
The p53 homolog p63 modulates acute and
chronic damage in irradiated salivary glands

Item Type text; Electronic Dissertation

Authors Mitchell, Geoffrey C

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:38:42

Link to Item http://hdl.handle.net/10150/194089

http://hdl.handle.net/10150/194089


 

 

THE P53 HOMOLOG P63 MODULATES ACUTE AND CHRONIC DAMAGE IN 

IRRADIATED SALIVARY GLANDS. 
 

by 
 

Geoffrey C. Mitchell 
 

 

 

_____________________ 
      

 

 

A Dissertation Submitted to the Faculty of the 
 

GRADUATE INTERDISCIPLINARY PROGRAM IN CANCER BIOLOGY 
 

In Partial Fulfillment of the Requirements 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

In the Graduate College 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

 

 

 

 

2010 



 2 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation  

 

prepared by Geoffrey C. Mitchell 

 

entitled The p53 homolog p63 modulates acute and chronic damage in irradiated salivary 

glands. 

 

and recommend that it be accepted as fulfilling the dissertation requirement for the  

 

Degree of Doctor of  Philosophy 

 
 

_______________________________________________________________________ Date: 04/30/10    

Kirsten Limesand 

 

_______________________________________________________________________ Date: 04/30/10    

Randy Burd 

    

_______________________________________________________________________ Date: 04/30/10    

Eugene Gerner 

 

_______________________________________________________________________ Date: 04/30/10    

Margaret Briehl 

    

_______________________________________________________________________ Date: 04/30/10    

Jesse Martinez 

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: 04/30/10 

Dissertation Director:  Kirsten Limesand 



 3 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that accurate acknowledgment of source is made.  Requests for permission for extended 

quotation from or reproduction of this manuscript in whole or in part may be granted by 

the head of the major department or the Dean of the Graduate College when in his or her 

judgment the proposed use of the material is in the interests of scholarship.  In all other 

instances, however, permission must be obtained from the author. 

 

 

 

SIGNED: Geoffrey C. Mitchell 

 



 4 

ACKNOWLEDGMENTS 

First of all, I would like to thank my P.I., Kirsten. To the outside observer, I’m sure we 

seem to be a terrible match—both excruciatingly stubborn and proud—but I could not 

have possibly found a better mentor. Even though we disagree about most everything, in 

the end, I learn a lot from our discussions and I hope that she gains something from them 

as well. She is truly a fantastic researcher, and there is still much more I can learn from 

her. 

 

Second, I would like to thank all of my co-workers, both past and present. Our first post-

doc, Oliver Grundmann, got me through some of my most difficult days as a graduate 

student with a healthy, if not excessive, dose of caffeine. Also, I would specifically like 

to acknowledge Jamia Fillinger, Jennifer Avila, Kerton Victory, and Lauren Querin who 

have all contributed data to the project described herein. 

 

Third, I would like to thank Dr. Tim Bowden and the Cancer Biology GIDP for the 

opportunity to pursue this degree. Anne Cione has always been a huge help and responds 

to her e-mail quicker than anyone else I know. I appreciate all of the discussions I have 

had with my committee members. Specifically, Randy Burd’s presence at lab meeting is 

always welcomed; despite whether he’s on his “first or second Santa,” he’s always 

insightful. 

 

Fourth, I would like to thank everyone from the C.A.T.T.S. program and Biotechnology 

Project, especially Nadja Anderson. I loved having the opportunity to share 

biotechnology lab activities with K-12 classrooms all over Tucson. I relished the chance 

to work with Andrew Lettes and his Pueblo H.S. Biotechnology students every Thursday. 

 

Finally, I would like to acknowledge the support of my family. My wife, Emily, who 

trained to teach high school biology, has been a great supporter of me through it all. It’s 

always nice to have someone to talk to at the end of the day that has some idea of what 

I’m talking about. My son, Cannon, was born as I was finishing the last chapters of this 

dissertation. Without my mother coming to Tucson early to help around the house, it may 

have taken me another semester to defend. 



 5 

TABLE OF CONTENTS 

 

LIST OF FIGURES .......................................................................................................... 8 

 

ABSTRACT ..................................................................................................................... 10 

 

I. LITERATURE REVIEW ........................................................................................... 12 

Clinical Challenge ....................................................................................................... 12 

Epidemiology ............................................................................................................ 12 

Early and Late Effects of Radiotherapy .................................................................... 13 

Therapeutic Options.................................................................................................. 14 

Therapeutic Options: Protective Therapies .......................................................... 15 

Therapeutic Options: Palliative Therapies ........................................................... 17 

Therapeutic Options: Restorative Therapies ........................................................ 18 

Etiology of Radiation-induced Salivary Gland Dysfunction ................................... 22 

Cellular Response to Radiation ................................................................................ 22 

Radiation-induced Tissue Damage ........................................................................... 28 

Radiation-induced Salivary Gland Damage ............................................................. 30 

The p53 Family ............................................................................................................ 32 

p53............................................................................................................................. 32 

p63............................................................................................................................. 35 

p73............................................................................................................................. 38 

Prevention Models ...................................................................................................... 41 

 

II. IGF1 ENHANCES P63 EXPRESSION IN PAROTID ACINAR CELLS 

DOWNSTREAM OF PI3K/AKT/MTOR..................................................................... 43 

Introduction ................................................................................................................. 43 

Materials and Methods ............................................................................................... 46 

Mice........................................................................................................................... 46 

Primary Cell Culture ................................................................................................ 46 

Treatment .................................................................................................................. 46 

RNA Isolation and RT-PCR ...................................................................................... 47 

PCR and Gel Electrophoresis ................................................................................... 47 

Real-time PCR .......................................................................................................... 48 

Western Blotting........................................................................................................ 48 

Immunocytochemistry ............................................................................................... 49 

Immunohistochemistry .............................................................................................. 50 

Statistical Analysis .................................................................................................... 50 

Results .......................................................................................................................... 51 

Intravenous IGF1 increases ΔNp63α and ΔNp63γ mRNA and protein expression in 

parotid glands ........................................................................................................... 51 

Constitutively active Akt1 results in increased ΔNp63 transcription in parotid glands

................................................................................................................................... 53 



 6 

IGF1 enhances ΔNp63α and ΔNp63γ transcription downstream of PI3K and 

mTORC1 ................................................................................................................... 56 

IGF1 enhances ΔNp63α and ΔNp63γ transcription downstream of PI3K and 

mTORC1 ................................................................................................................... 56 

IGF1 enhances ΔNp63 nuclear localization downstream of PI3K and mTORC1 .... 58 

Discussion..................................................................................................................... 61 

 

III. IGF1 ACTIVATES CELL CYCLE ARREST FOLLOWING IRRADIATION 

BY REDUCING BINDING OF ΔNP63 TO THE P21 PROMOTER ........................ 65 

Introduction ................................................................................................................. 65 

Materials and Methods ............................................................................................... 67 

Mice........................................................................................................................... 67 

Treatment .................................................................................................................. 67 

Flow Cytometry ......................................................................................................... 68 

PCNA Staining .......................................................................................................... 68 

Western Blotting........................................................................................................ 69 

RNA Isolation and RT-PCR ...................................................................................... 70 

Real-time PCR .......................................................................................................... 70 

Chromatin Immunoprecipitation (ChIP) .................................................................. 71 

Statistical Analysis .................................................................................................... 72 

Results .......................................................................................................................... 73 

Increased cell cycle arrest in irradiated parotid glands pre-treated with IGF1 ...... 73 

Increased cell cycle arrest in irradiated parotid glands of mice expressing 

constitutively active Akt (myr-Akt1) .......................................................................... 76 

Sustained phosphorylation of p53 (serine18) in parotid glands of mice treated with 

radiation .................................................................................................................... 78 

Sustained expression of the p53 target gene p21 in irradiated parotid glands pre-

treated with IGF1 ...................................................................................................... 80 

Reduced levels of p63 in irradiated parotid glands pre-treated with IGF1 ............. 83 

Reduced binding of ΔNp63 and increased binding of p53 to the p21 promoter in 

irradiated parotid glands pre-treated with IGF1 ..................................................... 85 

IGF1-induced effects following irradiation are not detected in unstressed salivary 

glands ........................................................................................................................ 89 

Discussion..................................................................................................................... 91 

 

IV: RADIATION-INDUCED COMPENSATORY PROLIFERATION IN 

SALIVARY GLANDS COINCIDES WITH PROLONGED EXPRESSION OF P63 

AND ACTIVATION OF NOTCH SIGNALING ......................................................... 96 

Introduction ................................................................................................................. 96 

Materials and Methods ............................................................................................... 99 

Treatments................................................................................................................. 99 

Immunohistochemistry .............................................................................................. 99 

Western Blotting...................................................................................................... 100 

Real-time RT-PCR .................................................................................................. 101 



 7 

Statistical Analysis .................................................................................................. 102 

Results ........................................................................................................................ 103 

The percentage of p63-positive cells in parotid glands increases following 

irradiation. .............................................................................................................. 103 

Accumulation of p63-positive cells in irradiated parotid glands coincides with 

increased proliferation............................................................................................ 105 

Notch1 signaling is activated in irradiated parotid glands .................................... 107 

Nodal mRNA expression increases in irradiated parotid glands ........................... 108 

Snail mRNA expression increases in irradiated parotid glands downstream of 

cleaved Notch .......................................................................................................... 110 

Discussion................................................................................................................... 114 

 

V. CONCLUSION......................................................................................................... 120 

 

APPENDIX A: P73 IN SALIVARY GLANDS .......................................................... 124 

Introduction ............................................................................................................... 124 

Materials and Methods ............................................................................................. 126 

Treatment of Mice ................................................................................................... 126 

Western Blotting...................................................................................................... 126 

RNA Isolation and real-time RT-PCR..................................................................... 127 

Results ........................................................................................................................ 128 

Intravenous IGF1 increases p73 mRNA and protein expression in parotid glands 128 

Radiation induces p73 protein expression in irradiated salivary glands ............... 130 

Discussion................................................................................................................... 132 

 

APPENDIX B: ΔN VARIANTS ARE THE ONLY P63 TRANSCRIPTS 

DETECTABLE IN PAROTID ACINAR CELLS IN VITRO AND IN VIVO ......... 135 

 

REFERENCES .............................................................................................................. 137 



 8 

LIST OF FIGURES 

Figure 1.1: Variants of the p53 family. .............................................................................33 

 

Figure 2.1: IGF1 enhances ΔNp63 protein expression in parotid glands. ........................52 

 

Figure 2.2: IGF1 enhances ΔNp63 mRNA expression in parotid glands. ........................54 

 

Figure 2.3: Constitutively active Akt leads to increased ΔNp63 protein and mRNA 

expression in parotid glands...................................................................................55 

 

Figure 2.4: IGF1-induced transcriptional up-regulation of ΔNp63 occurs downstream of 

PI3K and mTORC1 in parotid acinar cells. ...........................................................57 

 

Figure 2.5: IGF1 enhances ΔNp63 nuclear localization downstream of PI3K and 

mTORC1 in parotid acinar cells. ...........................................................................59 

 

Figure 2.6: Roughly 3% of parotid acinar cells are p63-positive. ....................................60 

 

Figure 2.7: ΔNp63 is transcriptionally regulated downstream of PI3K, Akt, and 

mTORC1 in parotid cells in vivo and in vitro. .......................................................64 

 

Figure 3.1: Pre-treatment with IGF1 induces p53-dependent cell cycle arrest in irradiated 

parotid glands. ........................................................................................................74 

 

Figure 3.2: IGF1 gene expression in parotid glands does not change with radiation. ......75 

 

Figure 3.3: Radiation induces cell cycle arrest in the parotid glands of myr-Akt1 mice. 77 

 

Figure 3.4: Parotid glands of irradiated mice pre-treated with IGF1 have reduced levels 

of total and phosphorylated p53 protein. ...............................................................79 

 

Figure 3.5: Radiation-induced expression of p21 in parotid glands is p53-dependent.....81 

 

Figure 3.6: Radiation-induced expression of p21 is sustained at 8 and 24 h after 

irradiation in parotid glands of mice pre-treated with IGF1. .................................82 

 

Figure 3.7: ΔNp63 mRNA and protein expression increases in irradiated parotid glands 

................................................................................................................................84 

 

Figure 3.8: Binding of ΔNp63 to the p21 promoter is reduced in parotid glands of 

irradiated mice pre-treated with IGF1....................................................................87 

 



 9 

Figure 3.9: Binding of p53 to the p21 promoter is increased in parotid glands of 

irradiated mice pre-treated with IGF1....................................................................88 

 

Figure 3.10: IGF1-induced effects following irradiation are not detected in unstressed 

parotid glands. ........................................................................................................90 

 

Figure 3.11: A putative role for ΔNp63 in regulating the p53-mediated DNA damage 

response..................................................................................................................94 

 

Figure 4.1: Radiation results in accumulation of p63-positive cells in irradiated parotid 

glands. ..................................................................................................................104 

 

Figure 4.2: Radiation induces proliferation in parotid glands. .......................................106 

 

Figure 4.3: Increased ΔNp63 protein coincides with activation of Notch1 in parotid 

glands 5 days after irradiation. .............................................................................109 

 

Figure 4.4: Nodal mRNA expression increases in irradiated parotid glands..................111 

 

Figure 4.5: Snail mRNA expression increases in irradiated parotid glands downstream of 

cleaved Notch.......................................................................................................113 

 

Figure 4.6: A putative role for ΔNp63 in inhibiting differentiation of parotid cells 

following irradiation. ...........................................................................................118 

 

Figure A.1: IGF1 enhances p73 protein and mRNA expression in parotid glands. .......129 

 

Figure A.2: p73 protein and mRNA expression increases in irradiated parotid glands. 131 

 

Figure B.1: ΔN variants are the only p63 transcripts detectable in parotid acinar cells in 

vitro and in vivo.  .................................................................................................136 

 



 10 

ABSTRACT 

 Head and neck cancer is diagnosed in more than 50,000 Americans each year, 

resulting in roughly 11,000 deaths. For this disease, a typical therapeutic regimen 

involves cisplatin, a radiosensitizer, given alongside targeted irradiation. While 

technological advances such as IMRT have been useful in sparing normal tissues from 

radiotherapy, the salivary glands occupy much of the head and neck and surround several 

lymph nodes, and thus, non-diseased salivary glands are often damaged. This causes 

reduced salivary output, damaged oral mucosa, dysphagia, malnutrition and tooth decay. 

Often, these side-effects are so severe that patients discontinue treatment, however, in 

many cases, salivary gland damage is permanent, and treatment options are palliative. 

Specifically, muscarinic-cholinergic agonists are used to enhance secretion from 

remaining salivary cells, although due to non-specific action, these drugs have a number 

of ill-effects. It is clear that therapies are needed to prevent radiation-induced salivary 

gland damage, as well as to restore glandular function in patients who are already 

suffering. 

 Previous work from our group has shown that salivary gland dysfunction results 

from loss of acinar cells to radiation-induced apoptosis. Importantly, a single intravenous 

dose of IGF1 can prevent apoptosis and preserve salivary output when given immediately 

prior to irradiation. Because of its broad effects, however, IGF1 may never be a viable 

clinical option. Instead, our goal is to identify signaling events that mediate the 

radioprotective effects of IGF1 downstream of Akt. Because radiation-induced apoptosis 

in salivary glands is p53-dependent, we assessed the contributions of the p53 homologs 
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p63 and p73 to the DNA damage response. Here, we show that IGF1 enhances cell cycle 

arrest following irradiation by reducing inhibitory binding of ΔNp63 to the p21 promoter. 

We hypothesize that IGF1-induced cell cycle arrest may allow time for DNA repair, thus 

preventing apoptosis and maintaining salivary function. In addition, we indicate chronic 

signaling events downstream of p63 that may contribute to permanent loss of salivary 

function by blocking differentiation of salivary progenitor cells. Together, these results 

indicate that p63 may be a valid therapeutic target for both prevention of damage and 

restoration of function in irradiated salivary glands. 



 12 

I. LITERATURE REVIEW 

Clinical Challenge 

Epidemiology 

 In 2010, more than 50,000 cases of head and neck cancer will be diagnosed in the 

United States, resulting in more than 11,000 deaths [1]. Together, malignancies of the 

nasal and oral cavities, lips, sinuses, throat, and salivary glands make head and neck 

cancer the 5
th

 most commonly diagnosed malignancy worldwide [2]. The common risk 

factors—tobacco and alcohol use—likely account for the higher incidence observed in 

males compared to females [1]. 

 Treatment for head and neck cancer focuses on maintaining locoregional control 

of the disease.  To this end, surgical resection, radiotherapy, or a combination of the two 

were the common treatment modalities for many years. Recently, however, studies have 

indicated that chemoradiotherapy, combining single or multiagent chemotherapy with 

therapeutic radiation, results in improved survival compared to historical treatments. 

Today, the most common treatment for head and neck cancer is cisplatin, a 

radiosensitizer, given alongside radiotherapy [3]. Irradiation of this region, however, 

often leads to secondary side-effects in non-diseased tissues, including drastic loss of 

salivary gland function. Patients report a variety of maladies as a result of this reduction 

in saliva production, including difficulty chewing and swallowing, taste loss, altered 

speech, tooth decay, and mucositis. Combined, these symptoms of chronic dry mouth—

xerostomia—can result in diminished quality of life, often leading to interruptions in 

treatment [4]. To minimize this complication, clinicians attempt to limit the dose of 
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therapeutic radiation reaching the salivary glands; for parotid glands, the goal is 1.8-2 Gy 

(gray) daily fractions totaling no more than 26 Gy over the course of treatment [5]. Based 

on tumor location and lymph node involvement, however, sparing of the salivary glands 

may not be possible. 

 

Early and Late Effects of Radiotherapy 

  The effects of radiation on a tissue, which generally correlate with proliferation 

rate, are divided into two groups. Early effects occur within days or weeks of exposure 

and result from acute cell death, while late effects occur within months or years of 

exposure and may result from damage to vasculature and parenchymal cells [6]. Despite 

the fact that unlike other classically radiosensitive tissues, salivary glands are made up of 

highly differentiated cells that proliferate slowly, there is still evidence for both early and 

late effects in irradiated glands. 

 Glandular shrinkage, which occurs within days and persists for months, is likely 

due to attrition of acinar cells, which comprise roughly 80% of the parotid gland [7-9]. 

Acinar cells are responsible for water and protein secretion, thus the loss of these cells 

affects the composition of saliva and accounts for reduced salivary output [10]. Within 

the first week of therapy, there is already a drastic decrease in saliva production, which 

continues to worsen over the course of treatment [11]. 

 Studies indicate that return of salivary function after radiotherapy is possible, but 

that the degree of recovery depends on the dose of radiation delivered to the glands [12-

14]. One study indicates that parotid glands exposed to low doses of radiation (<30 Gy 
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over the course of treatment) can recover fully within 12-24 months [14]. In contrast, 

parotid glands exposed to high doses of radiation (>45 Gy over the course of treatment) 

have negligible recovery after two years [14]. In a clinical follow-up, 64% of survivors 

reported moderate to severe xerostomia more than three years after radiotherapy [15]. 

This late, persistent damage has been attributed to replacement of acinar cells with 

fibrotic tissue [16]. In patients suffering from long-term salivary gland dysfunction, 

dietary changes are necessary to maintain proper nutrition and hydration [17, 18]. 

 

Therapeutic Options 

 In recent years, intensity modulated radiotherapy (IMRT) has proven to be an 

effective method for delivering a lethal dose of radiation to a tumor while sparing normal 

tissues. A recent study assessed xerostomia in patients treated for oropharyngeal cancer 

[19]. Those treated with conventional radiotherapy (CRT) had significantly lower parotid 

salivary flow six months after treatment (18% of pre-RT levels) than those treated with 

IMRT (64% of pre-RT levels). This preservation of function is likely the result of 

reduced exposure of the parotid gland to radiation with IMRT (33.7 Gy average) 

compared to CRT (48.1 Gy average). For some patients, IMRT had little effect on the 

amount of radiation delivered to the parotid gland, suggesting that in some cases, position 

of a tumor limits sparing of normal tissue. However, if radiation oncologists are overly 

concerned with limiting adverse effects when treating tumors in the region, then therapy 

may not be effective [20]. Finally, as tumors shrink with radiotherapy, anatomic changes 

may affect the precision of IMRT [21]. Due to these limitations, combined interventions 
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are necessary for preventing radiation-induced salivary gland dysfunction. For patients 

already suffering, palliative and restorative therapies are needed. While many of the 

interventions described below are promising, there is currently no effective treatment for 

radiation-induced xerostomia. 

