograms protein loaded in each lane. Mean and SEM 

indicated. Cohort sizes n=3 mice per timepoint. Timepoint=28 days after administration of agonist 

plus doxycycline to downregulate TAg. 
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E. Histological and molecular characteristics of 7-month-old Tet-op 

TAgMMTV-tTA mice treated with CDK4/6 inhibitor PD0332991. 

1. Testing the effect of CDK4/6 inhibitor PD0332991 on reversal of 

dysplasia in 7-month-old Tet-op-TAgMMTV-tTA mice as compared to untreated 

controls. 

Experiments comparing expression of cell cycle regulators when TAg was 

downregulated at 4- versus 7-months of age showed that increased expression 

levels of CDK4 and CDK6 were found at the ‘irreversible’ (7m) but not ‘reversible’ 

(4m) ages (results section B2). Additionally, experiments examining the impact of 

RXR and PPARgamma ligands on histological reversal and expression of cell 

cycle regulators showed that when CDK6 was downregulated, but not CDK4, 

there was no histological reversal (results section D4).  

To investigate if CDK4/6-specific inhibitor, PD0332991 (143), could 

promote reversal of dysplasia in the 7-month-old Tet-op-TAgMMTV-tTA mice, the 

drug was administered for 10 days concurrently with doxycycline to downregulate 

TAg. A 10-day course of PD0332991 was selected because the cost of the agent 

and budget available for the experiment prohibited a 14-day course and studies 

presented in results section A1 demonstrated that many aspects of the reversal 

process were completed by 10 days in the 4-month-old mice. To evaluate the 

distribution of histological lesions in control untreated and PD0332991-treated 

mice, the morphology of each ductal structure per section was categorized as 

either dysplastic, in-transition, and normal-like (n=1000± 200 ductal structures 
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counted/section) and percentages of each category calculated for each mouse 

(Figure 22). Student’s t test was used to compare the percentages of dysplastic, 

in-transition, and normal-like structures to determine if there were any statistically 

significant differences. p<0.05 was considered to be a statistically significant 

change.  

Exposure to PD0332991 significantly reduced the number of dysplastic 

structures (*58% vs. 7%, p<0.01) and increased the number of normal-like 

structures (**9% vs. 62%, p<0.01) (Figure 22). Histologically, the CDK4/6 

inhibitor PD0332991 was able to reverse the 'irreversible' dysplasia in 7-month-

old Tet-op-TAgMMTV-tTA mice. 
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Figure 22. Histological characteristics of 7-month-old Tet-op TAgMMTV-tTA mice treated with 

CDK4/6 inhibitor PD0332991 as compared to untreated controls. Stacked bar graphs 

showing distribution of dysplastic, in transition and normal-like structures in submandibular 

salivary glands from untreated control and 10-day-PD0332991-treated 7-month-old Tet-op-

TAgMMTV-tTA mice in which TAg was coincidentally downregulated by doxycycline. The percentage 

of dysplastic structures was decreased (*58% vs. 7%, p<0.01) and the percentage of normal-like 

structure was increased (**9% vs. 62%, p<0.01) in the PD0332991-treated mice. Changes were 

compared by Student's t test. Cohort sizes: n=3,4.  
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2. Evaluation of protein expression patterns by western blot following 

PD0332991 administration and TAg downregulation in 7-month-old Tet-op-

TAgMMTV-tTA mice as compared to untreated controls. 

Administration of the CDK4/6 inhibitor PD0332991 was able to successfully 

reverse dysplasia in 7-month-old Tet-op-TAgMMTV-tTA mice. To evaluate if 

PD0332991 administration resulted in any molecular changes cell cycle protein 

levels (Fig. 23A) and TAg protein levels (Fig. 23B) were measured by western 

blot. Relative protein levels were quantified, normalized to β-actin and relative 

protein expression levels compared in salivary gland extracts from control 

untreated and treated mice using Student's t test. p<0.05 was considered to be a 

statistically significant change (Fig. 23C).  