 

Therapeutic Options: Protective Therapies 

 During the 1950s, the U.S. Army developed the prodrug, amifostine, to protect 

soldiers in case of nuclear attack. Amifostine is dephosphorylated by alkaline 

phosphatase, yielding an active free thiol that can scavenge free radicals and limit indirect 

damage by ionizing radiation. Studies have indicated that accumulation of the active 

metabolite of amifostine is selective to normal tissues including salivary glands [22], 

which may be due to lower alkaline phosphatase activity in tumor vasculature compared 

to normal [23]. In 1999, a phase III clinical trial examining the radioprotective effects of 

amifostine on salivary glands led the FDA to approve it as an agent for preventing 

radiation-induced xerostomia [24]. The study reported that amifostine administered 

intravenously 15 to 30 minutes prior to fractionated doses of radiation (~2 Gy/day; 

cumulative dose of 50-70 Gy) reduced the occurrence of acute xerostomia from 78% to 

51%, and the occurrence of chronic xerostomia, one year after treatment, from 57% to 

38%. Importantly, overall survival after two years was unaffected by amifostine—

protection of tumors is a concern for any radioprotective therapy. A later phase III trial 

ended after 41% of patients discontinued amifostine due to severe side-effects including 

hypotension, vomiting, and allergic reaction [25]. After a review of several studies using 
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a range of doses, the authors concluded that roughly 25% of patients receiving 

intravenous injections of amifostine discontinue treatment. It has been suggested, 

however, that subcutaneous injection of amifostine may reduce toxicity [26, 27]. 

 Due to high toxicity and claims that it may protect tumors [28], others have begun 

looking at alternatives to amifostine. One alternative is the nitroxide tempol. In a recent 

study using fractionated radiation (6 Gy/day for 5 days), mice were administered tempol 

(interperitoneally or topically) ten minutes prior to each dose [29]. After eight weeks, 

these mice had significantly higher levels of stimulated salivary flow than mice treated 

with radiation alone. Preliminary results are promising and tempol may soon be ready for 

clinical trials. 

 Other potential radioprotectants include a variety of growth factors. 

Unfortunately, most of these lack the tissue specificity necessary for clinical use. To 

address this problem, two novel methods have been proposed for specific delivery of 

growth factors to salivary glands prior to irradiation. One study showed that cultured rat 

parotid glands treated with basic fibroblast growth factor (bFGF) four hours prior to a 

single dose of radiation have a 44% reduction in apoptosis [30]. Importantly, the study 

demonstrates that polymer spheres loaded with bFGF can be employed for delayed 

release of growth factor over 28 days—roughly the length of a radiotherapy regimen. 

Another proposed mechanism for delivery of growth factors is by gene transfer using 

adenoviral vectors. One study proposed that salivary gland dysfunction results from 

radiation-induced loss of microvasculature in salivary glands [31]. To test this, 

adenoviruses expressing bFGF (AdbFGF) or vascular endothelial growth factor 
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(AdVEGF) were administered via ductal cannulation to the submandibular glands of 

mice 48 hours prior to irradiation. Microvascular density of the gland, assessed four 

hours post-treatment, was reduced by 50% in control mice, but only 20% in mice treated 

with either AdbFGF or AdVEGF. These results corresponded with salivary flow rates 

measured after eight weeks. One concern with adenoviral-mediated gene transfer is 

expression of the transgene outside of target cells or tissues. Ductal cannulation, 

however, results in delivery of the vector directly to the salivary glands. One group 

suggests that because salivary glands are well-encapsulated, spread of viral vector to 

other tissues will be limited [32]. Also, by using specific gene promoters, it is possible to 

target expression of adenoviral vectors to particular cell types [33]. However, even within 

one cell, growth factor stimulation can have broad effects. One aim for our lab is to 

identify particular signaling cascades that are necessary for mediating the radioprotective 

effects of insulin-like growth factor 1 (IGF1). With this knowledge, it may be possible to 

design novel molecular interventions with fewer off-target effects than growth factors. 

Research from our lab is highlighted in the section entitled Prevention Models (p. 41). 

 

Therapeutic Options: Palliative Therapies 

 Other than artificial saliva and oral moisturizers, palliative treatments for 

radiation-induced xerostomia are generally muscarinic-cholinergic agonists intended to 

stimulate secretion from remaining salivary cells. One such drug, pilocarpine had been 

approved by the FDA for this purpose. Another, cevimeline, is already approved for 

patients with Sjögren's syndrome—an autoimmune disease that involves destruction of 
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the salivary glands. Recently, cevimeline has undergone open-label studies for use in 

patients following radiotherapy [34, 35]. Both drugs improve salivary flow but are fairly 

short-lived and, due to non-specific action, cause a variety of side-effects including 

nausea, diarrhea, and excessive sweating. These treatments are not well-suited for long-

term treatment; thus an emphasis has been placed on restorative therapies. 

 

Therapeutic Options: Restorative Therapies 

 A recent review describes a clinical trial for using adenoviral-mediated gene 

transfer to treat patients with chronic radiation-induced xerostomia [32]. The authors 

suggest that water is the crucial component protecting the upper GI tract. Therefore, they 

propose that increasing water permeability of ductal cells that remain following 

radiotherapy may alleviate many of the symptoms of xerostomia. To achieve this, they 

plan to deliver an adenoviral vector expressing the water channel protein human 

aquaporin-1 (AdhAQP1) to salivary glands via ductal cannulation. AQP1 was chosen 

because, unlike other aquaporins, it is not specific to the basal or apical surface of a cell, 

thus allowing for an overall increase in water permeability. This approach has been tested 

extensively in vivo. In one study, delivery of AdhAQP1 to the submandibular gland of 

rats resulted in a roughly 5-fold increase in AQP1 present in membranes throughout the 

gland [36]. Four months after receiving a single dose of radiation (21 Gy), rats were 

infected with AdhAQP1 or a control vector, and saliva production was measured three 

days later. Rats treated with AdhAQP1 had salivary flow rates two to three times higher 

than rats treated with the control vector. In a similar study in miniature pigs in which a 
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single dose (20 Gy) of radiation was targeted to one parotid gland, delivery of AdhAQP1 

after 17 weeks resulted in recovery of parotid flow to roughly 80% of pre-irradiation 

values, compared to 20% in animals receiving a control vector [37]. Unfortunately, 

another study showed post-irradiation salivary flow improvements in only two of four 

rhesus monkeys treated [38]. 

 It is important to note that adenoviral expression of the hAQP1 transgene is 

transient. Recovery of parotid flow by AdAQP1 in miniature pigs fell from roughly 80% 

of pre-irradiation values three days after vector delivery to roughly 69% of pre-irradiation 

values seven days after vector delivery [37]. To address this issue, a recent study 

demonstrated that an adenoviral vector containing specific retroviral elements resulted in 

gene expression for at least two months when delivered via ductal cannulation to rat 

submandibular glands [39]. While adenoviral-mediated gene therapy has had several 

experimental setbacks and may initiate a host immune response, there is still hope that it 

will, one day, be a viable therapeutic option [40]. 

 In order to benefit from gene therapy, patients suffering from xerostomia must 

have some intact salivary tissue. Unfortunately, one group suggests that this therapeutic 

option is limited because of the massive amounts of fibrosis seen in salivary glands after 

radiotherapy [41]. To address this issue, they have begun developing an artificial salivary 

gland. Their design consists of a biodegradable polymer tube covered with an 

extracellular matrix protein, such as collagen, on which a monolayer of polarized 

epithelial cells can be grown. Recently, it has been demonstrated that primary cells from 

parotid glands of rhesus monkeys can proliferate on a poly-L-lactic acid membrane 
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coated with collagen. These cells, which appear to be ductal, are correctly polarized and 

can limit fluid movement from the basal to apical surface. When transduced with an 

adeno-associated virus expressing aquaporin-1 (AAV2-hAQP1), roughly 9% of the cells 

become positive for AQP1 within 72 hours, allowing for a six-fold increase in fluid 

movement. The percentage of transduced cells is low, and there are questions about 

whether these channels alone will be enough to establish proper osmotic gradients for 

secretion; nevertheless, the work is promising. 

 Rather than just a loss of functional acinar cells, it has been proposed that 

radiation-induced salivary gland dysfunction is due to attrition of salivary stem cells 

necessary for maintaining a healthy gland [42]. Working with this hypothesis, a 2008 

study revealed that salivary stem cell transplantation post-irradiation can rescue glandular 

function [43]. To isolate putative stem cells, murine submandibular glands were digested 

enzymatically, and spheres of cells were cultured in vitro. When first prepared, these 

clumps consisted primarily of mucin-containing acinar cells. After two days, however, 

these cells were undetectable, and remaining cells were morphologically ductal. In time, 

many ductal-like cells differentiated and the culture was repopulated by mucin-containing 

acinar cells. Indeed, these ductal cells stained positive for a number of stem cell markers, 

supporting previous claims that salivary stem cells reside in the ductal compartment [44, 

45]. To determine whether cultured stem cells could repopulate a damaged gland, 

salivary stem cells from male mice were grown in culture for three days and injected into 

the submandibular glands of female mice 30 days post-irradiation (15 Gy) [43]. 

Remarkably, after 90 days the glands of these mice were repopulated by proliferating 
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acinar cells. These mice also exhibited a marked recovery of salivary flow. It is worth 

noting that proliferating acinar cells tested positive for the Y chromosome indicating that 

they were donor-derived. 

 While this work is exciting, there are still obstacles. For instance, the authors 

propose using autologous stem cells to repopulate the glands of patients after 

radiotherapy. Unfortunately, they show that these cells lose expression of stem cell 

markers after three days in culture, which would preclude their use after a typical 

regimen of radiotherapy (~30 days). It is clear that the next step involves development of 

methods for maintaining pluripotency of these cells in culture. 
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Etiology of Radiation-induced Salivary Gland Dysfunction 

Cellular Response to Radiation 

 For treatment of head and neck cancer, external beam radiotherapy is used to 

deliver high energy ionizing radiation to a tumor. This radiation can come from a number 

of different sources and is classified as either particulate or electromagnetic. Particles 

used in radiotherapy are high energy protons and electrons generated in a cyclotron and 

linear accelerator respectively. More commonly used are x- and γ-rays. These high 

energy photons are classified as electromagnetic radiation similar to radio waves and 

visible light. The only difference between the two is that x-rays are produced by a linear 

accelerator, while γ-rays are the result of radioactive decay. This section specifically 

describes the biological effects of electromagnetic radiation, however, many of these 

general principles apply to particulate radiation as well (reviewed in [6]). 

 High energy electromagnetic radiation used in radiotherapy is indirectly ionizing. 

Rather than directly damaging target molecules, x- and γ-rays transfer kinetic energy to 

free electrons in the material through which they pass. These electrons then ionize other 

molecules in what is called the Compton process. Indirectly ionizing radiation, however, 

can do both direct and indirect damage to target molecules. Direct damage occurs when 

these electrons ionize a critical macromolecule, while indirect damage occurs when a 

molecule, generally water, is ionized, releasing highly reactive free radicals (reviewed in 

[6]). More than 60% of biological damage from high energy x- and γ-rays is due to 

indirect damage [46]. 
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 While radiation can cause damage to all types of cellular macromolecules, cell 

survival depends on the extent of DNA damage. Ionizations can damage nitrogenous 

bases or break the phosphodiester backbone of DNA. If single strand breaks (SSBs) occur 

on opposite strands within a few bases of each other, a piece of the chromosome can 

break off. Even though these double strand breaks (DSBs) account for less than 2% of 

DNA lesions caused by ionizing radiation, they are more difficult to repair than SSBs or 

base damage, which can use the intact strand as a template for repair (reviewed in [6]). 

One group used various conditions to affect the proportions of different types of DNA 

damage done to x-irradiated murine cells [47]. They determined that the degree of cell 

death was proportional to the number of DSBs. 

 Similarly to DNA cleaved with an endonuclease, chromosome (or chromatid) 

fragments caused by DBSs have sticky ends due to unpaired bases. These unpaired bases 

can bind to sticky ends on other broken chromosomes, but not to intact chromosomes. 

Without repair, this bonding can result in three possible outcomes. First, a broken 

chromosome can rejoin properly. Second, a chromosome fragment with no centromere 

can be lost at mitosis. Third, chromosome fragments can reassort, resulting in 

translocations (reviewed in [6]).  

 Classically radiosensitive tissues are those with a high mitotic index [48]; this is 

likely because cells that are undergoing mitosis are unable to repair DNA lesions. If cells 

are exposed to ionizing radiation after committing to mitosis, the resulting chromosome 

fragments remain unrepaired, which precludes their proper segregation during anaphase 

[49]. If reassortment results in formation of aberrant chromosome structures that inhibit 
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mitosis, then cells will cease division and die (mitotic catastrophe; reviewed in [50]). If 

they continue to divide they may produce aneuploid daughter cells that are unable to 

survive another round of mitosis [49]. Because of this, cells in late G2 or M phase are the 

most radiosensitive. To avoid this, damaged cells initiate cell cycle arrest to allow for 

proper DNA repair. For instance, cells in late S and early G2 phases are relatively 

radioresistant because of the presence of sister chromatids to use as templates for 

homologous recombination (HR). Without sister chromatids, early S and G0/G1 phase 

cells use non-homologous end joining (NHEJ) for repair. This type of repair is more 

error-prone than HR, making these cells more radiosensitive than late S and early G2 

phase cells, but not as radiosensitive as late G2 or M phase cells (reviewed in [6]). 

 Errors in cell division can impair development or induce tumorogenesis; thus, the 

cell cycle is strictly regulated. Pivotal to this regulation are the cyclin-dependent kinases 

(CDKs)—serine/threonine protein kinases that when paired with specific cyclins 

phosphorylate substrates necessary for cell cycle progression. Unlike CDKs, which are 

constitutively expressed, levels of cyclins oscillate with time or, in the case of cyclin D, 

growth factor signaling. This periodicity ultimately controls the cell cycle (reviewed in 

[51]). In order to ensure that one phase is completed before another begins, there are a set 

of checkpoints. Cells irradiated during G1 arrest at the G1/S transition to avoid 

replicating damaged DNA. Cells irradiated during S phase will halt at the intra-S phase 

checkpoint where successful repair is likely. Finally, cells irradiated in G2 will arrest at 

the G2/M transition, which provides the last chance for repair before committing to 

mitosis (reviewed in [52]). 
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 There is some debate about which protein is the actual sensor of DSBs. One 

model indicates that a complex of proteins (Mre11, Rad50, and NBS1; the MRN 

complex) is recruited to the lesion and facilitates activation of ATM (ataxia telangiectasia 

mutated) [53]. The second model supports ATM as the actual damage sensor [54]. 

Regardless of which model is correct, it is clear that activation of ATM occurs shortly 

after irradiation, and that it is the main signal transducer for controlling DNA damage-

mediated arrest, repair, and apoptosis. The mechanism of ATM activation is not fully 

understood, but it requires dissociation of the ATM dimer to bind to DNA. Auto-

phosphorylation, dephosphorylation, and acetylation have all been implicated in affecting 

the ATM response. Within minutes of irradiation, ATM-mediated phosphorylation of 

H2AX, a variant of histone H2A, can be observed surrounding DSBs. These γH2AX foci 

seem to play a role in recruitment and retention of repair factors. ATM then 

phosphorylates a complex network of proteins that are involved in all aspects of the DNA 

damage response. It is worth noting that some evidence indicates a role for the ATM- and 

Rad3-related protein (ATR) in regulating DSB response along with ATM (reviewed in 

[52, 55]). 

 ATM initiates signaling cascades that ultimately initiate cell cycle arrest. For 

G1/S and intra-S arrest, the mechanisms are similar. One mechanism is mediated through 

p53. ATM directly phosphorylates p53 on serine15 [56] and, through activation of Chk2 

[57], indirectly results in phosphorylation of p53 on serine20 [58]. Both of these events 

lead to increased p53 transcriptional activity and stabilization [58, 59]. ATM is also 

involved in inhibiting MDM2, a down-regulator of p53 [60]. Once activated, p53 leads to 
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the transcription of a number of target genes including the CDK-inhibitor p21. Newly 

synthesized p21 then inhibits CDK2 and CDK4/6, which interact with cyclins E and D 

respectively. Without activation of these CDK/cyclin complexes, Rb remains bound to 

the E2F transcription factors, inhibiting activation of target genes. Because this pathway 

depends on de novo transcription of p21, it is thought to occur slowly. ATM-mediated 

activation also results in a much quicker inhibition of G1/S and intra-S progression 

(reviewed in [52]). Chk2 can phosphorylate the phosphatase Cdc25a, resulting in its 

degradation by the proteasome [61]. Cdc25a is required for removing an inhibitory 

phosphate from CDK2 before the CDK2/cyclin E complex can become active [62]. 

 There are also two major pathways for initiating G2/M arrest. One of these 

pathways involves ATM-mediated activation of p53 resulting in transcription of p21 and 

14-3-3ζ. Similar to its function in G1/S and intra-S arrest, p21 inhibits activation of 

CDK1 in complex with cyclin B. This complex is also inhibited by 14-3-3ζ, which 

sequesters it to the cytoplasm. The second pathway again involves Chk2-driven 

phosphorylation of Cdc25 family members, targeting them to the proteasome and 

preventing removal of an inhibitory phosphorylation on CDK1 (reviewed in [52]). 

 As with cell cycle arrest, ATM also activates DNA repair pathways. The type of 

DSB repair initiated, however, depends on where the damaged cell is in the cell cycle 

[56]. This had been demonstrated in a number of experiments. For instance, chicken 

DT40 cells with a defect in HR are only radiosensitive during late S and early G2, while 

the same cells with a defect in NHEJ are only sensitive during G0/G1 [63]. 
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 During G0 or G1, cells must use NHEJ to repair DSBs due to lack of sister 

chromatids to use as templates. Because NHEJ is simply ligation of broken 

chromosomes, it is an error prone process. It requires preparation of sticky ends that can 

result in insertions and deletions. NHEJ begins with binding of the Ku heterodimer 

(Ku70/Ku80) to the DSB. These regulatory subunits of DNA protein kinase (DNA-PK) 

recruit the catalytic subunit. Activated DNA-PK then recruits a complex of proteins, 

including DNA ligase IV, and the chromosome fragments are reattached (reviewed in 

[52]).  

 Cells in S or G2 phase can use sister chromatids as templates for HR—a repair 

process with more fidelity than NHEJ. It is worth noting that HR and NHEJ are not 

mutually exclusive; that is, both mechanisms can be used for repair during S and G2. For 

HR to begin, single strand overhangs are created and coated with RPA. The recombinase 

Rad51 is then loaded, and after invasion of the sister chromatid at the proper site, DNA 

polymerases fill-in missing bases. When the process is complete, Holliday junctions are 

removed, resulting in two complete and accurate sister chromatids (reviewed in [52]). 

 If repair is inaccurate or fails to occur, it can result in cell death. Several modes of 

death are known, but their individual contributions following irradiation are unknown. 

For instance, radiation-induced chromosomal aberrations that persist into mitosis can 

hinder cell division, leading to death by mitotic catastrophe, but it seems that mitotic 

catastrophe is simply a trigger for apoptosis (reviewed in [50]). There is also considerable 

evidence that autophagic cell death occurs only in cells with defective apoptosis, making 

it applicable to tumors but not normal tissues [64, 65]. In fact, autophagy may play a role 
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in cell survival after therapy, arguably by recycling damaged cellular components [66, 

67]. Finally, necrotic cell death may play a role, but the most well-studied and prevalent 

mode of radiation-induced cell death is apoptosis. 

 Apoptosis is highly regulated programmed cell death that is involved in 

development and a number of other normal processes. It is characterized by cellular 

shrinkage, membrane blebbing, and breakdown of the cell into membrane-bound bodies 

that are phagocytosed by neighboring cells. By signaling through death receptors, 

external stimuli can trigger extrinsic apoptosis (reviewed in [68-70]). Although a role for 

the extrinsic pathway in mediating radiation-induced cell death has been proposed [71], 

apoptosis in irradiated salivary glands is p53-dependent [72], indicating a primary role 

for the intrinsic pathway. After ATM-mediated activation, p53 up-regulates transcription 

of pro-apoptotic Bcl-2 family members Bax and Puma, as well as a number of other 

genes. Altering the ratio of pro- to anti-apoptotic Bcl-2 family members expressed in a 

cell increases mitochondrial permeability, releasing cytochrome c into the cytoplasm. 