Representative western blots (Fig. 23A) illustrate changes in expression 

levels of cell cycle regulatory proteins in submandibular salivary tissue of 

untreated control and PD0332991-treated 7-month-old Tet-op-TAgMMTV-tTA mice 

that coincidentally received doxycycline to downregulate TAg (Fig. 23B). 

Bar graphs are shown comparing relative expression levels of cell cycle 

regulatory proteins 10 days after TAg downregulation in control untreated and 

PD0332991-treated 7-month-old mice (Fig. 23C). Expression levels of Cyclin D1, 

CDK6, CDK4, phosphorylated pRb, DP-1, and E2F-1 were significantly reduced 

and p21 and p27 significantly increased in the PD0332991-treated mice. Cyclin 

D1 was 3-fold lower (p=0.0352). CDK6 was 5-fold lower (p=0.0028). CDK4 was 

11-fold lower (p=0.0021). Phosphorylated pRb was 17-fold lower (p=0.05). DP-1 
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was 6-fold lower (p=0.01). E2F-1 was 2-fold lower (p=0.035). p21 was 4-fold 

higher (p=0.045). p27 was 6-fold higher (p=0.042). 

In summary, PD0332991 was able to induce pharmacological reversal of 

dysplasia simultaneous with a downregulation of positive cell cycle effectors 

Cyclin D1, CDK6, CDK6, phosphorylated pRb, DP-1, and E2F-1 and an 

upregulation of negative cell cycle regulators p21 and p27.  
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Figure 23. Comparison of protein expression patterns 10 days after TAg downregulation in 

7-month old Tet-op-TAgMMTV-tTA mice treated with PD0332991 as compared to untreated 

controls. (A) Representative western blots illustrate expression levels of cell cycle regulatory 

proteins in submandibular salivary tissue in untreated control and 10-day-PD0332991-treated 7-

month-old Tet-op-TAgMMTV-tTA mice coincidentally receiving doxycycline to downregulate TAg. 

Control and PD0332991-treated samples were run on the same blot and cropped to show 

representative lanes. Beta actin was used as a loading on control. Each lane represents an 

individual animal. (B) Western blots illustrate relative expression levels of TAg in submandibular 

salivary tissue of untreated (No Doxy) and doxycycline-administered (Doxy) 7-month-old Tet-op-

TAgMMTV-tTA mice that coincidentally were either untreated control (-) or PD0332991 treated 
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(+). Protein loading was verified by coomassie staining (data not shown). Each lane represents 

an individual animal. (C) Bar graphs comparing relative expression levels of proteins 10 days 

after TAg downregulation in control untreated and PD0332991-treated 7-month-old mice. 

Expression levels of Cyclin D1, CDK6, CDK4, phosphorylated pRb, DP-1 and E2F-1 were 

significantly reduced and p21 and p27 significantly increased in the PD0332991-treated mice. 

Cyclin D1: 3-fold (p=0.0352). CDK6: 5-fold (p=0.0028). CDK4: 11-fold (p=0.0021). 

Phosphorylated pRb 17-fold (p=0.05). DP-1: 6-fold (p=0.01). E2F-1: 2-fold (p=0.035). p21: 4-fold 

(p=0.045). p27: 6-fold (p=0.042). Relative protein expression levels determined by quantification 

of western blots using densitometry (Photoshop CS5) and normalized to β-actin. Mean and SEM 

indicated. Levels were compared by Student's t test. 60 micrograms protein loaded in each lane 

of western blots. Cohort sizes: n=3,4. Timepoint=10 days after downregulation of TAg; 

m=months.  
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3. Comparison of cell cycle protein expression by 

immunohistochemistry 10 days after TAg downregulation in 7-month-old 

Tet-op-TAgMMTV-tTA mice treated with PD0332991 as compared to untreated 

controls. 