There, it forms a complex with Apaf-1 and procaspase-9 called the apoptosome. This 

causes procaspase-9 to be cleaved and activated, at which point it cleaves procaspase-3. 

This effector caspase then cleaves a multitude of substrates committing a cell to undergo 

apoptosis (reviewed in [68-70]). 

 

Radiation-induced Tissue Damage 

 When comparing a radiation dose-response curve for a particular cell type to that 

of a whole tissue, it is clear that loss of cells does not correlate directly with tissue 
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damage or loss of function. Tissues are complex amalgams of many cells and, as such, 

can generally withstand some cell loss before gross damage is evident. To understand 

radiation-induced tissue damage, it is not simply a matter of knowing the response of 

each cell type within a tissue, but knowing how these cells interact and communicate. 

Cell types within a tissue have different radiosensitivities. For instance, capillaries that 

sustain tissues are relatively radiosensitive (damage occurs with a dose of >40 Gy over 

the course of treatment). Loss of vascular cells is a late effect of radiation because the 

cells making up vessels—endothelial and smooth muscle cells—divide slowly. 

Nevertheless, damage to vessels and capillaries contributes to the overall pathology of a 

tissue (reviewed in [6]). Incidentally, it has been proposed that loss of endothelial cells is 

the primary mode of radiation-induced GI damage [73].  

 Another important consideration when assessing radiation response in a tissue is 

the bystander effect—a phenomenon whereby radiation can elicit damage in nearby cells 

without directly interacting with them. This was first reported in 1992 when α-particles 

were directed at less than 1% of cells in a culture, but resulted in sister chromatid 

exchanges in more than 30% of the cells [74]. In addition to sister chromatid exchanges, 

bystander effects have been attributed to reduced survival, apoptosis, and altered gene 

expression [75-77]. In contrast, a number of studies indicate improved survival of 

bystander cells—those not directly affected by radiation—compared to untreated cells 

(reviewed in [78]). 

 Conflicting reports have implicated both gap junctions and secretion for 

transmission of signals dictating the bystander effect [75, 77, 79, 80]. In one study, when 
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media was transferred from irradiated to unirradiated keratinocytes shortly after 

treatment, the unirradiated cells exhibited reduced survival as if they had been irradiated 

[79]. This effect was not abrogated by chemically closing gap junctions. In another study, 

however, bystander cells had increased expression of p53 and p21 that could be subdued 

by adding a gap junction inhibitor [77]. Similarly, there is debate about what the actual 

intercellular signaling molecule is. When mitochondrial DNA is removed from HeLa 

cells prior to irradiation, no bystander effect is observed, suggesting a factor secreted by 

mitochondria [81]. Other factors implicated include long-lived radicals, cytokines, and 

small molecules (reviewed in [78]). 

 

Radiation-induced Salivary Gland Damage 

 While complications of salivary gland dysfunction are well-documented, there is 

considerable debate regarding the mechanisms of radiation-induced damage to salivary 

glands. Several common observations, however, have been reported independently in a 

number of organisms. In the majority of the models, loss of acinar cells or acinar area, 

increased fibrosis, and reduced glandular weight have been reported, albeit at widely 

varied doses (reviewed in [82]). These observations are likely interconnected. Loss of 

glandular weight could be attributable to replacement of acinar cells, which make up 80% 

of the parotid gland, with fibrotic tissue. Overall, this model would account for loss of 

saliva production since acinar cells are responsible for water and protein secretion [7]. 

 A report, in rats, assessed apoptosis by counting condensed nuclei. The 

conclusion was that the minimal apoptosis observed could not account for the severe loss 
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of function [83]. They attributed loss of salivary cells to necrotic cell death. More recent 

studies in mice, however, demonstrated dose-dependent loss of salivary cells to radiation-

induced apoptosis at short time-points following clinically relevant doses [72, 84, 85]. 

Within 24 hours of receiving a single 5 Gy dose of targeted head and neck irradiation, 

almost 30% of parotid cells stain positive for cleaved caspase-3—a marker of 

commitment to apoptosis [84]. Additionally, a study in rhesus monkeys concluded that 

loss of acinar cells within 24 hours of irradiation is dose-dependent and due to apoptosis 

[86]. 

 Attributing loss of function simply to the attrition of acinar cells is problematic. 

Consider that in parotid glands with nearly 30% apoptosis the function is reduced by 62% 

[85]. This divergence from a one-to-one ratio is likely the result of a combination of 

factors, including the bystander effect, loss of vasculature, loss of parenchymal cells, and 

inflammation. Several of these effects have been documented in salivary glands. As an 

example, a recent study correlated loss of salivary function with reduced microvascular 

density in irradiated glands [31]. 
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The p53 Family 

p53 

 The tumor suppressor p53 was the first of the p53 family of transcription factors 

to be identified [87, 88]. While the isoforms of its homologs, p63 and p73, are well 

known [89, 90], p53 has generally been considered as only one isoform. Recent studies, 

however, have identified as many as nine human p53 isoforms from a combination of 

alternative splicing, a second site for initiation of translation, and an internal promoter 

(Figure 1.1) [91-94]. Full-length p53 (FL-p53) is expressed in the majority of human 

tissues, but expression of other isoforms is relegated to specific tissues [94]. To date, 

little is known about their effects on p53-mediated processes. ΔNp53 (Δ40p53), which is 

truncated at the N-terminus due to translation of the mRNA from a second start site, leads 

to cytoplasmic localization of FL-p53 in response to stress [95]. Isoforms transcribed 

from the internal promoter (P2)—Δ133p53 isoforms—have no transactivation domain 

and are missing part of the DNA binding domain [94]. They have been shown to inhibit 

induction of apoptosis by FL-p53 [94]. Interestingly, the alternatively spliced β isoform 

with an intact N-terminus enhances activity of FL-p53 on the Bax promoter, but not on 

the p21 promoter, suggesting that p53 variants may play a role in directing FL-p53 to 

initiate a particular response [94]. The intricacies of the p53 isoforms are just now being 

discovered; because of this, the rest of this review will focus on canonical p53 signaling. 

 The most common single gene alteration in human cancers is mutation of p53 

[96]. In the majority of cancers, if p53 itself is not mutated, then there are defects in its 

upstream regulators or downstream effectors (reviewed in [97]). The importance of p53
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Figure 1.1: Variants of the p53 family. Exons are labeled numerically, and

promoters are indicated (P1, P1’, P2). p53: Δ40p53 is translated from an alternate

initiation site and has a truncated transactivation (TA) domain. Δ133p53 is transcribed

from an internal promoter and lacks the TA domain. C-terminal variants (α, β, and γ)

result from alternative splicing of exons 9-11. p63: Isoforms transcribed from P1

contain the TA domain, while isoforms transcribed from P2 (ΔNp63) do not. C-

terminal variants (α, β, and γ) result from alternative splicing of exons 10-15. p73:

Isoforms transcribed from P1 contain the TA domain, while isoforms transcribed from

P2 (ΔNp73) do not. (*) An N-terminal variant, ΔN’p73, is alternatively spliced in

exon 3’ with the resulting protein similar or identical to ΔNp73. Also, deletions of

exons 2 and 3 give rise to two more N-terminal variants, Δexon2 and Δexon2/3. C-

terminal variants (α, β, γ, δ, ε, δ, ε, and ζ) result from alternative splicing of exons 10-

14 (adapted from [132, 133]).
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in tumorogenesis has generally been attributed to its role in mediating the DNA damage 

response and inhibiting activated oncogenes—the oncogenic checkpoint. However, as a 

transcription factor, p53 induces genes that regulate a number of processes important to 

cancer, such as glucose metabolism, angiogenesis, and autophagy [98-101]. 

Mechanistically, its role as a transcription factor is well-understood, although its 

interactions with other proteins seem equally important. For example, if the interaction of 

cytoplasmic p53 with anti-apoptotic Bcl-2 family members is disrupted, there is a drastic 

reduction in radiation-induced apoptosis that is independent of p53 transcriptional 

activity [102]. 

 Regulation of p53 occurs primarily at the post-translational level and largely 

depends on its interaction with MDM2, which can inhibit its activity through two 

mechanisms. First, MDM2 binds to p53 on its transactivation domain, which could 

prevent p53 induction of target genes [103, 104]. Second, MDM2 is an E3 ubiquitin 

ligase that targets p53 for proteasomal degradation [105]. MDM2 itself is a 

transcriptional target of p53, so a negative feedback loop exists to maintain appropriate 

p53 activation [106]. In response to DNA damage, p53 becomes phosphorylated, 

dephosphorylated, and acetylated at a number of sites (reviewed in [107]). One of these 

sites, serine15, is phosphorylated by ATM [56], ATR [108], or DNA-PK [109], and may 

block the interaction with MDM2 [59]. A similar role has been proposed for serine37, a 

site that is phosphorylated by ATR [59] or DNA-PK [109], but not ATM. By blocking 

the p53-MDM2 interaction, p53 is stabilized and its transcriptional activity increases. 

Inhibition of this interaction is enhanced by ATM-mediated phosphorylation of MDM2 
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[60]. Aside from modulating the p53-MDM2 interaction, post-translational modifications 

also affect p53 interactions with other proteins. Upon DNA damage, serine376 is quickly 

dephosphorylated, which allows the 14-3-3 adaptor proteins to bind [110]. The 14-3-3 

family may help direct p53 to specific promoters [110]. The end result of these, and other 

post-translational modifications, is stabilized, transcriptionally active p53 that affects cell 

cycle arrest, DNA repair, apoptosis, and other pathways through up-regulation of target 

genes. Interestingly, there is some indication not only that the acute response of p53 to 

DNA damage is harmful, but that it is unnecessary for p53-mediated tumor suppression 

[111]. This indicates that temporary inhibition of p53 may act as a radioprotectant in 

normal tissues, while having no effect on cell-kill in tumors that are already p53-

deficient. 

 

p63 

 Transcription from alternate promoters results in two groups of p63 isoforms—

full-length transcription factors containing a transactivation domain (TAp63) and 

truncated proteins lacking this domain (ΔNp63) [89]. As a result of alternative splicing at 

the C-terminus, each of these groups has three isoforms (α, β, and γ) (Figure 1.1) [89]. 

One feature shared by all of the isoforms is a DNA-binding domain that is 60% similar at 

the amino acid level to the DNA-binding domain in p53. More strikingly, each amino 

acid that directly interacts with DNA is identical between the two homologs, suggesting 

that p53 and p63 bind to many of the same target genes (reviewed in [112]). Originally, 

ΔN isoforms lacking the N-terminal transactivation domain were considered dominant 
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negatives to TAp63 and p53 [89]. Experiments showed that exogenously expressed 

TAp63γ was nearly as efficient as p53 in activating a p53 reporter gene [89]. However, 

when co-expressed with ΔNp63α, TAp63γ-mediated transactivation was completely 

inhibited [89]. There are two obvious mechanisms for this dominant negative action. 

First, ΔNp63 could bind to target gene promoters and prevent binding of other 

transcription factors. The second model involves the oligomerization domain found in 

each of the p53 family members. To bind to DNA, p53 forms tetramers [113]. The same 

quaternary structure has been suggested for p63 and p73, although these family members 

seem to form heterotetramers, while p53 does not [114]. It’s possible that a 

heterotetramer of TA and ΔN isoforms would have reduced transcriptional activity 

compared to a TA homotetramer. These models of ΔN as a dominant negative, however, 

are overly simplistic; it turns out that ΔN isoforms contain a secondary transactivation 

domain and are capable of inducing transcription [115]. Finally, the C-terminal splice 

variants add complexity to these models. It has been suggested that these variations 

dictate promoter selectivity, explaining why p53 and p63 activate different sets of genes 

(p53 and p63 target genes reviewed in [112]). 

 Despite the many similarities between p53 and p63, the differences are obvious 

when comparing the knockout mice. A p53
-/-

 mouse develops normally but has an early 

onset of spontaneous tumors, especially lymphomas [116]. A p63
-/- 

mouse, on the other 

hand dies shortly after birth due to severe developmental abnormalities. These mice are 

born with craniofacial deformities, minimal limb development, and lack epithelial tissues 

such as skin, mammary gland, and salivary gland [117, 118]. To assess the contributions 
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of TAp63α and ΔNp63α to skin development, p63
-/-

 mice were crossed with mice 

expressing one of these isoforms in the basal layer of the epidermis [119]. While, for the 

most part, complementation with a single p63 isoform failed to reverse the skinless 

phenotype of p63
-/-

 mice, complementation with both TAp63α and ΔNp63α resulted in 

partial recovery of skin formation, suggesting that both isoforms are developmentally 

necessary. In thymic epithelium, p63 is not required for differentiation or proliferation 

[120]. Instead, p63 is necessary for maintaining proliferative potential of epithelial stem 

cells by reducing apoptosis [120]. Ongoing work suggests that p63 is a good marker for 

epithelial stem cells. 

 The role of p63 in tumorogenesis has been debated. One study demonstrated that 

p63
+/-

 mice had an increased incidence of tumor formation, and that these tumors 

exhibited loss of heterozygosity at the intact p63 allele [121]. In contrast, human tumors 

rarely, if ever, have loss of heterozygosity at the p63 locus (reviewed in [112]). If 

anything, the gene is amplified; for example, in squamous cell carcinomas, increased 

ΔNp63 has been observed [122, 123]. The general consensus is that ΔNp63 is oncogenic, 

in part by opposing the tumor suppressive effects of p53. 

 As with p53, a number of post-translational modifications have been implicated in 

regulating p63 activity, including phosphorylation, ubiquitination, sumoylation, and 

cleavage by caspases [124-128]. Also, rapid degradation of p63 isoforms under normal 

conditions has been demonstrated, suggesting a role for transcriptional regulation as well 

[129]. How all of these mechanisms interact to affect the DNA damage response is 

debatable. In keratinocytes, UV-B induces phosphorylation of ΔNp63α, reducing its 
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affinity for promoter response elements in p53 target genes [130]. In these cells, 

phosphorylation of ΔNp63α appears to decrease protein stability [131]. In contrast, a 

study in a hepatocellular carcinoma cell line indicated that p63 proteins are stabilized in 

response to doxorubicin, a topoisomerase II inhibitor [129]. This stabilization coincides 

with increased p63 phosphorylation (serine160/162 in TA isoforms; serine66/68 in ΔN 

isoforms) [129]. These conflicting reports may indicate a cell-type or DNA damage-type 

specific response. As for caspase-mediated cleavage, it has been shown to affect both TA 

and ΔN isoforms [128]. For example, in response to apoptotic stimuli, ΔNp63α can be 

cleaved by caspase-3, releasing a C-terminal transactivation inhibitory domain [128]. 

This results in reduced inhibition of TA isoform-dependent transactivation [128]. While 

much is still unknown, it is clear that p63 responds to stress and likely plays a role in 

modulating the DNA damage response. 

 

p73 

 Fourteen isoforms of p73 have already been identified and many more have been 

predicted. Like p63, p73 can be transcribed from two promoters, one of them internal, 

giving rise to TA and ΔN isoforms. Alternative splicing of the C-terminus gives rise to 

eight C-terminal splice variants (α, β, γ, δ, ε, δ, ε, and ζ). Additionally, the N-terminus of 

p73 can be alternatively spliced, resulting in three N-terminal splice variants (Δexon2, 

Δexon2/3, and ΔN') (Figure 1.1) (reviewed in [132] and [133]). The DNA-binding 

domain found in all of the isoforms shares 85% sequence homology with the same 

domain in p63. Consequently, it shares more than 60% homology with the DNA-binding 
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domain of p53, including conservation of each amino acids that interacts directly with 

DNA (reviewed in [133]). As with p63, a simple model of p73 has TA isoforms 

transactivating many of the same genes as p53, while the ΔN isoforms act as dominant 

negatives to TAp73, p53, and even TAp63. Unfortunately, the actual interactions of the 

p53 family are much more complex, and a comprehensive model eludes us. 

 The first study on p73 knock-out mice revealed that while nearly 100% of wild-

type (p73
+/+

) and heterozygous (p73
+/-

) mice survived to 240 days, only about 30% of 

p73
-/-

 mice survived that long [90]. The increased mortality was attributed to 

gastrointestinal hemorrhaging. In addition, these animals suffer from a number of other 

defects including runting, chronic infection, inflammation, and neurological 

abnormalities. Mice lacking only TA isoforms have illustrated that both TA and ΔN 

isoforms play important roles in development [134]. For instance, similar to ΔNp63's role 

in maintaining epithelial stem cells [120], ΔNp73 has been implicated in neuronal 

survival [135]. 

 Similar to p63
+/- 

mice, it has been suggested that p73
+/- 

mice have increased rates 

of tumor formation [121]. Interestingly, while p73
-/-

 mice die before developing tumors 

[90], 73% of mice lacking solely TA isoforms develop tumors [134]. These findings 

highlight the importance of maintaining a proper ratio of TAp73 to ΔNp73. Importantly, 

the expression patterns of the three p53 family members are just as important in dictating 

tumorogenesis. In head and neck squamous cell carcinoma, ΔNp63α inhibits apoptosis by 

binding to TAp73β and preventing transactivation of Puma [136]. This work supports a 
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role for TAp73 as a tumor suppressor, while increased expression of ΔNp73 in many 

human tumors supports an oncogenic role for these isoforms [137, 138]. 

 While p53 is regulated post-translationally, p73 becomes transcriptionally up-

regulated in response to DNA damage and oxidative stress [139, 140]. Still, post-

translational modifications play a role in regulating p73 (reviewed in [133]). Like p53, 

p73 interacts with MDM2; this interaction reduces transcriptional activity of p73 without 

affecting its stability [141]. Also important for p73 activity is its association with Yes-

associated protein (YAP) [142]. YAP blocks binding of Itch, an E3 ubiquitin ligase, to 

p73, thereby preventing its proteasomal degradation [142]. 
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Prevention Models 

 Research from our group has focused on preventing radiation-induced xerostomia.  

To this end, we have been studying the effects of intravenous IGF1 on salivary acinar 

cells in vitro and parotid salivary glands in vivo. Early work demonstrated that IGF1 is a 

potent activator of the serine/threonine protein kinase Akt (protein kinase B) in vitro and 

can inhibit DNA damage-induced apoptosis through this activation [143]. To test this in 

vivo, salivary glands of transgenic mice expressing a constitutively active form of Akt 

(myr-Akt1) were treated with a single dose of targeted head and neck irradiation (5 Gy) 

[84]. After twenty-four hours, nearly 30% of parotid acinar cells were apoptotic, while 

less than 10% were apoptotic in parotid acinar cells from myr-Akt1 animals. This 

reduction in apoptosis corresponds with decreased p53 activity as indicated by 

phosphorylation of serine18 (this murine site corresponds to serine15 in humans) and 

expression of the p53 target gene p21. To determine whether inhibition of p53 occurs 

through Akt-mediated activation of MDM2, a phenomenon that had previously been 

demonstrated [144, 145], siRNA was used to knock-down MDM2 expression in primary 

parotid acinar cells from myr-Akt1 transgenic mice. Knockdown of MDM2 almost 

completely abrogates Akt-mediated suppression of DNA damage-induced apoptosis [84].  

 A further study illustrated that a single intravenous injection of IGF1 given 

immediately prior to irradiation results in reduced apoptosis similar to what is seen in 

myr-Akt1 mice [85]. Importantly, IGF1-mediated suppression of apoptosis correlates 

with preservation of salivary flow rates measured three and 30 days after irradiation [85]. 

It is worth noting that the previously reported studies were performed using a single dose 
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of targeted head and neck irradiation. Clinically, radiation therapy for head and neck 

tumors is administered in daily fractions (5 days/week) over six or more weeks [19]. To 

verify the clinical relevance of the IGF1 injection model described above, mice were 

injected with IGF1 prior to each of five radiation doses [146]. In these animals, apoptosis 

is reduced by more than five-fold, which corresponds with preservation of salivary flow 

rates measured 30, 60, and 90 days after irradiation. 

 One major concern with using IGF1 to treat radiation-induced xerostomia is that, 

like other growth factors, IGF1 has broad effects. Because of this, our research group is 

interested in identifying signaling events that mediate the radioprotective effects of IGF1. 