To determine whether the different patterns of cell cycle protein 

expression observed in the control untreated and PD0332991-treated mice were 

localized to submandibular salivary ductal cells, sections from submandibular 

salivary glands were evaluated for expression patterns of cell cycle proteins by 

immunohistochemistry and qualitatively examined. Expression changes 

paralleling those observed by western blot were localized to the submandibular 

salivary ductal cells (Figure 24). Ten days after treatment with PD0332991 and 

simultaneous TAg downregulation 7-month-old mice showed decreased 

expression of Cyclin D1, CDK6, CDK4, phosphorylated pRb, DP-1, and E2F-1 

and increased expression of p21 and p27 as compared to untreated control mice 

in the submandibular salivary ductal cells (outlined in black, Figure 24). In 

contrast and paralleling the western blot results, expression levels of pRb, Cyclin 

E, and CDK2 were not qualitatively altered in submandibular salivary ductal cells 

by PD0332991 treatment (Figure 24). 
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Figure 24. Comparison of protein expression patterns in salivary ductal cells of 7-month-

old Tet-op-TAgMMTV-tTA mice treated with PD0332991 as compared to untreated controls. 

Representative histological sections of submandibular salivary gland from untreated control and 

PD0332991-treated 7-month-old Tet-op-TAgMMTV-tTA mice illustrated. Immunohistochemical 

detection of Cyclin D1, CDK6, CDK4, phosphorylated pRb, DP-1, and E2F-1 was lower and 

detection of p21 (E) and p27 (F) higher in PD0332991-treated as compared to untreated control 

mice (panels outlined in black). Digital photographs taken at x40 and all cropped to pre-set 

dimensions. Size bar = 20 µm. Rx=PD0332991-treated. Cohort sizes: n=4, 3. Timepoint=10 days 

after downregulation of TAg; m=months. 
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IV. DISCUSSION 
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A. Abnormal activation of the Cyclin-CDK-Rb pathway correlated with 

maintenance of the dysplastic phenotype in the absence of TAg in Tet-

op-TAgMMTV-tTA mice.  

Maintenance of cell cycle checkpoints is an obligatory element of normal 

cells to avert malignant transformation through uncontrolled growth. Here, we 

demonstrated that the Cyclin-CDK-Rb pathway can be activated in response to 

oncoprotein downregulation in a time-dependent ‘hit-and-run’-type model and 

that this activation is sufficient to maintain dysplasia.  

The Tet-op-TAgMMTV-tTA model demonstrates time-dependent reversible (4-

month) and irreversible (7-month) stages of dysplasia upon TAg downregulation. 

In this study, we determined that cell cycle deregulation supports the dysplastic 

phenotype that persists after removal of the initiating oncoprotein TAg in the 7-

month irreversible timepoint. Before TAg downregulation, the gland of 4- and 7-

month-old mice are histologically indistinguishable, both showing dysplastic 

ductal epithelial cells with nuclear pleomorphism and hyperchromasia (Figure 7). 

However, there are significant differences in cell cycle protein expression 

between the two ages. Phosphorylated pRb and DP1 are higher at 4 months 

when compared to 7 months before TAg downregulation (0 days) (Figure 11 and 

Figure 12). It is well established that the cellular transformation by TAg is 

mediated primarily by the functional inactivation of tumor suppressors 

pRb/p107/p130 and p53 (Reviewed in Section I A2). Moreover, TAg preferentially 

binds to the hypophosphorylated form of pRb (10), resulting in the release of 
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transcription factor E2F. However, studies have shown the pRb pathway is not 

completely inactivated by TAg due to a stoichiometric imbalance between TAg 

and pRb protein levels, therefore leaving some pRb unbound and free to bind 

E2F (164; 165). The levels of total pRb are similar at the 4- and 7-month 

timepoints when TAg is present (Figure 11), however, phosphorylated pRb levels 

are significantly higher at 4 months. Perhaps at this early timepoint, there is a 

higher ratio of free pRb (unbound to TAg) and it is this protein that is 

phosphorylated. Further co-immunoprecipitation experiments comparing the ratio 

of sequestered and unbound pRb at 4- and 7-month timepoints would be 

necessary to support this hypothesis. Research has suggested that targeting 

pRb protein for degradation by proteasomes may represent a common neoplastic 

strategy during human cancer development (166). pRb is fairly stable in vivo; 

however, it can be targeted for degradation by interaction with MDM2 and the 

20S proteasome, leading to proteasome-dependent ubiquitin-independent 

degradation of pRb in a time-dependent manner (167). Additional data also 

suggests that transcription of the pRb gene does not change with cell cycle 

progression (168), therefore total protein levels would remain constant. As the 

dysplasia progresses in this model, there are perhaps secondary mechanisms 

that cause the degradation of unbound pRb by 7 months resulting in lower levels 

of the phosphorylated form. Additional experiments investigating pRb 

transcription and degradation are needed to help elucidate this question.  

In our studies, we demonstrate that the Cyclin-CDK-Rb pathway was 

upregulated at 14 days after TAg downregulation in the 7-month “irreversible” 
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timepoint. Interestingly, we observed a marked Cyclin-CDK-Rb pathway 

activation 2 days after TAg downregulation at both the 4- and 7-month 

timepoints. At 4 months of age, this activation was downregulated by 14 days, 

whereas it remained upregulated when TAg was downregulated at 7 months of 

age. Theoretically, downregulation of TAg oncogene expression would restore 

cell cycle checkpoints causing a reversal of the gland, a process described as 

“oncogene addiction” (169). In our model, we observe this resolution of cell cycle 

molecules at the 4-month timepoint by 14 days (Figure 9A). However, this 

oncogene addiction was not observed at the 7-month timepoint. Instead, we 

observe a hit-and-run-like phenomenon (170) where molecular changes and 

dysplasia persist after downregulation of the oncogene (Figure 9B). At the 4-

month timepoint, cell cycle effector proteins (Cyclin D1, CDK4, CDK6, pRb, DP1, 

and Cyclin E) are significantly decreased by 14 days despite an early pattern of 

upregulation 2-10 days after TAg downregulation (Figures 9-12 and 14). Notably, 

levels of phosphorylated pRb, CDK4, and E2F1 are nearly undetectable at the 4-

month 14-day timepoint (Figures 9A-12). At the 7-month timepoint, a similar 

pattern of early upregulation of effector proteins was observed (Figures 9B-12 

and 14). However, the protein expression levels remain upregulated at 7 months 

but are downregulated at 4 months by 14 days of TAg downregulation.  

Together, these in vivo experiments show that TAg expression causes an 

early pRb hyperphosphorylation that is resolved by 7 months-of-age. Upon TAg 

downregulation, the Cyclin-CDK-Rb pathway was upregulated at both timepoints 

and consequently downregulated by 14 days at the age 4-month timepoint. 
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However, at the age 7-month timepoint, upregulation of cell cycle proteins was 

responsible for maintenance of dysplastic phenotype in the absence of TAg.  

B. p53 was not required for reversal of dysplasia at 4 months of age 

following TAg downregulation in Tet-op-TAgMMTV-tTA/p53-/- mice. 

As previously discussed, the transformation potential of TAg is largely 

attributed to its disruption of the p53 and pRb tumor suppressor proteins (9; 10). 

TAg can bind directly to the specific DNA binding domain of p53, and it has been 

hypothesized that upon binding, TAg inactivates the tumor suppressor function of 

p53 (8). However, the binding of p53 with TAg also increases the half-life and 

steady-state levels of p53 in cell culture partly due to the entrapment of the 

p300/mdm2/p53 complex that targets p53 for degradation (17; 18). In vitro tissue 

culture cell studies have suggested an unexpected role for p53 within the TAg 

complex by showing that the TAg-p53 complex has growth stimulatory activities 

that are required for malignant cell growth (19). Depletion of p53 then leads to 

structural rearrangements of the multiprotein complex resulting in growth arrest 

(19). The experiments presented here suggest this may also occur in vivo in 

whole tissue because the salivary glands in our tet-op-TAgMMTV-tTA/p53-/- mice 

exhibited less dysplasia than the aged-matched tet-op-TAgMMTV-tTA controls with 

intact p53. These findings demonstrate that the extent of TAg-induced disease 

can be modulated by the absence of p53.  