Armed with this knowledge, it may be possible to design specific molecular interventions 

to protect irradiated salivary glands, while minimizing side-effects. Also important, 

however, is restoring salivary gland function in the hundreds-of-thousands of patients 

who have already undergone head and neck radiotherapy [1]. To this end, much of our 

work has focused on the role of p53 in modulating the DNA damage response. A recent 

study from our group demonstrated that radiation-induced salivary gland dysfunction is 

due to p53-dependent apoptosis [72]. As mentioned above, however, interactions of the 

p53 family members are complex, and contributions of p63 and p73 to this response are 

elusive. In this work, we propose a role for ΔNp63 in regulating the acute p53-mediated 

DNA damage response in irradiated salivary glands. In addition, we indicate chronic 

signaling events downstream of p63 that may block differentiation of salivary progenitor 

cells, thereby inhibiting proper wound healing and restoration of salivary function.
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II. IGF1 ENHANCES P63 EXPRESSION IN PAROTID ACINAR CELLS 

DOWNSTREAM OF PI3K/AKT/MTOR 

Introduction 

 The transcription factor p63 is required for development of epithelial tissues 

including salivary glands [117, 118]. Mechanistically, p63 seems important for 

maintaining the proliferative potential of epithelial progenitor cells by preventing loss of 

these cells to apoptosis [120]. Importantly, epithelial cells largely express ΔN variants of 

p63 [89], which are considered to be pro-survival molecules [126, 147, 148]. Supporting 

a role for ΔNp63 in growth and development, it has been shown that stimulation of 

keratinocytes with epidermal growth factor (EGF) results in increased ΔNp63 

transcription [149]. Additionally, this induction of ΔNp63 seems to rely on activation of 

pro-survival phosphatidylinositol-3-kinase (PI3K) signaling [149]. When activated, PI3K 

converts phosphatidylinositol-4,5-bisphosphate (PIP2) on the plasma membrane to  

phosphatidylinositol-3,4,5-triphosphate (PIP3) (reviewed in [150]). PIP3 then recruits the 

serine/threonine protein kinase Akt to the plasma membrane [151] where it is 

phosphorylated (threonine308) by PDK1 (phosphatidylinositide-dependent kinase 1) 

[152]. Another kinase, potentially mTORC2 (mammalian target of rapamycin complex 

2), then phosphorylates Akt at serine473 [153]. This catalytically active Akt can enhance 

growth and survival by activating and inhibiting a number of substrates by 

phosphorylation. Inhibition of GSK-3β, for example, prevents degradation of cyclin D1, 

allowing for cell cycle progression [154, 155]. Akt also inhibits a number of pro-

apoptotic substrates including, procaspase-9 [156], the Bcl-2 family member Bad [157], 
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and an initiator of the DNA damage response, Chk1 [158]. At the same time, Akt can 

activate a number of pro-survival substrates including XIAP (X-linked inhibitor of 

apoptosis) [159] and MDM2 [160]. Because ΔNp63 can inhibit expression of pro-

apoptotic p53 target genes such as IGFBP-3 (IGF1 binding protein 3) [147] and p53AIP1 

(p53-regulated apoptosis-inducing protein 1) [130], its up-regulation may be one of many 

pro-survival effects downstream of PI3K activation, perhaps indicating a role for PI3K 

signaling in maintaining epithelial progenitor cells.                                                           

 A recent report demonstrated that transcriptional activation of ΔNp63 downstream 

of PI3K involves the transcription factor STAT3 (signal transducer and activator of 

transcription 3) [161]. Phosphorylation of tuberous sclerosis 2 (TSC2) by Akt blocks 

TSC2-mediated inhibition of Rheb, an activator of mTORC1 (mammalian target of 

rapamycin complex 1) (mTOR regulation reviewed in [162]). STAT3 becomes activated 

downstream of mTORC1 [163] and can drive transcription of ΔNp63 [161, 164]. 

 In vivo, a single intravenous injection of IGF1 results in acute phosphorylation of 

Akt (serine473) in the salivary glands [85]. Here, we demonstrate that IGF1 enhances 

ΔNp63 mRNA and protein expression in salivary glands in a PI3K-dependent manner. 

We also show that this transcriptional up-regulation of ΔNp63 occurs downstream of Akt 

and mTORC1, perhaps through activation of the transcription factor STAT3. Enhanced 

expression of ΔNp63 downstream of Akt may play a role in Akt- and IGF1-mediated 

suppression of apoptosis and preservation of salivary function. Understanding signaling 

events that lead to induction of ΔNp63 under normal conditions may allow us to design 
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therapies to protect salivary glands and improve their regeneration in head and neck 

cancer patients treated with radiation therapy. 
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Materials and Methods 

Mice 

 All experiments were conducted in 4-5 week old FVB females. For myr-Akt1 

experiments, FVB mice expressing the myr-Akt1 transgene under control of the mouse 

mammary tumor virus promoter were generated at the University of Colorado Health 

Sciences Center. The salivary gland phenotype was described previously [84]. 

Genotyping of transgenic mice was conducted as previously described [84] using PCR 

primers from Integrated DNA Technology (IDT, Coralville, IA, USA). All mice were 

maintained and treated in accordance with protocols approved by the University of 

Arizona Institutional Animal Care and Use Committee. 

   

Primary Cell Culture 

 Mice were anesthetized with avertin (0.4-0.6 mg/kg). Parotid glands were 

removed and primary acinar cells were prepared as described previously for rat salivary 

glands [165]. Cells were suspended in media (described in [143]), plated on BioCoat 

collagen I coated dishes or coverslips (BD Biosciences, San Jose, CA, USA), and 

cultured for 5 days prior to treatment. 

 

Treatment 

 For in vivo experiments, mice were treated with 5 μg of intravenous recombinant 

human IGF1 (GroPrep, Adelaide, Australia) as previously described [85]. For in vitro 

experiments, primary parotid acinar cells were serum-starved overnight and treated. 
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LY294002 (50 μM, Promega, Madison, WI, USA) was given 5 min prior to IGF1 (or 1 h 

alone). Rapamycin (10 nM, Cell Signaling Technology, CST, Beverly, MA, USA) was 

given 1 h prior to IGF1 (or 2 h alone). PD98059 (50 μM, CST) was given for 2h alone. 

IGF1 (10 ng/ml in media, BD Biosciences) was given for 1 h. DMSO (1 μl/ml in media 

for 1 h) was used as a vehicle control for LY294002, rapamycin, and PD98059. 

 

RNA Isolation and RT-PCR 

 RNA was isolated from parotid glands as previously described [84] or from cells 

using QIAshredder columns and a Qiagen RNeasy Kit as instructed by the manufacturer 

(Valencia, CA, USA). RNA was quantified and 1 μg was reverse transcribed using a 

Super Script III Kit as instructed by the manufacturer (Invitrogen, Carlsbad, CA, USA). 

Resulting cDNA was diluted 1:5 for subsequent analysis (PCR and gel electrophoresis or 

real-time PCR). 

 

PCR and Gel Electrophoresis 

 Diluted cDNA was amplified using AccuPower HotStart PCR PreMix with 

specific primers as instructed by the manufacturer (Bioneer, Alameda, CA, USA). The 

following primers were purchased from IDT: TAp63 forward: 5’-ATG TCG CAG AGC 

ACC CAG-3’, ΔNp63 forward: 5’-CCA GAC TCA ATT TAG TGA GCC AC-3’, p63α 

reverse: 5’-ACA ACC TTG CTA AGA AAA CTG A-3’, p63γ reverse: 5’-CTC CAC 

AAG CTC ATT CCT GAA GC-3’. Products were run on a 1% agarose gel. 
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Real-time PCR 

 The following real-time reaction mix was prepared: 5 μl of diluted cDNA, 1 μl of 

mixed forward and reverse primers (10 μM each), 12.5 μl of SYBR Green (Qiagen, 

Valencia, CA, USA), and nuclease-free water to a final volume of 25 μl.  Reactions were 

run using an iQ5 Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA) and 

analyzed as previously described [72]. Normalized values were plotted as relative fold 

over untreated. Primers were purchased from IDT:  S15 [84], total p63 forward: 5’-CGT 

CCA ATT TTA ATC ATC GTT AC-3’, total p63 reverse: 5’-CTG TCT TCA TCT GCC 

TTC C-3’, p63α forward: 5’-ACT TCT CCT CAC CTC CTC AT-3’, p63α reverse: 5’-

CGA GAA TCC ATG TCA AAG TT-3’, p63γ forward: 5’- TGC TGA AGA TCA AAG 

AGT CA-3’, p63γ reverse: 5’-ACA AGC TCA TTC CTG AAG CA-3’. 

 

Western Blotting 

 Parotid glands were homogenized in RIPA [84] supplemented with SIGMAFAST 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and 5 mM sodium 

orthovanadate. After adding 100 µg/ml of PMSF, samples were boiled for 10 min and 

sonicated until homogenous. Protein concentrations were determined using Coomassie 

Plus Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 100 µg of 

each sample was loaded on an 8% polyacrylamide gel, transferred to a 0.45 µm 

Immobilon-P membrane (Millipore, Bedford, MA, USA), and immunoblotted with one of 

the following antibodies: anti-p63 (4A4, Abcam, Cambridge, MA, USA), anti-ERK 

(extracellular signal-regulated kinase, Promega), anti-Akt (Cell Signaling Technologies, 
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CST, Beverly, MA, USA), anti-phosphorylated Akt (serine473) (CST). Secondary 

antibodies were conjugated with HRP (goat anti-rabbit, Bio-Rad or anti-mouse TrueBlot 

for anti-p63 primary, eBioscience, San Diego, CA), and ECL substrate (Thermo Fisher 

Scientific) was used for detection as instructed by the manufacturer. Membranes were 

stripped with Restore Western Blot Stripping Buffer (Thermo Fisher Scientific), 

reblocked, and reprobed as previously described [84]. For densitometry, blots were 

analyzed using ImageJ software (NIH). For total p63, the intensities of the ΔNα and ΔNγ 

bands were averaged, normalized to total ERK, and displayed as mean intensity relative 

to untreated. 

 

Immunocytochemistry 

 Immediately following treatment, cells on coverslips were washed with PBS and 

fixed in 2% paraformaldehyde for 30 min. They were then washed three times with PBS 

and permeabilized for 30 s with 0.01% Triton X-100 in PBS. Coverslips were incubated 

at 37ºC in 0.5% NEN (PerkinElmer, Waltham, MA, USA) for 30 min, placed face-down 

on 50 ul on anti-p63 (4A4, Abcam, diluted 1:200 in PBS), and incubated overnight at 

4ºC. The following day, coverslips were washed three times with PBS, placed face-down 

in 50 ul of Cy2-conjugated anti-mouse secondary (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA, diluted 1:50 in 1% BSA in PBS), and incubated at 

room temperature for 1 h. Coverslips were washed three times in PBS, once in water, and 

counterstained with DAPI (1 mg/ml) for 1 min. After a quick rinse in water, coverslips 
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were mounted on slides in mounting media (5 ml glycerol, 4.95 ml water, 50 ul of Tris-

HCl pH 8.0). Images were made with a Leica DM5500 and 4 megapixel Pursuit camera. 

 

Immunohistochemistry 

 Glands were fixed overnight in 10% neutral buffered formalin, transferred to 70% 

ethanol, and embedded in paraffin. Tissues were cut into 4 μm sections by the Histology 

Shared Service Laboratory in the Department of Cell Biology and Anatomy at the 

University of Arizona. Slides were stained for p63 (4A4, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). Briefly, slides were heated to 37°C for 30 min and rehydrated in 

histoclear, graded alcohols, and distilled water. Non-specific peroxidase activity was 

quenched with 0.3% H2O2. After washes, slides were treated as instructed by the kit 

manufacturer (Vectastain Elite ABC kit, PK-6101, Vector Laboratories, Burlingame, CA, 

USA). Color development was performed with Biogenex DAB. Slides were 

counterstained with Nuclear Fast Red, dehydrated, and mounted in Permount. Images 

were made with a Leica DM5500 and 4 megapixel Pursuit camera. The p63-positive cells 

in parotid sections were counted from a minimum of three fields of view per slide from 

three slides (three mice). 

 

Statistical Analysis 

 Single comparisons were made using student’s t-tests calculated with Microsoft 

Excel. For multiple comparisons, ANOVAs were calculated, followed by post-hoc 

analysis with Bonferroni-adjusted t-tests, both calculated with R. 
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Results 

Intravenous IGF1 increases ΔNp63α and ΔNp63γ mRNA and protein expression in 

parotid glands 

 Mice lacking p63 are born with no epithelial tissues such as skin, mammary 

gland, and salivary gland [117, 118]. In these tissues, ΔN isoforms are the predominant 

p63 variants expressed [89]. They seem to play a role in maintaining a proliferative 

population of progenitor cells [120]. To confirm which p63 isoforms are expressed in 

murine salivary glands in vivo, we performed RT-PCR for TAα, TAγ, ΔNα, or ΔNγ. The 

only detectable isoforms were ΔNα and ΔNγ (Figure 2.1a), which are also the only 

isoforms detectable on a Western blot (Figure 2.1b). In parotid glands in vivo, as well as 

in primary parotid cells, these are the only isoforms that we have observed, regardless of 

treatment (Figure B.1). 

 Stimulation of keratinocytes with EGF for as little as 6 h has been shown to 

enhance ΔNα mRNA and protein expression [149]. In parotid acinar cells, EGF has been 

shown to activate Akt similarly to IGF1 [143]. To assess whether IGF1 can induce p63 

expression in salivary glands in vivo, we treated mice with 5 μg of intravenous IGF1. 

This dose of IGF1 is the lowest dose needed to induce maximal Akt activation as 

indicated by phosphorylation of serine473 [85]. In irradiated parotid glands, this dose 

suppresses apoptosis and results in preservation of salivary function measured after 3 and 

30 days [85].  

 Within 30 min of stimulation, levels of ΔNα and ΔNγ protein increase (Figure 

2.1b). A previous study showed that maximal Akt activation (phosphorylation of 
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Untreated 15’ 1h 4h30’ 2h

ΔNp63α

ΔNp63γ

P-Akt (Ser473)

Total Akt

A

B

TAα ΔNα TAγ ΔNγ

Figure 2.1: IGF1 enhances ΔNp63 protein expression in parotid glands. a) RNA

was isolated from untreated parotid glands, and RT-PCR was run with primers to

amplify p63 isoforms (TAα, ΔNα, TAγ, ΔNγ). PCR products were electrophoresed on

a 1% agarose gel. b) Protein lysates were prepared from parotid glands of mice treated

intravenously with IGF1, and Western blotting was performed as described in

Materials and Methods. Total Akt was used to confirm equal loading of lanes.
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serine473) in parotid glands of mice treated with intravenous IGF1 occurs within 5 min 

[85]. This is corroborated here, with the highest levels of phosphorylated Akt (serine473) 

present within 15 min and persisting for 1 h. After 1h, phosphorylation of Akt dwindles, 

while ΔNp63 protein remains elevated for at least 4 h. To see if IGF1 induces ΔNp63 at 

the transcriptional level, we measured total p63 transcript by real-time RT-PCR. By 1 h, 

there is a roughly 2.5-fold increase in total p63 mRNA (Figure 2.2a) that persists until at 

least 4 h. This is due to increased expression of both ΔNα and ΔNγ transcripts (Figure 

2.2b and 2.2c). 

 

Constitutively active Akt1 results in increased ΔNp63 transcription in parotid glands 

 In keratinocytes, EGF enhances ΔNα mRNA and protein expression in a PI3K-

dependent manner [149]. Akt, a downstream effector of PI3K [166], phosphorylates 

substrates influencing cell survival [156, 157, 159, 160], proliferation [158], and 

metabolism [167]. IGF1 is a potent activator of Akt in vitro and in vivo [85, 143]. 

Because IGF1 might induce ΔNα and ΔNγ mRNA and protein expression by activating 

Akt, we used real-time RT-PCR and Western blotting to assess ΔNp63 expression in 

parotid glands of mice expressing a constitutively active form of Akt (myr-Akt1). At the 

protein level, total p63 protein is significantly higher in myr-Akt1 parotid glands than in 

wild-type parotid glands (Figure 2.3a and 2.3b). This increase corresponds with enhanced 

transcription of p63 (Figure 2.3c). 
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Figure 2.2: IGF1 enhances ΔNp63 mRNA expression in parotid glands. RNA was

isolated from parotid glands of mice treated intravenously with IGF1, and real-time

RT-PCR was run with primers to amplify total p63 (a), p63α (b), or p63γ (c). Results

were calculated using the 2-ddCt method, normalized to untreated, and displayed as the

mean + s.e.m. of ≥ 3 mice per treatment. (*) denotes a significant difference (p ≤ 0.05)

between treated and untreated glands.
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Figure 2.3: Constitutively active Akt leads to increased ΔNp63 protein and mRNA

expression in parotid glands. a) Protein lysates were prepared from parotid glands of

wild-type and myr-Akt1 mice, and Western blotting was performed as described in

Materials and Methods. Total ERK was used to confirm equal loading of lanes

(dsiplayed below each blot). b) The p63 blot was analyzed by densitometry,.

Intensities for ΔNα and ΔNγ were averaged, normalized to total ERK, and displayed

as mean intensity relative to wild-type + s.e.m. (*) denotes a significant difference (p

≤ 0.05) between wild-type and myr-Akt1glands. c) RNA was isolated from parotid

glands of wild-type and myr-Akt1 mice, and real-time RT-PCR was run with primers

to amplify total p63. Results were calculated using the 2-ddCt method, normalized to

untreated, and displayed as the mean + s.e.m. of ≥ 3 mice per treatment. (*) denotes a

significant difference (p ≤ 0.05) between wild-type and myr-Akt1 glands.
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IGF1 enhances ΔNp63α and ΔNp63γ transcription downstream of PI3K and mTORC1 

 We used primary parotid acinar cells as a model to examine the signaling 

involved in transcriptional up-regulation of ΔNp63 by IGF1. To determine whether the 

response involved PI3K, as has previously been reported in keratinocytes [149], we 

treated cells with LY294002, a pharmacological inhibitor of PI3K, immediately prior to 

IGF1 stimulation. Similarly to the in vivo results mentioned above, IGF1 leads to a 

roughly 2-fold increase in p63 transcription in parotid acinar cells within 1 h (Figure 2.4a 

and 2.4b). Interestingly, cells treated with LY294002 alone have a nearly 3-fold reduction 

in p63 mRNA expression within 1 h (Figure 2.4a), suggesting a role for PI3K in basal 

p63 regulation in salivary glands. Inhibition of PI3K also completely abrogates IGF1-

induced p63 transcription (Figure 2.4a). 

 As shown above, IGF1 induces p63 expression through Akt in vivo (Figure 2.3). 

The rapamycin-sensitive mTOR complex, mTORC1, which is activated downstream of 

Akt [167], has been implicated in p63 regulation in mouse embryonic fibroblasts [161]. 

In these cells, transduction with a retrovirus expressing an active mutant of Akt results in 

constitutive activation of the serine/threonine kinase mTOR and increased p63 mRNA 

and protein expression. Importantly, this increase in p63 protein is sensitive to 

rapamycin. To assess the role of mTORC1 in IGF1-mediated transcriptional up-

regulation of endogenous p63, we treated primary parotid acinar cells with rapamycin for 

1 h prior to IGF1 stimulation. As with LY2940002, treatment with rapamycin alone 

reduces p63 transcript to nearly half of its untreated level (Figure 2.4b), indicating that 

mTOR affects basal p63 regulation in salivary glands. Additionally, rapamycin prevents
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Figure 2.4: IGF1-induced transcriptional up-regulation of ΔNp63 occurs

downstream of PI3K and mTORC1 in parotid acinar cells. Primary parotid acinar

cells were treated with the following, alone of in combination: IGF1 (10 ng/ml for

1h), LY294002 (50 μM for 5 min) (a), rapamycin (10 nM for 1h) (b), DMSO (1

μl/ml in media for 1h) (c), or PD98059 (50 μM for 1 h) (c). RNA was isolated and

real-time RT-PCR was run with primers to amplify total p63. Results were calculated

using the 2-ddCt method, normalized to untreated, and displayed as the mean + s.e.m. of

≥ 3 mice per treatment. Analysis of variance revealed significant treatment effects on

total p63 transcription. Groups designated with different letters are significantly

different (p ≤ 0.05) when compared using Bonferroni-adjusted t-tests.
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IGF1-induced p63 transcription (Figure 2.4b). In contrast, PD98059, an inhibitor of 

mitogen activated protein kinase (MAPK) kinase (MEK), has no effect on basal p63 

transcription (Figure 2.4c), demonstrating that p63 is regulated independently of MAPK 

signaling. Similarly, DMSO, used as a vehicle control for LY294002, rapamycin, and 

PD98059, does not affect p63 mRNA expression (2.4c).  