p53 is an important regulator of cell cycle check points. p53 responds to 

signals of DNA damage and cell cycle abnormalities to induce growth arrest in 

order to allow for DNA repair or initiate apoptosis if DNA damage proves to be 
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irreparable (58). p53 binds DNA and potentiates expression of an array of 

downstream genes including WAF1/CIP1 encoding for p21 (Cyclin-dependent 

kinase inhibitor 1) (171). p21 functions as a regulator of cell cycle progression at 

G1 by binding to CDK2 and CDK2/Cyclin E complexes inhibiting their activity and 

preventing the G1/S transition (44). A mutant p53 that is not able to effectively 

bind DNA and upregulate transcription of p21 results in insufficient p21 protein 

and the absence of a "stop signal" for cell division (171; 172). p27 (Cyclin-

dependent kinase inhibitor 1) acts in G0 and early G1 to inhibit Cyclins/CDKs, 

and primarily E-type Cyclin/CDK2 complexes. p27 is primarily regulated by 

translation controls (173). However, a recent study has shown p27 protein 

expression increases in parallel with p53 suggesting a role of p53 determining 

p27 modulation (174). Our studies show that neither p21 nor p27 were required 

for reversal of dysplasia. Neither p21 nor p27 were upregulated in the tet-op-

TAgMMTV-tTA/p53-/- mice, in which p53 is absent, but reversal of dysplasia 

proceeded on the same schedule and to the same degree as in the tet-op-

TAgMMTV-tTA mice with intact p53.  

Significantly, these data show that the cell cycle regulators p53, p21 and p27 

did not appear to play a significant role in dysplasia reversal underscoring the 

importance of the Cyclin-CDK-Rb pathway in maintenance of the dysplasia.  

C. ‘Irreversible’ dysplasia was not reversed by exposure to RXR and 

PPARγ  agonists in 7-month-old Tet-op-TAgMMTV-tTA mice. 

Rexinoid chemopreventives and PPARγ agonists have been reported to 

downregulate Cyclin D1 expression (118; 175). Repression of Cyclin D1 by RXR 
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agonist bexarotene is a late transcriptional effect and requires new protein 

synthesis to become apparent (175; 176). In our model of irreversible dysplasia 

at 7 months, we observed a marked increase in Cyclin D1 expression when TAg 

was downregulated. In contrast, this was not seen in 4-month-old mice in which 

dysplasia reversed when TAg expression was downregulated (Section III B2, 

Figure 10). Administration of the RXR ligand UAB30 and the PPARγ agonist 

rosiglitazone was able to significantly block the upregulation of Cyclin D1 and 

CDK6 at the 7-month timepoint after TAg was downregulated (Section III D4, 

Figure 21). Perhaps significantly, expression levels of CDK4 were not reduced 

and phosphorylated pRb was reduced but not absent, unlike tissue from the 

reversible 4 month age that showed no detectable phosphorylated pRb. These 

results indicated that although the mice received levels of UAB30 and 

rosiglitazone sufficient to reduce expression of some regulators, CDK4 was not 

significantly lowered and no significant impact on reversal of the refractory 

dysplasia was found.  

In mouse tumor model studies, Cyclin D1-regulated CDK4 kinase activity was 

required for the initiation of breast cancers and the continued presence of CDK4 

was required to sustain tumor cell proliferation (177–179). In contrast, ablation of 