 

IGF1 enhances ΔNp63 nuclear localization downstream of PI3K and mTORC1 

 In vivo, IGF1 can stimulate both p63 transcription (Figure 2.2) and protein 

expression (Figure 2.1b) in parotid glands. To examine the effects of IGF1 on p63 protein 

in vitro, we stained primary parotid cells for p63. In cells treated with IGF1, p63 stains 

brightly in the nucleus (Figure 2.5). In contrast, cells treated with LY294002 or 

rapamycin, with or without IGF1, have no nuclear staining, similar to serum-starved 

cells. As a transcription factor, p63 staining ought to be largely nuclear. In fact, several 

studies have shown strong p63 staining in the nucleus of epithelial cells, with no staining 

in the cytoplasm [89, 120, 168]. This suggests that IGF1 enhances ΔNp63 nuclear 

localization downstream of PI3K and mTORC1. Interestingly, in vivo, only 3% of 

untreated parotid acinar cells stain positive for p63 (Figure 2.6). 
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LY294002

LY294002 

+IGF1

Rapamycin
Rapamycin 
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Figure 2.5: IGF1 enhances ΔNp63 nuclear localization downstream of PI3K and

mTORC1 in parotid acinar cells. Primary parotid acinar cells grown on coverslips

were treated with the following, alone of in combination: IGF1 (10 ng/ml for 1h) ,

LY294002 (50 μM for 5 min), rapamycin (10 nM for 1h), or DMSO (1 μl/ml in media

for 1h). Coverslips were fixed and stained for p63 with a Cy2-conjugated secondary.

Images were made with a Leica DM5500 and 4 megapixel Pursuit camera.
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Figure 2.6: Roughly 3% of parotid cells are p63-positive. Untreated parotid

glands were removed, embedded in paraffin, and stained for p63. The percentage of

p63-positive cells was determined by averaging counts of 3 images from 3 mice.
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Discussion 

 Loss of salivary function is a common side effect of radiation therapy for head 

and neck cancers. The symptoms include chronic dry mouth, ulcerated oral mucosa, 

dysphagia, and malnutrition. Often, these maladies lead patients to terminate treatment 

prematurely. Currently, therapeutic options for radiation-induced salivary gland damage 

are limited (reviewed in [82]). While prevention of this damage is a lofty goal, our work 

also focuses on restoring salivary function in the multitude of patients that are currently 

suffering from these maladies. To this end, we have demonstrated that activation of Akt, 

either constitutively (myr-Akt1) or by a single intravenous injection of IGF1, preserves 

salivary flow rates in mice measured 30 days after irradiation. While this maintained 

function correlates with reduced apoptosis [84, 85], there may also be a role for Akt-

mediated preservation of progenitor cells in dictating this phenotype. 

 Akt is a downstream effector of PI3K [Burgering1995] and is activated by IGF1 

in salivary glands [143]. Interestingly, IGF1 is required for post-natal development of 

mammary glands in mice [169]. Specifically, IGF1 is necessary for branching of ducts 

[169]—a developmental process that is also important for patterning of salivary ducts 

(reviewed in [170]). Together these observations suggest that IGF1 may be important in 

salivary gland development, and therefore regeneration. Also, it is likely that Akt plays 

some role in IGF1-driven development. For instance, Akt can phosphorylate and inhibit 

GSK-3β, preventing degradation of Cyclin D1 and allowing cell cycle progression [154, 

155]. Also, PI3K, an upstream activator of Akt, has been implicated in regulation of 

ΔNp63 [147]. This transcription factor is required for salivary gland development [117, 
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118] and maintains the proliferative potential of epithelial progenitor cells by preventing  

apoptosis [120]. Because of this, p63 may be a useful marker for identifying salivary 

gland progenitor cells that have to date been elusive. To elucidate the role of ΔNp63 in 

maintaining a proliferative population of cells, we first sought to understand signaling 

events downstream of PI3K that lead to its increased expression. 

 We show that ΔNp63 mRNA and protein expression in parotid glands in vivo is 

enhanced by activation of Akt, either constitutively (myr-Akt1) or with a single injection 

of intravenous IGF1 (Figure 2.1b, 2.2, 2.3). Further, we illustrate that IGF1 leads to up-

regulation of ΔNp63 downstream of PI3K and mTORC1 in vitro (Figure 2.4a and 2.4b). 

Signaling through mTORC1 enhances global protein translation by activation of the 

ribosomal protein S6 kinase and inhibition of eIF4E (eukaryotic initiation factor 4E) 

binding protein 1 (reviewed in [171]). Here, however, we demonstrate that ΔNp63 is also 

affected at the transcriptional level downstream of mTORC1, suggesting that mTORC1 

activates a transcription factor. STAT3 is downstream of mTORC1 [163] and has been 

implicated in transactivation of ΔNp63 [161, 164]. It is likely that IGF1 induces ΔNp63 

transcription through activation of STAT3; although this has not yet been tested in 

salivary glands. Finally, we show that increased ΔNp63 mRNA expression following 

stimulation with IGF1, corresponds with p63 nuclear staining (Figure 2.5), suggesting 

that this change in transcription results in a functional output. Further tests, however, are 

needed to confirm the hypothesis that IGF1 enhances expression of p63 in the nucleus, 

while stressors such as serum-starvation and inhibition of PI3K and mTORC1 affect this 

localization. Overall, we have suggested a role for the PI3K-Akt-mTORC1 pathway in 
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regulating ΔNp63 in salivary glands (Figure 2.7). Due to the role of the ΔN isoforms in 

maintaining progenitor cells in epithelial tissues, this work may help to design therapies 

for improving salivary gland regeneration in head and neck cancer patients treated with 

radiation therapy. 
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Figure 2.7: ΔNp63 is transcriptionally regulated downstream of PI3K, Akt, and

mTORC1 in parotid acinar cells in vivo and in vitro. We have shown that IGF1

induces ΔNp63 transcription by activating PI3K, Akt, and mTORC1. STAT3, a

transcription factor downstream of mTORC1 [163], has been implicated in ΔNp63

regulation [161][164], however, this has not yet been tested in salivary glands. Double

arrows represent indirect activations. Aside from transcriptional regulation,

preliminary results suggest that signaling downstream of PI3K/Akt/mTORC1

enhances ΔNp63 nuclear localization as well.
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ΔNp63 nuclear localization



 65 

III. IGF1 ACTIVATES CELL CYCLE ARREST FOLLOWING IRRADIATION 

BY REDUCING BINDING OF ΔNP63 TO THE P21 PROMOTER 

Introduction 

 In response to radiation-induced double strand breaks, ATM becomes activated 

[53, 54]. It then phosphorylates p53 on serine15 [56] and, through activation of Chk2 

[57], indirectly results in phosphorylation of p53 on serine20 [58]. These 

phosphorylations stabilize p53 and increase its transcriptional activity [58, 59]. ATM also 

inhibits MDM2 [60], an E3 ubiquitin ligase that targets p53 for proteasomal degradation 

[105]. Once stabilized, p53 initiates cell cycle arrest and DNA repair or apoptosis by 

transactivating particular target genes (reviewed in [172]). The response of a specific cell 

type or tissue to DNA damage likely depends on which of these programs is initiated by 

p53. In irradiated salivary glands, we have demonstrated a dose-dependent loss of 

salivary acinar cells to p53-dependent apoptosis, which coincides with reduced glandular 

function [72]. 

 Activation of Akt is known to suppress apoptosis, in part by affecting p53 

stability through activation of MDM2 [144, 145].
 
It has been shown that constitutive 

activation of Akt1 (myr-Akt1) in primary murine salivary acinar cells results in reduced 

apoptosis following irradiation, which corresponds with reduced p53 expression and 

activation as indicated by phosphorylation of serine18 (analogous to serine15 in humans) 

[84]. Most importantly, modulation of the apoptotic response via activation of Akt (myr-

Akt1 or a single intravenous dose of IGF1) correlates with preserved salivary gland 

function following a single dose of therapeutic radiation [85]. 
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 While the p53-mediated DNA damage response has been extensively studied, 

identification of p53 homologs (p63 and p73) had added additional complexity to the 

understanding of how this response is regulated. The ΔN isoforms are the predominant 

p63 variants expressed in epithelial tissues like salivary glands [89]. Because these 

isoforms lack an N-terminal transactivation domain, they are generally thought to 

antagonize TAp63 as well as p53 [89].  Studies in several cell lines have shown that 

ΔNp63α can bind to p53 response elements, leading to reduced expression of genes such 

as MDM2 [173], IGFBP-3 [147], and p21 [124]. 

 In this study, we show that parotid glands of mice pre-treated with intravenous 

IGF1 prior to head and neck irradiation exhibit increased G2/M arrest compared to glands 

of mice treated with radiation alone. This corresponds with sustained expression of p21, a 

known G2/M checkpoint regulator [174]. We also show that pre-treatment with IGF1 

results in a decreased stress response in irradiated glands as indicated by reduced 

phosphorylation of p53 (serine18) and ΔNp63 (serine66/68). Due to a potential role for 

ΔNp63 in regulating p53 target genes, we performed chromatin immunoprecipitation 

(ChIP) to evaluate p21 promoter occupancy at acute time-points in the glands of 

irradiated mice. Parotid glands of mice pre-treated with IGF1 exhibit reduced binding of 

ΔNp63 to the p21 promoter, which corresponds to increased binding of p53, higher 

expression of p21, and G2/M arrest. Overall, our results suggest a role for ΔNp63 in 

directing p53 to initiate either a cell death or cell cycle arrest program. Insights into this 

mechanism may provide an important translational opportunity for development of small 

molecules to minimize side-effects of cancer therapies. 
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Materials and Methods 

Mice 

 All experiments were conducted in 4-5 week old FVB females. For p53 knockout 

experiments, mice were provided by Dr. Carla van den Berg (University of Texas, 

Austin, USA) on a Balb/c background and back-crossed to FVB for 11 generations. For 

myr-Akt1 experiments, FVB mice expressing the myr-Akt1 transgene under control of 

the mouse mammary tumor virus promoter were generated at the University of Coloradoc 

Health Sciences Center. The salivary gland phenotype was described previously [84]. 

Genotyping of transgenic mice was conducted as previously described [84, 175] using 

PCR primers from Integrated DNA Technology (IDT, Coralville, IA, USA). All mice 

were maintained and treated in accordance with protocols approved by the University of 

Arizona Institutional Animal Care and Use Committee.   

 

Treatment 

 Mice were treated with radiation, intravenous IGF1, or a combination of the two. 

For irradiation, mice were anesthetized with avertin (0.4-0.6 mg/kg) and subjected to 5 

Gy of targeted head and neck irradiation (
60

Co therapeutic irradiator, Theratron-80, 

Atomic Energy of Canada Ltd., Ottawa, Canada) as previously described [72]. Mice 

treated with IGF1 received 5 μg of intravenous recombinant human IGF1 (GroPrep, 

Adelaide, Australia) as previously described [85]. For those mice that received the 

combination treatment, IGF1 injections occurred immediately prior to irradiating the 

animal.  
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Flow Cytometry 

 Pairs of glands were minced in dispersion media as previously described [165], 

mixed at 37ºC for 20 min, resuspended in Modified Hank’s Media with 1 μM EGTA, and 

mixed again at 37ºC for 10 min. Tissue was disrupted by pipette and filtered through 20 

μm mesh. This single cell suspension was centrifuged (~100 g x 10 min) 2x in cold PBS 

and fixed by adding 500 μl of 100% ethanol. After storing at -20ºC overnight, cells were 

centrifuged (~100 g x 15 min), resuspended in 462.5 μl of cold PBS, and incubated at 

37ºC for 30 min with 25 μl of RNase A (10 mg/ml, Invitrogen) and 12.5 μl of propidium 

iodide (1.6 mg/ml, MP Biomedicals, Solon, OH, USA). Cell cycle distribution was 

measured by the AZCC/ARL Division of Biotechnology Cytometry Core Facility using a 

FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using 

CellQuest Pro software (BD Biosciences).  

 

PCNA Staining 

 Glands were fixed overnight in 10% neutral buffered formalin, transferred to 70% 

ethanol, and embedded in paraffin. Tissues were cut into 4 μm sections by the Histology 

Shared Service Laboratory in the Department of Cell Biology and Anatomy at the 

University of Arizona. Slides were stained for PCNA (proliferating cell nuclear antigen, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA). Briefly, slides were heated to 37°C 

for 30 min and rehydrated in histoclear, graded alcohols, and distilled water. Non-specific 

peroxidase activity was quenched with 0.3% H2O2. For antigen retrieval, slides were 

placed in citrate buffer (pH 6.0), heated twice in a microwave for 5 min, and allowed to 
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cool. After washes, slides were treated as instructed by the kit manufacturer (Vectastain 

Elite ABC kit, PK-6101, Vector Laboratories, Burlingame, CA, USA). Color 

development was performed with Biogenex DAB. Slides were counterstained with Gill's 

hematoxylin, dehydrated, and mounted in Permount. Images were made with a Leica 

DM5500 and 4 megapixel Pursuit camera. PCNA-positive acinar cells in parotid sections 

were counted from a minimum of three fields of view per slide from three slides per 

treatment (three mice). 

 

Western Blotting 

 Glands were homogenized in RIPA [84] supplemented with SIGMAFAST 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and 5 mM sodium 

orthovanadate. After adding 100 µg/ml of PMSF, samples were boiled for 10 min and 

sonicated until homogenous. Protein concentrations were determined using Coomassie 

Plus Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 100 µg of 

each sample was loaded on an 8% polyacrylamide gel, transferred to a 0.45 µm 

Immobilon-P membrane (Millipore, Bedford, MA, USA), and immunoblotted with one of 

the following antibodies: anti-ERK (Promega, Madison, WI, USA), anti-p53 (DO-1, 

Santa Cruz Biotechnology), anti-phosphorylated p53 (serine
15

) (Cell Signaling 

Technologies, CST, Beverly, MA, USA), anti-p63 (4A4, Abcam, Cambridge, MA, USA), 

anti-phosphorylated p63 (serine66/68
 
in human ΔNp63) (CST). Secondary antibodies 

were conjugated with HRP (goat anti-mouse and goat anti-rabbit, Bio-Rad, Hercules, CA, 

USA, or anti-mouse TrueBlot for anti-p63 and anti-phosphorylated p63 primaries, 
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eBioscience, San Diego, CA), and ECL substrate (Thermo Fisher Scientific) was used for 

detection as instructed by the manufacturer. Membranes were stripped with Restore 

Western Blot Stripping Buffer (Thermo Fisher Scientific), reblocked, and reprobed as 

previously described [84]. For densitometry, blots were analyzed using ImageJ software 

(NIH), normalized to total ERK, and displayed as mean intensity relative to untreated. 

 

RNA Isolation and RT-PCR 

 RNA was isolated as previously described [84] and quantified. 1 μg of RNA was 

reverse transcribed using a Super Script III Kit as instructed by the manufacturer 

(Invitrogen, Carlsbad, CA, USA) and diluted 1:5 for subsequent analysis. 

 

Real-time PCR 

 The following real-time reaction mix was prepared: 5 μl of diluted cDNA, 1 μl of 

mixed forward and reverse primers (10 μM each), 12.5 μl of SYBR Green (Qiagen, 

Valencia, CA, USA), and nuclease-free water to a final volume of 25 μl.  Reactions were 

run using an iQ5 Real-time PCR Detection System (Bio-Rad) and analyzed as previously 

described [72]. Normalized values were plotted as relative fold over untreated. The 

following primers were purchased from IDT:  S15 [84], p21 [84], total p63 forward: 5’-

CGT CCA ATT TTA ATC ATC GTT AC-3’, total p63 reverse: 5’-CTG TCT TCA TCT 

GCC TTC C-3’. QuantiTect primers for mouse IGF1 were purchased from Qiagen. 
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Chromatin Immunoprecipitation (ChIP) 

 Glands were fixed in 1.5% paraformaldehyde for 10 min, washed twice with cold 

PBS, and resuspended in 750 μl of RIPA (50 mM Tris-HCl [pH 8], 150 mM NaCl, 2 mM 

EDTA [pH 8], 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 

SIGMAFAST protease inhibitor cocktail (Sigma-Aldrich). After homogenizing, samples 

were sonicated eight times for 15 s at power = 2.0 using a Sonicator 3000 (Misonix, 

Farmingdale, NY, USA) to yield ~1kb DNA fragments. 50 μl of each chromatin sample 

was added to 70 μl of elution buffer (1% SDS and 100 mM sodium bicarbonate in PBS) 

with 10 μl of proteinase K (10 mg/ml, Thermo Fisher Scientific) and incubated overnight 

at 65°C. DNA was purified using a QIAquick PCR purification kit (Qiagen) as instructed 

by the manufacturer, eluted in 30 μl, and quantified. DNA was diluted to equal 

concentrations in DEPC water and set aside as the input fraction. Chromatin samples 

were diluted in RIPA to ensure equal starting material (~15 μg of DNA) for subsequent 

IPs. Samples were cleared by incubating with 30 μl of protein A/G agarose beads 

(Thermo Fisher Scientific) for 1 h at 4°C. In another tube, 30 μl of protein A/G agarose 

beads were incubated in RIPA with 2 μg of sheared salmon sperm DNA (Invitrogen), and 

3 μl of 1% BSA for 2 h at room temperature. After centrifuging and removing the beads 

from the cleared IP samples, the pre-absorbed beads were added along with 3 μg of 

antibody (p63: mouse monoclonal [4A4], Abcam; p53: rabbit polyclonal [FL-393], Santa 

Cruz Biotechnology) and incubated overnight at 4°C. Beads were washed three times 

with wash buffer (150 mM NaCl, 20 mM Tris-HCl [ph 8], 2 mM EDTA, 1% Triton X-

100, 0.1% SDS), once with final wash buffer (wash buffer with 500 mM NaCl), and 
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resuspended in 120 μl of elution buffer. After 15 min, 10 μl of proteinase K (10 mg/ml) 

was added, and samples were incubated overnight at 65°C.  IP DNA was purified in the 

same way as input DNA. For quantification, equal volumes of DNA from each IP and 

input sample were amplified by real-time PCR (following the protocol described above) 

using primers for a region of the p21 promoter that is ~1400 bases upstream of the 

transcription start site (IDT, forward: 5’- TCT TGC TAT GTA GCC CAT GT-3’, 

reverse: 5’-TAC GGA TGT TCC TGA CAG AC-3’). Results were calculated by 

normalizing the Ct value for each IP sample with the Ct value for its corresponding input 

(pre-IP chromatin) and calculating a ΔCt. Normalized values were graphed as fold over 

untreated. To confirm equal starting material for each IP, input DNA was amplified using 

AccuPower HotStart PCR PreMix with p21 the promoter primers as instructed by the 

manufacturer (Bioneer, Alameda, CA, USA). Products were run on a 1% agarose gel. 

 

Statistical Analysis 

 Single comparisons were made using student’s t-tests calculated with Microsoft 

Excel. 
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Results 

Increased cell cycle arrest in irradiated parotid glands pre-treated with IGF1 

 Radiation-induced DNA damage activates p53, which transactivates genes 

involved in cell death, cell cycle arrest, and DNA repair (reviewed in [172]). Studies in 

vitro have indicated that radiation can lead to accumulation of cells in G2/M, thereby 

reducing the S phase population [174]. To examine this, single cell suspensions from 

treated parotid glands were stained with propidium iodide and analyzed by flow 

cytometry. Interestingly, radiation alone does not alter the percentage of cells in G2/M 8 

h after treatment (Figure 3.1a). In contrast, cells isolated from parotid glands of mice pre-

treated with IGF1 have a four-fold increase in the G2/M population compared to 

untreated mice, which corresponds with a reduced percentage of cells in S phase (none 

detected) (Figure 3.1b). Importantly, radiation alone has no effect on the expression of 

IGF1 in parotid glands (Figure 3.2). These data demonstrate that pre-treatment with IGF1 

increases the percentage of cells in G2/M, indicative of cell cycle arrest.  

 To confirm IGF1-induced G2/M arrest in irradiated parotid glands, we measured 

proliferation by staining treated tissue for proliferating cell nuclear antigen (PCNA). The 

percentage of PCNA-positive acinar cells after 24 h is unchanged in the glands of mice 

treated with radiation alone, but decreases substantially in mice pre-treated with IGF1 

(Figure 3.1c). After 48 h, the percentage of PCNA-positive acinar cells in the glands of 

mice pre-treated with IGF1 returns to untreated levels. These data suggest that IGF1 

stimulation prior to irradiation induces an acute, transient G2/M arrest. One possible 

explanation for the reduced apoptotic phenotype we previously reported in irradiated
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Figure 3.1: Pre-treatment with IGF1 induces p53-dependent cell cycle arrest in

irradiated parotid glands. The head and neck regions of wild-type (p53+/+) and p53-/-

mice were irradiated +/-IGF1 pre-treatment. Parotid glands were removed after 8, 24,

and 48 h. a) and b) 8 h wild-type tissues were dispersed, stained with propidium

iodide, and analyzed by flow cytometry. The data are displayed as the mean

percentage of gated cells in G2/M (a) or S phase (b) + s.e.m. of ≥ 3 mice per

treatment. c) and d) 24 and 48 h p53+/+ tissues (c) and 24h p53-/- tissues (d) were

removed, embedded in paraffin, and stained for PCNA. The graphs represent the

number of PCNA-positive acinar cells as a percentage of total acinar cells counted.