CDK6 had little effect on the development of mammary tumors (179). These data 

support our hypothesis that the maintenance of CDK4 expression contributed in 

sustaining the dysplastic phenotype and that the dramatic downregulation of 

CDK6 was not sufficient for reversal of dysplasia. 
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Additionally, we observed that dysplasia reversal in 4-month-old mice was 

characterized by multi-fold reductions in levels of CDK6, CDK4 and 

phosphorylated pRb (4-fold for CDK6, 22-fold for CDK4 and 68-fold for 

phosphorylated pRb) while treatment with UAB30 and rosiglitazone resulted in 

more modest 3-fold changes in CDK6 and phosphorylated pRb levels and no 

difference in CDK4. Studies of pRb regulation by phosphorylation show pRb is 

phosphorylated at low levels (hypophosphorylated) when bound to E2Fs in early 

G1 (180). Additionally, it has been suggested by some groups that a threshold of 

phosphorylation of pRb induces inactivation (181). One hypothesis to explain our 

observations is that while phosphorylated pRb levels are decreased with UAB30 

and rosiglitazone administration, the levels are still within the threshold that 

cause pRb inactivation and, therefore, help conserve the dysplastic phenotype at 

the 7-month timepoint. Further studies assessing the role of pRb phosphorylation 

through inhibition studies are needed to clarify this hypothesis.  

It did not appear that the absence of dysplasia reversal or a more 

profound cell cycle response was due to inadequate levels of drug delivery. In 

these studies, we examined three different approaches to confirm that 

therapeutic levels of UAB30 and rosiglitazone were achieved in the mice. First, 

we gave the maximum recommended dose without toxicity for UAB30 (300 

mg/kg) (102; 103; 182) and rosiglitazone (400 mg/kg) (102; 183) as determined 

by published studies. Second, retinyl palmitate levels were evaluated by HPLC. 

Although many retinoids (retinyl acetate, retinyl methyl ether) cause substantial 

increases in the levels of retinyl palmitate in the liver, UAB30 actually caused a 
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minor (27-33%) decrease in the level of this stored form of vitamin A in 

preliminary experiments. This feature may partly account for the lack of toxicity 

that was observed in initial studies with the agent (102). In our analyses, we 

observed similar decreases in retinyl palmitate levels (28-32%) after 28 days of 

UAB30 administration suggesting that the drug was metabolically active. Finally, 

we measured gene expression levels of downstream targets of RXR and PPARγ 

by RT-PCR. We measured significant increases in expression levels of FABP4, 

ADRP, and PDK4 suggesting that the agents were molecularly active in salivary 

gland tissue.  

Recent studies have highlighted an elevated risk of myocardial infarction 

in patients treated with rosiglitazone (184). Human AUC used to assess a drug’s 

oral bioavailability at the maximum recommended daily dose translates to 

approximately 0.5mg/kg in mice (185–187). Therefore, dose escalation in these 

studies to try achieving more therapeutic benefit would not be translatable to 

human chemoprevention strategies. Evaluating other pharmaceuticals that target 

more relevant pathways may lead to better chemopreventive responses.  

D. The CDK4/6 inhibitor PD0332991 reversed the 'irreversible' dysplasia in 

7-month-old Tet-op-TAgMMTV-tTA mice. 

As reviewed in Section I B, the mammalian cell cycle is highly regulated 

by Cyclins and their associated CDKs. Many of these proteins have overlapping 

functions as shown by mouse models with engineered deletions of one or 

multiple of these cell cycle regulators (72; 76; 85; 86). The studies report that 

many of the independent cell cycle proteins are nonessential for embryogenesis 
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and development. Importantly, they suggest that normal, developmental cell 

proliferation in response to physiologic levels of growth factors might have the 

capability to proceed with only low levels of cell cycle regulatory proteins. It is 

possible that a requirement for upregulated Cyclin-CDK-Rb pathway may be 

limited to cells responding to mitogenic signals leading to malignant 

transformation (76) and targeting of these cell cycle proteins might resolve 

dysplasia while leaving normal cells unaffected (62; 188; 189) 

The majority of established cancer therapies are cytotoxic agents 

designed to kill cells (190). In the last decade, cytostatic drugs that inhibit tumor 

growth in part by decreasing cell proliferation without direct cell killing were 

developed for their lower toxicity and increased tolerance (8). However, in 

cancers, single agent cytostatic drugs have not been as efficacious as required 

leading to the use of combination therapies with both cytotoxic and cytostatic 

agents (191). Chemoprevention aims to reverse or halt the progression of 

neoplastic cells to invasive malignancies and cytostatic agents that do so without 

direct killing have been proposed as potential therapies (8). Importantly, our 

experiments demonstrated that a single cytostatic agent, PD0332991, which 

specifically targets CDK4/6, was sufficient to reverse refractory dysplasia. 

Notably, both biologically-mediated dysplasia reversal in 4-month-old mice 

and pharmacological reversal in 7-month-old mice was characterized by multi-

fold reductions in levels of CDK6, CDK4 and phosphorylated Rb (4- and 4-fold for 

CDK6, 22- and 11- fold for CDK4 and 68- and17-fold for phosphorylated pRb, 

respectively) while treatment with UAB30 and rosiglitazone resulted in more 
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modest 3-fold changes in CDK6 and phosphorylated pRb levels and no 

difference in CDK4. These data further suggest that there are thresholds 

necessary to meet in order to affect dysplasia reversal and that these parameters 

of change may serve as molecular measures of therapeutic efficacy in 

chemoprevention studies with other agents.  

Although CDK4/6 inhibition with PD0332991 for 10 days successfully 

induced reversal of dysplasia, we did not investigate whether this phenotype 

would continue upon discontinuation of the inhibitor and hypothesize two 

possibilities. Early studies point to the reversible action of PD0332991, showing 

that phosphorylation of pRb began to return 2 hours after removal of the drug 

(143). Additionally, mouse studies of myeloma report that tumor growth resumed 

after discontinuation of treatment with PD0332991 (192; 193). In mouse tumor 

models, the initiating oncogene was still present after discontinuation of 

PD0332991, and hypothetically was responsible for continued tumor growth 

(192; 193). However, in our model, since TAg is no longer present, the dysplasia 

reversal may persist after cessation of PD0332991 administration. Perhaps the 

molecular changes it catalyzed during the 10 days of treatment would be enough 

to perpetuate a negative regulatory cell cycle mechanism allowing for checkpoint 

restoration and consequent maintenance of the less-dysplastic phenotype. 

However, an opposite phenotype may be observed since a small percentage of 

the gland exposed to PD0332991 remained dysplastic. These cells may have 

acquired an alternative mechanism to maintain their dysplastic phenotype 

independent of CDK4/6 and would continue signaling after removal of the 
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inhibitor. Perhaps these cells would secrete mitogenic signals that could override 

cell cycle checkpoints in neighboring normal-like cells and create a global 

dysplastic phenotype. Further studies of different timepoints of PD0332991 

administration and removal are required to elucidate these hypotheses.  

CDK inhibitors may be well-tolerated as many physiologically mediated 

growth signals still elicit normal responses even when levels of cell cycle effector 

proteins are low (72; 76; 85; 86). However, the utility of PD0332991 as a long-

term chemoprevention regimen may be limited by toxicities including fatigue, 

myelosuppression and resulting leukopenia/neutropenia (Reviewed in Section I 

D4). Nevertheless, the overlapping functions of CDKs and Cyclins make them 

promising targets for chemoprevention. Additional research is needed to identify 

the mechanisms of pre-neoplastic disease in response to CDK inhibitors and to 

determine the physiologic responses to these pharmaceuticals.  

  In summary, our studies showed that the Cyclin-CDK-Rb pathway was 

activated in a time-dependent manner following oncoprotein downregulation and 

served to maintain dysplasia in the absence of the initiating oncoprotein. 

Effectively targeting this pathway with a CDK4/6 specific inhibitor, PD0332991, 

successfully reversed the refractory dysplasia. Our results indicate a candidate 

mechanism for interrupting cancer development at the dysplastic stage and 

provide parameters to follow in evaluating potential biomarkers of response.  
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  The studies presented here focused on investigating the mechanisms of 

reversal of dysplasia in tet-op-TAgMMTV-tTA mice. Our findings showed that the 

Cyclin-CDK-Rb pathway was activated in a time-dependent manner following 

oncoprotein downregulation and served to maintain dysplasia in the absence of 

the initiating oncoprotein and that p53 was not required for dysplasia reversal. 