The data are displayed as the mean + s.e.m. of ≥ 3 mice per treatment. (*) denotes a

significant difference (p ≤ 0.05) between irradiated glands +/-IGF1 pre-treatment (c)

or p53+/+ and p53-/- glands (d) as measured by a student’s t-test.
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Figure 3.2: IGF1 gene expression in parotid glands does not change with

radiation. The head and neck regions of wild-type mice were irradiated. After 8 h,

parotid glands were removed, RNA was isolated, and real-time RT-PCR was run with

primers to amplify IGF1. Results were calculated using the 2-ddCt method, normalized

to untreated, and displayed as the mean + s.e.m. of ≥ 3 mice per treatment.
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glands after IGF1 pre-treatment
 
[Limesand2009] is that IGF1 promotes cell cycle arrest 

and DNA repair in response to stress. 

 To assess whether IGF1-induced G2/M arrest is p53-dependent, we irradiated  

p53
-/-

 mice with or without IGF1 pre-treatment and stained parotid tissue for PCNA. 

After 24 h, the percentage of PCNA-positive acinar cells was unchanged in the glands of 

p53
-/-

 mice treated with radiation alone (Figure 3.1d). In contrast to wild-type mice, the 

percentage of PCNA-positive acinar cells increased significantly in the glands of p53
-/-

 

mice pre-treated with IGF1. These data suggest that IGF1-induced G2/M arrest in 

response to radiation, which occurs in wild-type animals, is p53-dependent. 

 

Increased cell cycle arrest in irradiated parotid glands of mice expressing constitutively 

active Akt (myr-Akt1) 

 IGF1 is a potent activator of Akt in vitro and in vivo [85, 143]. To determine the 

effect of constitutively active Akt (mry-Akt1) on radiation-induced G2/M arrest, we 

irradiated transgenic mice expressing mry-Akt1 and assessed cell cycle distribution as 

described above. Contrary to wild-type mice treated with radiation alone (Figure 3.1a), 

the parotid glands of irradiated myr-Akt1 mice had a marked increase in the percentage 

of G2/M cells (Figure 3.3a). Similarly, these same glands had decreased proliferation, 

measured by PCNA staining, 24 and 48 h after irradiation (Figure 3.3b). 
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Figure 3.3: Radiation induces cell cycle arrest in the parotid glands of myr-Akt1

mice. The head and neck regions of myr-Akt1 mice were irradiated. Parotid glands

were removed after 8, 24, and 48 h. a) Cell cycle distribution was analyzed for 8 h

tissues as described for Figure 3.1a. The data are displayed as the mean percentage of

gated cells in G2/M phase + s.e.m. of ≥ 3 mice per treatment. (*) denotes a significant

difference (p ≤ 0.05) between untreated and irradiated glands as measured by a

student’s t-test. b) 24 and 48 h tissues were embedded in paraffin and stained for

PCNA. The graph represents the number of PCNA-positive acinar cells as the

percentage of total acinar cells counted. The data are displayed as the mean + s.e.m.
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Sustained phosphorylation of p53 (serine18) in parotid glands of mice treated with 

radiation 

 In response to DNA damage, p53 undergoes a number of post-translational 

modifications that increase its stability and transcriptional activity. For example, ATM  

and ATR respond to genotoxic stress by phosphorylating p53 at serine15
 
[56, 108]. It has 

been suggested that phosphorylation at this site stabilizes p53 following irradiation, 

allowing for transactivation of p53 target genes [59]. Phosphorylation of the 

corresponding site in mice (serine18) occurs in irradiated parotid glands [84]. 

 We evaluated DNA damage-induced changes to p53 protein levels in parotid 

glands by probing for total and phosphorylated p53 (serine18). Eight hours after 

irradiation, the amount of total p53 protein is increased over untreated but similar 

between mice treated with radiation alone and those pre-treated with IGF1 (Figure 3.4). 

After 24 h, however, the level of total p53 protein is reduced in IGF1 pre-treated glands 

compared to glands treated with radiation alone. While phosphorylated p53 does not 

increase with treatment, it is reduced after 24 h in the glands of mice pre-treated with 

IGF1 (Figure 3.4), which may simply be due to an overall reduction in p53 protein. These 

results indicate that IGF1 reduces DNA damage-induced p53 phosphorylation and 

stabilization in parotid glands 24 h after irradiation. 
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Figure 3.4: Parotid glands of irradiated mice pre-treated with IGF1 have reduced

levels of total and phosphorylated p53 protein. The head and neck regions of wild-

type mice were irradiated +/-IGF1 pre-treatment. Parotid glands were removed,

protein lysates were prepared, and Western blotting was performed as described in

Materials and Methods. Total ERK was used to confirm equal loading of lanes.
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Sustained expression of the p53 target gene p21 in irradiated parotid glands pre-treated 

with IGF1 

 Recent work from our lab demonstrated that radiation-induced expression of two 

canonical p53 target genes, Bax and PUMA, is p53-dependent in parotid glands [72]. To 

confirm this relationship for another canonical p53 target gene, the cell cycle arrest gene 

p21, we used real-time RT-PCR to measure its transcription 4 h after irradiation in p53
+/+

, 

p53
+/-

, and p53
-/-

 mice. In both p53
+/+

 and p53
+/-

 parotid glands, p21 increases 

significantly 4 h after irradiation compared to untreated glands from mice of the same 

genotype (Figure 3.5). In p53
-/-

 mice there is no induction of p21 following irradiation. 

These data demonstrate that radiation-induced p21 transcription is p53-dependent. 

 DNA damage-induced G2/M arrest depends on expression of p21, an inhibitor of 

the cyclin-dependent kinase cdc2 [174]. To determine if IGF1-mediated G2/M arrest is 

facilitated by p21, we used real-time RT-PCR to look for differences in p21 expression in 

parotid glands of irradiated mice with and without IGF1 pre-treatment. There is 

significantly higher p21 expression after 8 and 24 h in parotid glands of mice pre-treated 

with IGF1 than in those treated with radiation alone (Figure 3.6a). This suggests that 

sustained expression of p21 may directly contribute to IGF1-mediated G2/M arrest 

observed following irradiation.  

 We have demonstrated that both IGF1-induced G2/M arrest and p21 expression 

are p53-dependent following irradiation of parotid glands. To confirm that IGF1 affects 

p21 expression in a p53-dependent manner, we used real-time RT-PCR to measure p21 

expression in p53
-/- 

parotid glands 8 h after irradiation. Without functional p53, there is
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Figure 3.5: Radiation-induced expression of p21 in parotid glands is p53-

dependent. The head and neck regions of wild-type (p53+/+), p53+/-, and p53-/- mice

were irradiated. After 4 h, parotid glands were removed, RNA was isolated, and real-

time RT-PCR was run with primers to amplify p21. Results were calculated as

described in Figure 3.2 and displayed as the mean + s.e.m. of ≥ 3 mice per treatment.

(*) denotes a significant difference (p ≤ 0.05) between untreated and irradiated glands

of the same genotype.
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Figure 3.6: Radiation-induced expression of p21 is sustained at 8 and 24 h after

irradiation in parotid glands of mice pre-treated with IGF1. The head and neck

regions of wild-type (p53+/+), p53-/- , and myr-Akt1 mice were irradiated +/-IGF1 pre-

treatment. After 4, 8, and 24 h, parotid glands were removed, RNA was isolated, and

real-time RT-PCR was run with primers to amplify p21. Results were calculated as

described for Figure 3.2 and displayed as the mean + s.e.m. of ≥ 3 mice per treatment.

(*) denotes a significant difference (p ≤ 0.05) between irradiated glands +/-IGF1 pre-

treatment (a and b) or between untreated and irradiated glands (c).

8h
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no increase in p21 transcription 8 h after irradiation (Figure 3.6b). Because previous 

experiments indicated that activated Akt also modulates G2/M arrest, we looked at the 

effect of myr-Akt1 on p21 expression following irradiation. After 8 and 24 h, p21 

expression increases significantly in the parotid glands of myr-Akt1 mice treated with 

radiation, (Figure 3.6c). These results imply that the effects of IGF1 and myr-Akt1 on 

p21 expression may require p53. 

 

Reduced levels of p63 in irradiated parotid glands pre-treated with IGF1 

 An exact role for p63 in modulating the DNA damage response is unknown; 

however, due to its ability to enhance or inhibit p53 transcriptional activity [89], we 

chose to examine the effects of radiation on p63 expression in parotid glands. Epithelial 

tissues predominantly express ΔN isoforms [89]. We have shown that the only detectable 

transcripts in salivary glands are ΔNα and ΔNγ (Figure 2.1a), which are also the only 

isoforms detectable by Western blotting following irradiation (Figure 3.7b). 

 Similarly to p53, p63 is affected by post-translational modifications. Studies have 

shown that p63 is phosphorylated (serine66/68 in ΔN) in response to genotoxic stress 

[125, 129]. Reports, however, disagree about the results of this phosphorylation. In UV-

irradiated keratinocytes, increased phosphorylation coincides with increased 

ubiquitination and proteasomal degradation of ΔNp63α [125]. In contrast, doxorubicin 

treatment in hepatocellular carcinoma cells results in increased phosphorylation and 

stabilization of exogenously expressed p63 isoforms [129]. This response may be dictated 

by the type of DNA damage or may be cell-type specific. 
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Figure 3.7: ΔNp63 mRNA and protein expression increases in irradiated parotid

glands. The head and neck regions of wild-type mice were irradiated +/-IGF1 pre-

treatment, and parotid glands were removed after 4, 8, and 24 h. a) RNA was isolated,

and real-time RT-PCR was run with primers to amplify total p63. Results were

calculated as described for Figure 3.2 and displayed as the mean + s.e.m. of ≥ 3 mice

per treatment. (*) denotes a significant difference (p ≤ 0.05) between irradiated glands

+/-IGF1 pre-treatment as measured by a student’s t-test. b) Protein lysates were

prepared, and Western blotting was performed as described in Materials and Methods.

Total ERK was used to confirm equal loading of lanes.
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 In the present study, levels of p63 in irradiated parotid glands were evaluated by 

real-time RT-PCR and Western blotting for total and phosphorylated p63 (serine66/68). 

Radiation leads to a significant increase in p63 expression after 4 h as measured by real-

time RT-PCR (Figure 3.7a). Increased transcription coincides with elevated total p63 

protein after 8 and 24 h (Figure 3.7b). In contrast, pre-treatment with IGF1 prevents 

increases in p63 transcription following irradiation (Figure 3.7b). In addition, parotid 

glands from irradiated mice pre-treated with IGF1 have reduced total p63 protein levels 8 

and 24 h after treatment (Figure 3.7b). The same trend is observed when probing for 

phosphorylated p63 (Figure 3.7b), although reduction of phosphorylated p63 in the 

parotid glands of IGF1 pre-treated mice 24 h after irradiation may simply be due to an 

overall reduction in p63 protein. These data indicate that acute radiation-induced 

increases in total and phosphorylated p63 are not maintained in parotid glands of 

irradiated mice pre-treated with IGF1.  

 

Reduced binding of ΔNp63 and increased binding of p53 to the p21 promoter in 

irradiated parotid glands pre-treated with IGF1 

 The ΔN isoforms of p63 have been shown to function as transcriptional 

repressors, reducing expression of p53 target genes, such as p21, by binding to p53 

response elements in their promoters [124, 147, 173]. Due to increased p21 expression 

and G2/M arrest in irradiated mice pre-treated with IGF1, we sought to determine the 

mechanism responsible using chromatin immunoprecipitation (ChIP) to evaluate the 

relative binding of p53 and ΔNp63 to a p53 response element in the p21 promoter.  
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 After 4 h, radiation has no effect on the amount ΔNp63 bound to the p21 

promoter in parotid glands, regardless of whether or not mice are pre-treated with IGF1 

(Figure 3.8a). This coincides with equivalent p21 expression in the two groups of 

irradiated mice at this time-point (Figure 3.6a). After 8h, binding of ΔNp63 to the p21 

promoter increases in irradiated parotid glands, which is abrogated by pre-treatment with 

IGF1 (Figure 3.8a). This IGF1-mediated reduction in binding of the transcriptional 

repressor ΔNp63 to the p21 promoter may account for increased p21 expression seen in 

this treatment group. A beads-only control using no antibody for IP was no different from 

untreated controls indicating that our pull-downs were specific (Figure 3.8b). The fold 

enrichments shown represent trends that were consistent between multiple independent 

experiments. The agarose gels displayed with each graph were loaded with PCR-

amplified input samples to show equal starting material for each IP. 

 We have shown that radiation-induced p21 expression is p53-dependent in parotid 

glands (Figure 3.5) and that irradiated mice pre-treated with IGF1 have sustained p21 

expression (Figure 3.6a). Due to decreased ΔNp63 binding to the p21 promoter in IGF1 

pre-treated glands (Figure 3.8a), we hypothesized a concomitant increase in p53 binding 

to the same response element. At both 4 and 8 h after irradiation there is more p53 bound 

to the p21 promoter in the IGF1 pre-treated group than in mice treated with radiation 

alone (Figure 3.9a). Similar to Figure 3.8b, a beads-only control was no different from 

untreated (Figure 3.9b). The fold enrichments shown represent trends that were consistent 

between multiple independent experiments. These data indicate that IGF1 may affect the
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Figure 3.8: Binding of ΔNp63 to the p21 promoter is reduced in parotid glands of

irradiated mice pre-treated with IGF1. The head and neck regions of wild-type

mice were irradiated +/-IGF1 pre-treatment. Chromatin immunoprecipitation (ChIP)

was performed on parotid glands removed after 4 and 8 h with an antibody

recognizing total p63. Precipitated DNA was analyzed by real-time PCR using

primers for a region of the p21 promoter ~1390 bases upstream of the transcription

start site. Results were calculated by normalizing the Ct value for each IP sample with

the Ct value for its corresponding input (pre-IP chromatin) and calculating a ΔCt.

Normalized values are displayed as fold versus untreated and represent trends that

were consistent between multiple independent experiments. Agarose gels displayed

with each graph were loaded with PCR-amplified input samples to show equal starting

material for each IP.
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Figure 3.9: Binding of p53 to the p21 promoter is increased in parotid glands of

irradiated mice pretreated with IGF1. The head and neck regions of wild-type mice

were irradiated +/-IGF1 pre-treatment. ChIP was performed on parotid glands

removed after 4 and 8 h with an antibody recognizing total p53. Precipitated DNA was

analyzed and graphed as described for Figure 3.8. Normalized values are displayed as

fold versus untreated and represent trends that were consistent between multiple

independent experiments.
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ability of ΔNp63 to function as a competitive inhibitor to p53-induced transcription of 

p21 following irradiation. 

 

IGF1-induced effects following irradiation are not detected in unstressed salivary glands  

 We have demonstrated that IGF1 given immediately prior to irradiation reduces 

inhibitory binding of ΔNp63 to the p21 promoter, resulting in prolonged p21 gene 

expression and G2/M arrest. Generally, growth factors are thought to drive proliferation 

rather than induce cell cycle arrest. To test the hypothesis that IGF1 functions differently 

in irradiated glands than in unstressed glands, we repeated several of the experiments 

reported above in mice treated with IGF1 alone. Rather than increasing the percentage of 

G2/M cells as it did in irradiated glands (Figure 3.1a), IGF1 increases the percentage of S 

phase cells indicating an actively dividing population (Figure 3.10a). In parotid glands 

treated with IGF1, there is an increase in total p53 (Figure 3.10b) but because IGF1 does 

not initiate a DNA damage response, phosphorylation of p53 (serine15) is not observed 

(data not shown). IGF1 also induces total p63 and phosphorylated ΔNp63α (serine66/68) 

8 and 24 h after injection (Figure 3.10b). IGF1-induced proliferation may account for the 

critical role of p63 in salivary gland development. Consistent with a role for IGF1 in 

driving proliferation in unstressed tissues, IGF1 alone does not induce transcription of the 

cell cycle inhibitor p21 (Figure 3.10c). This corresponds with increased binding of the 

transcriptional inhibitor ΔNp63 to the p21 promoter. Altogether, these results indicate 

that parotid glands stressed by radiation respond differently to IGF1 than unstressed 

glands.  
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Figure 3.10: IGF1-induced effects following irradiation are not detected in

unstressed parotid glands. Wild-type mice were treated with IGF1, and parotid

glands were removed after 4, 8, and 24 h. a) Cell cycle distribution was analyzed for

8h tissues as described for Figure 3.1a. The data are displayed as the mean percentage

of gated cells in G2/M phase + s.e.m. of ≥ 3 mice per treatment. b) 8 and 24 h protein

lysates were prepared, and Western blotting was performed as described in Materials

and Methods. Total ERK was used to confirm equal loading of lanes. c) p21 mRNA

expression was measured after 8 and 24 h as described for Figure 3.5. d) ChIP was

performed on 4 and 8 h tissues with an antibody recognizing total p63 or total p53.

Precipitated DNA was analyzed and graphed as described for Figure 3.8. Normalized

values are displayed as fold versus untreated and represent trends that were consistent

between multiple independent experiments.
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Discussion 

 Radiation-induced loss of salivary function in patients treated for head and neck 

cancers is a severe morbidity that results in chronic dry mouth, damaged oral mucosa, 

dysphagia, and malnutrition (reviewed in [82]). Currently, the standard of care for these 

patients is palliative treatment with muscarinic-cholinergic agonists, which stimulate 

secretion from remaining salivary cells. In addition to the lack of satisfactory functional 

results from these therapies, their non-specific action produces a variety of side-effects, 

including nausea, diarrhea, and excessive sweating, which is why this research focuses on 

prevention of damage. 

 In this study, we demonstrate that IGF1 elicits a different response in parotid 

glands stressed by radiation than it does in glands under normal conditions. Considerable 

evidence exists in the literature on the functions of IGF1 in unstressed environments, with 

the majority of in vivo studies indicating a role in cell and tissue hypertrophy [e.g. [176]]. 

While studies in IGF1-null mice have indicated a role for IGF1 in estradiol-induced G2 

progression in the uterus [177], few studies have investigated the effects of exogenous 

IGF1 on cell cycle progression in vivo. Our work uncovers a previously unnoticed effect 

of IGF1 in environments stressed by radiation. Specifically, we show that IGF1 induces a 

transient cell cycle arrest in irradiated glands, which does not occur with radiation alone 

(Figure 3.1). 

 In salivary glands, IGF1 is a potent activator of the Akt pathway [85, 143]. This 

pathway is thought to stimulate cell cycle progression (reviewed in [178]). One key 

player in this is GSK-3β, which upon phosphorylation by Akt becomes inactivated [155]. 
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Normally, GSK-3β phosphorylates the G1/S promoter Cyclin D1, leading to its nuclear 

export and proteasomal degradation [154]; thus, when Akt is activated, Cyclin D1 

becomes stabilized, and proliferation proceeds. This has been reiterated in transgenic 

mice expressing constitutively active Akt1 (myr-Akt1); in these animals, the half-life of 

Cyclin D1 is increased. Akt has also been shown to phosphorylate p21 and cause its 

accumulation in the cytoplasm [154]. Because p21-mediated inhibition of nuclear cyclin-

dependent kinase cdc2 is required for maintenance of G2/M arrest [174], there is a role 

for Akt not only in G1/S progression, but in G2/M progression as well. Here we have 

demonstrated that constitutively active Akt affects G2/M arrest (Figure 3.3) and p21 

expression (Figure 3.6c) similarly to pre-treatment with IGF1, suggesting that these 

effects of IGF1 are mediated through the Akt pathway.    

 In contrast to what has previously been shown in the literature, we indicate that 

IGF1 induces G2/M arrest following irradiation, ostensibly through transcriptional up-

regulation of p21 (Figure 3.6a). Mechanistically, we have demonstrated that p21 

promoter occupancy is different in parotid glands of IGF1 pre-treated mice compared to 

parotid glands of mice treated with radiation alone. Specifically, we illustrate that 

radiation-induced increases in ΔNp63 protein correspond with enhanced binding to the 

p21 promoter and decreased p21 transcription in irradiated parotid glands after 8 h 

compared to parotid glands pre-treated with IGF1 (Figures 3.7b and 3.8a). Our study 

concurs with a previously suggested role for ΔNp63 in mitigating DNA damage-induced 

p21 expression
 

[173] and has extended this observation to in vivo. While slight 

differences in DNA binding sites make promoters more selective for a specific p53 
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family member [179], inhibition of p53 target genes by ΔNp63 may be due to 

competitive binding to these sites. Supporting this hypothesis, we demonstrate that there 

is an inverse relationship between p53 and ΔNp63 binding to the p21 promoter in 

irradiated salivary glands (Figure 3.9a). Particularly, we show that despite elevated levels 

of p53 protein in irradiated glands, binding of p53 to the p21 promoter decreases along 

with p21 transcription (Figures 3.4 and 3.9a). Taken together, these data suggest that in 

parotid glands of irradiated mice pre-treated with IGF1, reduced ΔNp63 protein 

facilitates a p53-mediated increase in p21 expression leading to G2/M arrest. 

 Our previous work has established that attrition of salivary acinar cells to p53-

dependent apoptosis is likely responsible for the side-effects observed following head and 

neck irradiation [72, 84, 85]. It has been further demonstrated that activation of Akt 

suppresses apoptosis, in part by reducing p53 stability through activation of MDM2 [144, 

145], which targets p53 for proteasomal degradation [105]. It is well established that 

DNA damage results in stabilization and increased transcriptional activity of p53; 

however, the genes transcribed by p53 include both pro-apoptotic and cell cycle arrest 

genes (reviewed in [172]). Our data indicate that competitive binding of ΔNp63 to p53 

response elements in the p21 promoter may direct p53 to other promoters (Figure 3.11), 

thereby accounting for selective activation of p53 target genes and initiation of a cell 

death or cell cycle arrest program. In osteosarcoma cells, inhibition of radiation-induced 

cell cycle arrest is a potent radiation sensitizer [180]. This is a plausible explanation for 

the sensitivity of salivary glands to radiation because there are no indications of cell cycle 

arrest in mice treated with radiation alone (Figure 3.1). We hypothesize that cell cycle
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Figure 3.11: A putative role for ΔNp63 in regulating the p53-mediated DNA

damage response. We have shown that enhanced binding of ΔNp63 to the p21

promoter following irradiation corresponds with reduced p21 expression and

abrogation of cell cycle arrest. Our work indicates that ΔNp63 can bind to p53

response elements in the p21 promoter, preventing p53 from binding to those same

response elements. This may direct p53 to response elements in other genes, perhaps

dictating whether an arrest and repair or apoptotic program is initiated.
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arrest in IGF1 pre-treated mice facilitates DNA repair following irradiation, thereby 

impeding apoptosis. One study showed that inhibition of the DNA damage response by 

caffeine prevents G2/M arrest and triggers apoptosis in irradiated MCF-7 cells [181]. 

Adenoviral-induced p21 expression inhibited this apoptotic response, linking radio-

resistance in these cells to the ability to initiate cell cycle arrest. Clinically, p21 

expression leading to cell cycle arrest has been implicated in a poor response of tumors to 

chemoradiation [182]. In non-diseased salivary glands, however, suppression of apoptosis 

by IGF1, which is partially mediated through p21, results in a positive clinical output—

the long-term preservation of salivary function [85]. These results provide the basis for 

rational design of small molecule inhibitors to prevent radiation-induced attrition of 

salivary cells. The need for this is urgent because there are currently no satisfactory 

methods to protect or restore salivary gland function following radiation therapy. As a 

final note, in Chapter 2 we indicated that p63 is expressed in only 3% of untreated parotid 

acinar cells (Figure 2.6); here, however, we suggest a broader role for ΔNp63 in affecting 

the DNA damage response in irradiated salivary glands. One possible explanation is that 

radiation leads to a substantial increase in ΔNp63 mRNA and protein expression (Figure 

3.7), which may coincide with an increase in the overall number of p63-positive cells. 

Alternatively, low levels of p63 expression in a cell, undetectable by 

immunohistochemistry, may be enough to affect the balance of transcriptionally active to 

dominant negative p53 family members. 



 96 

IV: RADIATION-INDUCED COMPENSATORY PROLIFERATION IN 

SALIVARY GLANDS COINCIDES WITH PROLONGED EXPRESSION OF P63 

AND ACTIVATION OF NOTCH SIGNALING 

Introduction 

 Compensatory proliferation has been described in Drosophila. When cells of the 

imaginal disk, which develop into the adult wing, are irradiated, many of them are lost to 

apoptosis [183]. The remaining cells, however, are driven to proliferate, resulting in a 

nearly normal-size adult wing. In fact, a loss of as many as 75% of cells in the imaginal 

disk can be compensated for. This phenomenon was later reported in mammals. In mice, 

conditional knockout of MDM2 in the intestines leads to rampant p53-mediated apoptosis 

[184]. Even so, intestinal epithelial cells that retain MDM2 expression by recombination 

are stimulated to proliferate, leading to normal intestinal development. Likewise, in 

normal murine intestines, the number of crypt cells decreases by nearly 30% after a 

single 5 Gy dose of ionizing radiation before increasing to 150% of untreated values 

within 5 days [185]. The number of crypt cells begins to decrease after this but does not 

return to normal until more than eight days after irradiation. This compensatory 

proliferation allows for proper replenishment of villus cells. Clearly, this process is 

important in regenerative tissues, but its role in slowly proliferating tissues, such as 

salivary glands, is unknown. 

 Regardless of the source of damage, cellular wounding responses are similar. For 

instance, an early response to a wound is inflammation (reviewed in [186]). Immune 

infiltration has been reported in a number of irradiated tissues (reviewed in [187]), 
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including salivary glands [146]. An excessive immune response can result in fibrosis 

(reviewed in [188]). In salivary glands, persistent loss of function has been attributed to 

replacement of acinar cells with fibrotic tissue [16]. In wounds resulting from loss of 

cells, repopulation of the tissue with differentiated cells is necessary for regaining 

function. Compensatory proliferation is important for this, however, the cells that are 

induced to proliferate are largely undifferentiated [189], therefore the healing process is 

not complete until these cells are driven to differentiate. In this regard, proliferation and 

differentiation are competing processes and must be balanced to achieve tissue 

homeostasis. 

 The p53 homolog p63 is important for salivary gland development; in fact, mice 

lacking p63 are born with no stratified epithelial tissues whatsoever [90, 118]. 

Interestingly, the ΔN isoforms of p63, the predominant variants expressed in epithelial 

cells [89], are not required for differentiation or proliferation of thymic epithelial 

progenitor cells, but rather for maintaining proliferative potential of these cells by 

inhibiting apoptosis [120]. This finding supports the utility of p63 as an epithelial 

progenitor cell marker. This is important in the salivary gland where the identity of the 

progenitor cell population is unknown. While p63 may not be required for differentiation, 

there are mechanisms that link p63 to maintaining pluripotency. For instance, 

transcription of the Notch ligands Jagged1 and Jagged2 is downstream of ΔNp63 in at 

least two types of epithelial cells [190, 191]. In the pancreas, activated Notch1 signaling 

prevents differentiation of acinar cells [192]. Presumably, this occurs through Notch-

mediated up-regulation of the Snail family members Snail and Slug [193, 194], which 
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can block expression of the epithelial adhesion molecule E-cadherin [195-197]. 

Interestingly, TGF-β1 (transforming growth factor β1), a pro-inflammatory transcription 

factor implicated in compensatory proliferation (reviewed in [198]), has also been shown 

to enhance Snail and Slug expression [199, 200]. 

 In head and neck cancer patients, persistent loss of salivary function results in 

severe morbidity (reviewed in [82]). Salivary flow rates in mice treated with a single dose 

of targeted head and neck irradiation are reduced by more than 50% after 30 days [85]. 

While acute salivary gland damage is due to loss of acinar cells to p53-dependent 

apoptosis [72], chronic salivary gland damage is poorly understood. It has been 

hypothesized that persistent loss of function in irradiated salivary glands is due to loss of 

progenitor cells. The radiosensitivity of these cells, however, is unknown. In this study, 

we show that the number of p63-positive cells in irradiated salivary glands increases 

within 9 days—an increase that is sustained for at least 30 days. Because p63 is known to 

mark epithelial progenitors [120], this indicates a gain in undifferentiated cells. 

Consistent with this observation, Notch1 is activated within 6 days, and a similar increase 

in Snail is seen. Our hypothesis is that radiation induces compensatory proliferation in 

salivary glands, but that these proliferative cells fail to fully differentiate due to inhibition 

of E-cadherin by Snail. We speculate that without a signal to differentiate, radiation-

induced damage is never fully repaired, leading to chronic loss of function. 

Understanding the events that control this process may allow us to design therapies to 

induce differentiation and concomitant regeneration in irradiated salivary glands. 
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Materials and Methods 

Treatments 

 All experiments were conducted in 4-5 week old FVB females maintained and 

treated in accordance with protocols approved by the University of Arizona Institutional 

Animal Care and Use Committee. For irradiations, mice were anesthetized with avertin 

(0.4-0.6 mg/kg) and subjected to 5 Gy of targeted head and neck irradiation (
60

Co 

therapeutic irradiator, Theratron-80, Atomic Energy of Canada Ltd., Ottawa, Canada) as 

previously described [72]. For Notch inhibition, mice were irradiated as described above 

and treated with 100 mg (dissolved in 5% ethanol in corn oil) of DAPT interperitoneally 

(LY-374973, Sigma-Aldrich, St. Louis, MO, USA) 48 h later. 

 

Immunohistochemistry 

 Glands were fixed overnight in 10% neutral buffered formalin, transferred to 70% 

ethanol, and embedded in paraffin. Tissues were cut into 4 μm sections by the Histology 

serinevice Laboratory in the Department of Cell Biology and Anatomy at the University 

of Arizona. Slides were stained for p63 (4A4, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) or PCNA (proliferating cell nuclear antigen, Santa Cruz Biotechnology). 

Briefly, slides were heated to 37°C for 30 min and rehydrated in histoclear, graded 

alcohols, and distilled water. Non-specific peroxidase activity was quenched with 0.3% 

H2O2. For antigen retrieval (PCNA only), slides were placed in citrate buffer (pH 6.0), 

heated twice in a microwave for 5 min, and allowed to cool. After washes, slides were 

treated as instructed by the manufacturer (Vectastain Elite ABC kit, PK-6101, Vector 
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Laboratories, Burlingame, CA, USA). Color development was performed with Biogenex 

DAB. Slides were counterstained with Nuclear Fast Red (p63) or Gill's hematoxylin 

(PCNA), dehydrated, and mounted in Permount. Images were made with a Leica 

DM5500 and 4 megapixel Pursuit camera. The p63- and PCNA-positive cells in parotid 

sections were counted from a minimum of three fields of view per slide from three slides 

(three mice). 

  

Western Blotting 

 Parotid glands were homogenized in RIPA [Limesand2006] supplemented with 

SIGMAFAST protease inhibitor cocktail (Sigma-Aldrich) and 5 mM sodium 

orthovanadate. After adding 100 µg/ml of PMSF, samples were boiled for 10 min and 

sonicated until homogenous. Protein concentrations were determined using Coomassie 

Plus Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 100 µg of 

each sample was loaded on an 8% polyacrylamide gel, transferred to a 0.45 µm 

Immobilon-P membrane (Millipore, Bedford, MA, USA), and immunoblotted with one of 

the following antibodies: anti-cleaved Notch1 (Cell Signaling Technologies, CST, 

Beverly, MA, USA), anti-p63 (4A4, Abcam, Cambridge, MA, USA), anti-ERK 

(extracellular signal-regulated kinase, Promega).  Secondary antibodies were conjugated 

with HRP (goat anti-rabbit, Bio-Rad or anti-mouse TrueBlot for anti-p63 primary, 

eBioscience, San Diego, CA), and ECL substrate (Thermo Fisher Scientific) was used for 

detection as instructed by the manufacturer. Membranes were stripped with Restore 
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Western Blot Stripping Buffer (Thermo Fisher Scientific), reblocked, and reprobed as 

previously described [84]. 

 

Real-time RT-PCR 

 RNA was isolated from parotid glands as previously described [84] and 

quantified. 1 μg was reverse transcribed using a Super Script III Kit as instructed by the 

manufacturer (Invitrogen, Carlsbad, CA, USA). The following real-time reaction mix was 

prepared: 5 μl of cDNA (diluted 1:5 after reverse transcription), 1 μl of mixed forward 

and reverse primers (10 μM each), 12.5 μl of SYBR Green (Qiagen, Valencia, CA, 

USA), and nuclease-free water to a final volume of 25 μl.  Reactions were run using an 

iQ5 Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA) and analyzed as 

previously described [72]. Normalized values were plotted as relative fold over untreated. 

The following primers were purchased from IDT:  S15 [84], Jagged1 forward: 5’-TGG 

TGG TAC CTG CTA TGA TG-3’, Jagged1 reverse: 5’-CTT TGC AGA CAC AGG 

TGA AG-3’, Jagged2 forward: 5'-TAC AGT GCC ACC TGC AAC AA-3', Jagged2 

reverse: 5'-ATT CTT TGC CCA TCC AGC CA-3', nodal forward: 5'-TGG TGT TGT 

TTG CGG GTC CAA A-3', nodal reverse: 5'-AGA GCC CAA CAG GCT TGA AGA A-

3', Snail forward: 5’-AGG GTG GTT ACT GGA CAC AT-3’, Snail reverse: 5’-TGG 

TCC CTT CTG AGA CAG TT-3’. 
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Statistical Analysis 

 Single comparisons were made using student’s t-tests calculated with Microsoft 

Excel. 
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Results 

The percentage of p63-positive cells in parotid glands increases following irradiation 

 Mice lacking p63 fail to develop salivary glands or, for that matter, any other 

stratified epithelial tissue [117, 118]. While ΔN variants are the predominant p63 

isoforms expressed in epithelial cells, the TA proteins are also required for development 

of epithelium. In p63
-/-

 mice, complementation with a single p63 isoform in the basal 

layer of the skin fails to reverse the skinless phenotype, while complementation with both 

TAp63α and ΔNp63α results in partial recovery of skin formation [119]. Importantly, 

however, p63 is not required for differentiation of thymic epithelial cells. The thymuses 

of p63
-/-

 mice, while hypoplastic, are capable of supporting T cell maturation, and appear 

fully differentiated based on epithelial expression of keratin 5, keratin 8, and a number of 

other markers [120]. Instead, p63 is required for maintaining the proliferative potential of 

progenitor cells by preventing apoptosis [120]. This finding supports the utility of p63 as 

an epithelial progenitor cell marker, which is important in salivary glands in which 

progenitor cells have not yet been identified.  

 Acute radiation-induced salivary gland dysfunction has been attributed to loss of 

acinar cells to apoptosis [72]. Likewise, it has been hypothesized that persistent radiation-

induced salivary gland dysfunction is due to loss of progenitor cells. The radiosensitivity 

of these cells, however, is unknown. To assess the effects of radiation on putative 

salivary progenitor cells, we stained irradiated parotid glands for p63. Interestingly, the 

percentage of p63-positive cells increases from roughly 3% in untreated glands to almost 

5% in irradiated glands (Figure 4.1). While this difference is significant after 9 and 30
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Figure 4.1: Radiation results in accumulation of p63-positive cells in irradiated

parotid glands. The head and neck regions of FVB mice were irradiated. Parotid

glands were removed after 9, 30, and 90 days. Tissues were embedded in paraffin and

stained for p63. a) and b) Representative images are shown. The graph (c) represents

the number of p63-positive salivary cells as the percentage of total salivary cells

counted. The data are displayed as the mean + s.e.m. (*) denotes a significant

difference (p ≤ 0.05) between untreated and irradiated glands as measured by a

student’s t-test.
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days, the trend seems to persist for at least 90 days, indicating a persistent increase in 

potentially undifferentiated cells following irradiation. 

 

Accumulation of p63-positive cells in irradiated parotid glands coincides with increased 

proliferation 

 An accumulation of undifferentiated cells in salivary glands post-irradiation may 

be the result of a number of processes. First, salivary progenitor cells may be 

radioresistant, so when differentiated acinar cells die, the percentage of undifferentiated 

cells increases without an actual increase in cell number. Second, radiation may induce 

de-differentiation. Third, radiation may enhance proliferation of undifferentiated cells to 

repopulate the gland. This final mechanism, known as compensatory proliferation, is 

well-supported in the literature. For example, in murine intestines a loss of as many as 

30% of crypt cells following irradiation can be compensated for, allowing for proper 

replenishment of villus cells and function of the tissue [185]. Because salivary cells are 

normally slow to proliferate, the role of compensatory proliferation in healing salivary 

gland damage is unknown. 

 To determine whether radiation-induced accumulation of p63-positive cells in 

parotid glands is related to compensatory proliferation, we measured proliferation by 

staining treated tissue for PCNA. In untreated parotid glands, the percentage of PCNA-

positive cells is barely 1%. Within 9 days, however, the percentage of PCNA-positive 

cells in irradiated parotid glands increases to more than 4% (Figure 4.2). This enhanced
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Figure 4.2: Radiation induces proliferation in parotid glands. The head and neck

regions of FVB mice were irradiated. Parotid glands were removed after 9 and 30

days. Tissues were embedded in paraffin and stained for PCNA. The graph represents

the number of PCNA-positive salivary cells as the percentage of total salivary cells

counted. The data are displayed as the mean + s.e.m. (*) denotes a significant

difference (p ≤ 0.05) between untreated and irradiated glands as measured by a

student’s t-test.
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proliferation persists for at least 30 days. These data support the hypothesis that radiation-

induced apoptosis [72, 84, 85] drives compensatory proliferation in salivary glands. 

 

Notch1 signaling is activated in irradiated parotid glands 

 While p63 is not required for differentiation of thymic epithelial cells, the 

thymuses of p63
-/- 

mice have an increased number of differentiated cells compared to 

wild-type mice [120]. Similarly, p63-positive epithelial cells in the thymus are 

morphologically immature [120]. Together, these data suggest that p63 may play a role, 

not in driving differentiation, but in maintaining a pluripotent phenotype. In fact, several 

mechanisms have been proposed that involve p63 in the signaling events necessary for 

preventing differentiation. One mechanism involves transcription of the Notch ligands 

Jagged1 and Jagged2 downstream of ΔNp63 [190, 191]. Notch1 signaling prevents 

differentiation of pancreatic acinar cells [192]. In the prostate, Notch1 signaling is 

required for branching morphogenesis [201]—a developmental process that is also 

necessary for salivary gland maturation (reviewed in [170]). It is worth noting that Notch 

ligands are transmembrane proteins (reviewed in [202]), so up-regulation of Jagged1 or 

Jagged2, for instance, can activate Notch signaling in a number of neighboring cells. This 

may indicate that the number of undifferentiated cells in irradiated salivary glands is 

greater than the number of p63-positive cells. 

 Upon ligand binding, the receptor Notch1 is cleaved by proteases, releasing the 

Notch intracellular domain (NICD). NICD then enters the nucleus where it interacts with 

CSL (CBF1/RBP-Jκ/Suppressor of Hairless/LAG-1) family transcription factors, forming 
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a transcriptionally active complex (reviewed in [202]). To investigate the role of Notch 

signaling in maintaining an undifferentiated phenotype in parotid cells after irradiation, 

we performed Western blotting for cleaved Notch1 (NICD). Within 5 days of irradiation, 

the amount of cleaved Notch1 increases substantially and remains elevated through at 

least day 6 (Figure 4.3a). This coincides with the increased number of undifferentiated, 

p63-positive cells observed in parotid glands within 9 days of irradiation (Figure 4.1). 

Similarly, ΔNp63γ protein increases by day 5 and ΔNp63α by day 6 (Figure 4.3a). These 

results suggest a role for ΔNp63 in regulating Notch signaling by enhancing transcription 

of Jagged1 and Jagged2. Supporting this relationship, we show that Jagged2 mRNA 

expression increases roughly 4-fold by day 5 post-irradiation and continues to increase 

through at least day 7 (4.3b). Interestingly, radiation has no effect on Jagged1 expression 

at these time-points (Figure 4.3b). 