Additionally, we analyzed 3 chemopreventive agents, UAB30, rosiglitazone and 

PD0332991 and tested their effect on reversal of dysplasia at the 7-month 

irreversible timepoint. We found that UAB30 or the combination of UAB30 with 

rosiglitazone did not promote reversal of dysplasia in the 7-month-old mice 

following TAg downregulation, despite decreases in cell cycle proteins Cyclin D1, 

CDK6, phosphorylated pRb and E2F-1. Conversely, we determined that targeting 

this pathway with a CDK4/6 specific inhibitor, PD0332991, successfully reversed 

the refractory dysplasia in the 7-month-old mice following TAg downregulation. 

Our results indicate a candidate mechanism for interrupting cancer development 

at the dysplastic stage and provide parameters to follow in evaluating potential 

biomarkers of response. However, future experiments are needed to help 

establish mechanisms outside of the cell cycle and to elucidate a role of the 

biological functions of chemopreventive agents. 

 First, we determined that cell cycle deregulation supports the dysplastic 

phenotype that persists after removal of the initiating oncoprotein TAg in the 7-

month irreversible timepoint. Before TAg downregulation the gland of 4- and 7-

month-old mice are histologically indistinguishable, however, there are significant 

differences in cell cycle protein expression between the two timepoints. 
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Specifically, phosphorylated pRb and DP1 are higher at 4 months when 

compared to 7 months. We hypothesized that at the 4-month timepoint, there 

may be a higher ratio of free pRb (unbound to TAg) and it is this unsequestered 

protein that is phosphorylated. Future co-immunoprecipitation experiments 

comparing the ratio of sequestered to unbound pRb at 4 and 7 months would be 

necessary to support this hypothesis. Additionally, it would be necessary to 

determine the transcription of pRb and degradation of unbound pRb at the 7-

month timepoint to determine the reasons for lower phosphorylated pRb levels 

before TAg downregulation at this timepoint.  

Second, we found an upregulation of cell cycle proteins 14 days after TAg 

downregulation at 7 months. However, to further determine the role of cell cycle 

proteins in reversal of dysplasia, studies examining protein levels after longer 

exposure to TAg are necessary. Although dysplasia did not reverse at 7 months 

of age after 14 days of doxycycline administration to downregulate TAg, we have 

some evidence that longer TAg downregulation may alter this phenotype. At the 

7-month timepoint, there is a small (10%) percentage of the gland that reversed 

and could be classified as normal-like (Figure 9), suggesting that at least a 

proportion of the cells reestablished some mechanisms of cell cycle control. We 

hypothesize that increased exposure to doxycycline at the 7-month timepoint 

could expand the percentage of normal-like cells and future experiments 

evaluating histology and measuring molecular changes are needed. 

Furthermore, experiments quantifying the number of 7-month-old mice that 

progress to tumor after 14 days and during longer periods of TAg downregulation 
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would help elucidate the robustness of cell cycle checkpoints in the maintenance 

of dysplasia and progression to tumor.  

Lastly, we found CDK4/6 inhibition with PD0332991 for 10 days at the 7-

month irreversible timepoint successfully induced reversal of dysplasia. However, 

we did not investigate whether this phenotype would endure upon discontinuation 

of the inhibitor. Experiments examining different timepoints after PD0332991 

discontinuation (with and without continued doxycycline administration) would 

help determine whether the molecular changes observed at 10 days can be self-

sustained without a pharmacological intervention. Additionally, examining the 

incremental histological and molecular changes during PD0332991 

administration at 2, 6, 8, 10, and 14 days during reversal would help determine 

whether pharmacological reversal in 7-month-old-mice paralleled the biologically-

mediated dysplasia reversal in 4-month-old mice at early timepoints.  
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