 

Nodal mRNA expression increases in irradiated parotid glands 

 Also affecting differentiation is signaling downstream of the TGF-β family 

receptors. Interestingly, while the ligands TGF-β, activin, and nodal seem to maintain 

undifferentiated cells, the ligands BMP (bone morphogenic protein) and GDF (growth 

differentiation factor) can stimulate cells to differentiate (reviewed in [203]). The TGF-β 

ligands achieve these varied effects by activating different effector Smads (Sma and Mad 

related proteins). In the case of TGF-β, activin, and nodal, activation of receptors results 

in downstream activation of Smad2 and Smad3 (reviewed in [203]). In human embryonic 

stem (ES) cells, Smad2/3 is phosphorylated and localized to the nucleus, indicative of
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Figure 4.3: Increased ΔNp63 protein coincides with activation of Notch1 in

parotid glands 5 days after irradiation. The head and neck regions of FVB mice

were irradiated and parotid glands were removed. a) Protein lysates were prepared,

and Western blotting was performed as described in Materials and Methods. Total

ERK was used to confirm equal loading of lanes. b) RNA was isolated, and real-time

RT-PCR was run with primers to amplify Jagged1 or Jagged2. Results were calculated

using the 2-ddCt method, normalized to untreated, and displayed as the mean + s.e.m. of

≥ 3 mice per treatment. (*) denotes a significant difference (p ≤ 0.05) between

untreated and irradiated glands as measured by a student’s t-test.
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active TGF-β/activin/nodal signaling [204]. When Smad2/3 phosphorylation is inhibited, 

expression of pluripotency markers is reduced in these cells, corresponding with changes 

in morphology consistent with differentiation. Interestingly, microarray analysis revealed 

that nodal is the major TGF-β ligand up-regulated in undifferentiated cells [205].  

 Because TGF-β signaling has been implicated in initiating compensatory 

proliferation (reviewed in [198]), we used real-time RT-PCR to examine nodal 

expression in irradiated parotid glands. By 72 h post-irradiation, nodal transcription 

increases substantially (Figure 4.4). This increased expression of nodal mRNA lasts until 

at least day 5 post-treatment. These data support a role for nodal, similar to Notch1, in 

maintaining undifferentiated cells. 

 

Snail mRNA expression increases in irradiated parotid glands downstream of cleaved 

Notch 

 Signaling downstream of Notch1 and nodal converges at the transcriptional 

repressors Snail and Slug. Once activated, cleaved Notch1 can move to the nucleus where 

it interacts with CSL to form a transcriptionally active complex (reviewed in [202]); this 

complex then transactivates Snail and Slug [193, 194]. At the same time, activated 

Smad2 downstream of nodal can enhance their transcription [206]. Snail and Slug have 

been studied mostly in the context of epithelial to mesenchymal transition (EMT), which 

they enhance. Importantly, EMT involves loss of epithelial phenotype, supporting a role 

for Snail and Slug in inhibiting factors necessary for maintaining epithelium. In fact, 

these transcriptional repressors execute their effects by preventing transcription of
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Figure 4.4: Nodal mRNA expression increases in irradiated parotid glands. The

head and neck regions of FVB mice were irradiated. Parotid glands were removed,

RNA was isolated, and real-time RT-PCR was run with primers to amplify nodal.

Results were calculated as described for Figure 4.3b and displayed as the mean +

s.e.m. of ≥ 3 mice per treatment.
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epithelial genes such as E-cadherin, mucin (MUC-1), and cytokeratin-18 (reviewed in 

[207]). 

 To assess the role of Snail in preventing differentiation of proliferating salivary 

cells post-irradiation, we performed real-time RT-PCR. As with nodal, Snail transcription 

remains low until 72 h post-treatment, at which point it increases and remains elevated 

through at least day 4 (Figure 4.5a). To confirm that radiation induces Snail transcription 

downstream of Notch, we treated mice with DAPT, an inhibitor of the γ-secretase 

necessary for Notch cleavage. In these mice, Snail transcription is no different 72 h after 

irradiation than in untreated glands (Figure 4.5b). Importantly, treatment with a vehicle 

control had no effect on radiation-induced Snail expression. These results confirm that 

up-regulation of Snail post-irradiation is Notch-dependent. Consequently, Snail may be 

involved in maintaining an undifferentiated state in salivary cells following irradiation. 
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Figure 4.5: Snail mRNA expression increases in irradiated parotid glands

downstream of cleaved Notch. FVB mice were treated with either radiation alone

(a) or with radiation followed 48 h later by DAPT (100 mg, I.P.) or vehicle control

(5% EtOH in corn oil, I.P.) (b). Parotid glands were removed (48-96h for radiation

alone, 72h total for DAPT or vehicle control), RNA was isolated, and real-time RT-

PCR was run with primers to amplify Snail. Results were calculated as described for

Figure 4.3b and displayed as the mean + s.e.m. of ≥ 3 mice per treatment. (*) denotes

a significant difference (p ≤ 0.05) between untreated and irradiated glands as

measured by a student’s t-test.
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Discussion 

 Chronic loss of salivary function is a common side-effect of radiotherapy for head 

and neck tumors (reviewed in [82]). Within days, glandular shrinkage is apparent [8] and 

likely results from attrition of acinar cells [7, 9]. These cells, which account for roughly 

80% of the parotid gland, are responsible for protein and water secretion [10]. 

Consequently, loss of acinar cells to p53-dependent apoptosis is responsible for reduced 

salivary output observed following irradiation [72]. The current standard of care for 

patients suffering from salivary gland dysfunction is palliative treatment with muscarinic-

cholinergic agonists that stimulate secretion from remaining salivary cells; however, for 

the hundreds-of-thousands of patients who have already undergone head and neck 

irradiation [1], regenerative therapies are needed. 

 When a wound results from loss of cells, repopulation of the tissue with 

differentiated cells is necessary to regain function. An early event in healing this type of 

damage is compensatory proliferation—a process in which proliferation is enhanced in 

cells surviving apoptosis [183]. It is because of compensatory proliferation that murine 

intestines remain functional following a dose of irradiation [185]. Similarly, it allows for 

normal development of the Drosophila wing after a loss of as many as 75% of cells in the 

imaginal disk [183]. During compensatory proliferation, the cells that are driven to divide 

are largely undifferentiated [189]. To complete the healing process, these cells must 

differentiate to replace the specific cells types lost during injury. Because irradiated 

salivary glands display a prolonged loss of function, we predicted that we would observe 

an accumulation of undifferentiated cells following irradiation, and that these cells would 
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fail to differentiate. The p53 homolog p63 is necessary for the development of all 

stratified epithelial tissues including salivary glands [117, 118]. The ΔN isoforms are 

necessary for maintaining a proliferative population of epithelial progenitor cells in the 

thymus [120]. Because of this, we used p63 as a potential marker of undifferentiated 

cells. In irradiated parotid glands, the percentage of p63-positive cells increases 

significantly within 9 days of treatment, a trend that persists through at least day 90 

(Figure 4.1). A possible explanation for this is that salivary progenitor cells are 

radioresistant, so as differentiated acinar cells die following irradiation, the population of 

undifferentiated progenitor cells becomes enriched without an actual increase in cell 

number. Here, though, accumulation of p63-positive cells coincides with increased 

proliferation (Figure 4.2), which may indicate that the new cells are undifferentiated. 

Importantly, these cells must differentiate into functional acinar cells for regeneration of 

damaged glands. The increased number of p63-positive cells observed after irradiation, 

however, implies that differentiation is not occurring. In fact, proliferation and 

differentiation are competing processes, so increased proliferation by itself suggests lack 

of differentiation. 

 While p63 is not necessary for differentiation of epithelial cells [120], this does 

not preclude a role for it in maintaining undifferentiated cells. In fact, ΔNp63 leads to up-

regulation of Jagged1 and Jagged2 [190, 191], which activate Notch1, a receptor that 

preserves pluripotency of epithelial progenitor cells. For example, in the pancreas, 

Notch1 signaling inhibits differentiation of acinar cells [192]. One study demonstrated 

that p63 is transactivated downstream of the kinase mTORC1 by the transcription factor 
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STAT3. This increased p63 expression leads to transcriptional up-regulation of Jagged1, 

which activates Notch1 and blocks differentiation of myocytes [161]. In irradiated parotid 

cells, p63 is localized to the nucleus (Figure 4.1b) where it can transactivate Jagged1 and 

Jagged2 and potentially prevent differentiation. As a result, activation of Notch1 is 

apparent within 5 days of irradiation (Figure 4.3). It is worth noting that in epidermal 

stem cells, unlike myocytes [161] or pancreatic epithelial cells [192], Notch1 signaling 

blocks cell cycle progression and promotes differentiation [208, 209]. This does not 

appear to be the case in salivary cells in which activated Notch1 (Figure 4.3) correlates 

with increased proliferation (Figure 4.2).  

 After ligand binding and cleavage, Notch1 can form an active transcription factor 

(reviewed in [202]), resulting in up-regulation of Snail and Slug [193, 194]. The 

transcriptional repressors Snail and Slug then inhibit transcription of epithelial genes such 

as E-cadherin, MUC-1, and cytokeratin-18 (reviewed in [207]). Here, we show that Snail 

mRNA increases with 72 h of irradiation (Figure 4.5a). While this time-point is earlier 

than the observed Notch1 cleavage, it is worth noting that Western blotting may not be 

the most sensitive assay for Notch1 activation, which is expected in only a small 

percentage of cells. To demonstrate that Snail transcription is enhanced by radiation 

downstream of activated Notch1, we treated mice with DAPT, which prevents Notch 

cleavage; in these animals, Snail transcription did not increase with radiation (Figure 

4.5b). Another mechanism for transcriptional activation of Snail and Slug involves 

phosphorylation of Smad2, or potentially Smad3, downstream of the TGF-β family 

receptors [206]. Nodal, a ligand for these receptors, is up-regulated in undifferentiated 
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cells [205]. We show that by 72 h post-irradiation, nodal transcription increases 

substantially (Figure 4.4). This is particularly interesting because TGF-β signaling has 

been implicated in initiating compensatory proliferation (reviewed in [198]). Also of note 

is the fact that activated Notch has been shown to inhibit expression of Smad2 while 

enhancing expression of Smad3 and Smad3 target genes [210]; this indicates another 

mechanism of cross-talk between Notch and nodal signaling. 

 Previous work from our group indicated that loss of salivary acinar cells to 

apoptosis following irradiation is responsible for salivary dysfunction measured after 30 

days [72]. Here, we suggest that chronic loss of function is accompanied by an 

accumulation of undifferentiated cells, reminiscent of compensatory proliferation. This 

repopulation of a tissue is necessary for healing wounds that result from loss of cells; 

however, in order for the process to be complete, new, undifferentiated cells must be 

driven to differentiate into functional cells. In irradiated salivary glands, differentiation of 

these cells may not occur. It is plausible that signaling through Notch1 downstream of 

p63 induces Snail, which inhibits expression of the important epithelial protein E-

cadherin, and thus maintains pluripotency (Figure 4.6). This model, however, is difficult 

to prove, and experiments have, to this point, been largely correlative. In future studies, 

we aim to elucidate specific cause-and-effect relationships involved in failure of 

irradiated salivary glands to heal; to this end, long-term studies using DAPT may be 

informative. At this point, we propose that inducing differentiation in undifferentiated 

salivary cell following irradiation will result in healing of the gland and recovery of 

function. This is an important therapeutic approach for the hundreds-of-thousands of
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Figure 4.6: A putative role for ΔNp63 in inhibiting differentiation of parotid cells

following irradiation. We have shown an accumulation of p63-positive cells in

irradiated parotid glands. Transactivation of the Notch ligand Jagged2 is downstream

of ΔNp63. Importantly, Jagged2 is expressed on the surface of a cell and can,

therefore, activate Notch signaling in a number of neighbors. Upon activation, Notch1

is cleaved, and the cytoplasmic domain moves to the nucleus where it transactivates

Snail. At the same time, elevated nodal ligand post-irradiation leads to increased

activation of TGF-β family receptors, which phosphorylate Smad2 and Smad3.

Smad2/3 can then transactivate Snail, presumably through activation of Smad4. The

transcriptional repressor Snail may then prevent transactivation of the epithelial

adhesion protein E-cadherin. [191,193, 194, 202, 203, 206].
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patients who have already undergone head and neck irradiation and are suffering from 

salivary gland dysfunction [1]. 
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V. CONCLUSION 

 More than 50,000 cases of head and neck cancer are diagnosed in the United 

States each year, resulting in more than 11,000 deaths [1]. To combat this disease, 

clinicians typically treat patients with cisplatin, a radiosensitizer, alongside targeted 

radiotherapy [3]. Unfortunately, despite advances in therapeutic technology, such as 

IMRT, irradiation of the head and neck still causes severe side-effects in non-diseased 

tissues, including salivary glands (reviewed in [82]). Loss of salivary function begins 

almost immediately, with a significant drop in salivary output evident within one week of 

beginning therapy [11]. More importantly, the damage is chronic, with 64% of survivors 

reporting moderate to severe xerostomia, or dry mouth, more than three years after their 

last treatment [15]. The maladies that accompany xerostomia include dysphagia, 

malnutrition, damaged oral mucosa, and tooth decay. Importantly, many patients 

discontinue treatment due to the diminished quality of life brought on by these 

complications [4]. Currently, the only therapeutic options for xerostomia are palliative. 

Particularly, muscarinic-cholinergic agonists are used to stimulate secretion from 

remaining salivary cells, but due to their non-specific mechanism of action, these drugs 

elicit a number of ill-effects. Clearly, therapies are needed both for preventing radiation-

induced salivary gland damage, as well as restoring glandular function in the hundreds-

of-thousands of patients who are already suffering. 

 Loss of salivary output from irradiated glands is due to attrition of acinar cells to 

p53-dependent apoptosis [72, 84, 85]. In fact, within 24 h of a single 5 Gy dose of 

targeted irradiation, 30% of murine parotid acinar cells stain positive for the apoptosis 
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marker cleaved caspase-3 [84]. Without these cells, which comprise 80% of the parotid 

gland, water and protein secretion is impaired [7, 10]. Remarkably, a single intravenous 

dose of IGF1 given immediately prior to irradiation can reduce apoptosis by more than 3-

fold, resulting in preservation of salivary function measured after 30 days [85]. Because 

radiotherapy is typically given in daily fractions over the course of 6 weeks [19], the 

clinical relevance of this model was tested by injecting mice with IGF1 prior to each 

irradiation for 5 days [146]. As with the single injection studies, IGF1 pre-treatment 

reduces apoptosis and preserves salivary function. Early work established that IGF1-

mediated suppression of apoptosis in salivary glands occurs downstream of activated Akt 

[84]. For example, in myr-Akt1 mice, reduced apoptosis in the salivary glands 

corresponds with decreased p53 activity (phosphorylation of serine18) and reduced 

transcription of p53 target genes [84]. Supporting a role for p53 in radiation-induced 

apoptosis, knockdown of MDM2 almost completely abrogates Akt-mediated suppression 

of apoptosis in primary myr-Akt1 parotid cells [84]. 

 To further investigate the mechanisms of IGF1-mediated suppression of 

apoptosis, we assessed acute G2/M arrest in irradiated parotid glands. Interestingly, 

parotid glands of mice pre-treated with IGF1 immediately prior to head and neck 

irradiation exhibit increased G2/M arrest compared to glands of mice treated with 

radiation alone (Figure 3.1). This increased arrest coincides with sustained expression of 

the cell cycle arrest gene p21 (Figure 3.5). Because ΔNp63 can regulate many p53 target 

genes such as p21, we evaluated p21 promoter occupancy using ChIP. Supporting a role 

for p63 in affecting the DNA damage response, parotid glands of mice pre-treated with 
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IGF1 exhibit reduced binding of ΔNp63 to the p21 promoter (Figure 3.8). This coincides 

with increased binding of p53 (Figure 3.9), higher expression of p21, and G2/M arrest. 

We hypothesize that cell cycle arrest in IGF1 pre-treated mice facilitates DNA repair 

following irradiation, thereby preventing apoptosis. Understanding molecular events 

involved in IGF1-mediated suppression of apoptosis may allow us to design molecular 

interventions for protecting irradiated salivary glands that have fewer global effects than 

treatment with a growth factor such as IGF1. Another important implication of these 

results is that competitive binding of p53 response elements by ΔNp63 may direct p53 to 

other promoters (Figure 3.11), thereby accounting for selective activation of p53 target 

genes leading to either cell death or cell cycle arrest and repair. 

 In addition to its role in affecting the DNA damage response, p63 is required for 

salivary gland development [117, 118]. In the work presented here, we evaluated p63 as a 

potential marker of salivary progenitor cells. Interestingly, the percentage of p63-positive 

cells in irradiated parotid glands increases significantly within 30 days (Figure 4.1). 

Similarly, the percentage of proliferating cells also increases (Figure 4.2). Together, these 

results are suggestive of compensatory proliferation, which is important for healing 

wounds that result from cell loss. In irradiated parotid glands, however, enhanced 

expression of Snail downstream of activated Notch1 (Figures 4.3 and 4.5) indicates lack 

of differentiation (reviewed in [207]). Importantly, for healing to be complete, functional 

cells must be replenished, which requires not only proliferation but differentiation as 

well. Thus, we propose that inducing differentiation in proliferating salivary cells 

following irradiation will result in healing of the gland and recovery of function. 
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 This work contributes significantly to our overall understanding of the acute and 

chronic response of salivary glands to irradiation. Importantly, we have suggested new 

therapeutic targets for both prevention of salivary gland damage and restoration of 

salivary gland function. 
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APPENDIX A: P73 IN SALIVARY GLANDS 

Introduction 

 As with other p53 family members, the ratio of p73 isoforms—TA to ΔN—is 

important for determining how a cell will respond to stress. For example, exogenously 

expressed TAp73α is known to enhance radiosensitivity of cervical cancer cells [211], 

while ΔNp73α is rapidly degraded in osteosarcoma cells following UV irradiation, 

allowing apoptosis to occur [212]. Just as critical, however, is the relationship among the 

three p53 family members. First, these transcription factors bind to the same promoter 

response elements, as evidenced by the fact that p53, TAp63, and TAp73 can each 

transactivate p53 target genes [89, 213]; thus, competition for binding sites may influence 

how target genes are expressed. Second, in order to bind to DNA these transcription 

factors form tetramers [113, 114], and while p53 does not seem to form heterotetramers, 

both p63 and p73 do [114], which potentially affects transcriptional activity. A basic 

model would suggest, for instance, that a heterotetramer of TAp73 and ΔNp63 would 

have reduced transcriptional activity compared to a TAp73 homotetramer. In fact, in head 

and neck squamous cell carcinoma, ΔNp63α can inhibit apoptosis by binding to TAp73β 

and preventing transactivation of Puma [136]. 

 In order to understand how p63 and p73 interact to effect radiation-induced 

salivary gland damage, we must first assess the individual contributions of each of these 

proteins. We have already demonstrated that IGF1-mediated suppression of apoptosis in 

irradiated salivary glands is, in part, due to reduced inhibitory binding of ΔNp63 to the 

p21 promoter, which allows for transactivation of p21 leading to cell cycle arrest 
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(Chapter 3). We have also suggested that ΔNp63 may be involved in regulating 

compensatory proliferation in salivary glands post-irradiation (Chapter 4). In this 

appendix, we show that after 8 h there is no difference in p73 protein expression between 

mice treated with radiation alone and those pre-treated with IGF1. These data suggest that 

p73 is not involved in acute IGF1-mediated suppression of apoptosis or cell cycle arrest 

in irradiated salivary glands. However, after 24h p73 protein expression is reduced in 

salivary glands from mice pre-treated with IGF1, indicating that p73 may affect later 

events dictating IGF1-mediated preservation of salivary function. 
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Materials and Methods 

Treatment of Mice 

 All experiments were conducted using 4-5 week old FVB females maintained and 

treated in accordance with protocols approved by the University of Arizona Institutional 

Animal Care and Use Committee. Mice were irradiated, given intravenous IGF1, or a 

combination of the two. For irradiation, mice were anesthetized with avertin (0.4-0.6 

mg/kg) and subjected to 5 Gy (10 Gy for p73 real-time RT-PCR analysis) of targeted 

head and neck irradiation (
60

Co therapeutic irradiator, Theratron-80, Atomic Energy of 

Canada Ltd., Ottawa, Canada) as previously described [72]. Those treated with IGF1 

received 5 μg of intravenous recombinant human IGF1 (GroPrep, Adelaide, Australia) as 

previously described [85]. For the combination treatment, IGF1 injections were given 

immediately prior to irradiating the animal.  

  

Western Blotting 

 Glands were homogenized in RIPA [Limesand2006] supplemented with 

SIGMAFAST protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and 5 

mM sodium orthovanadate. After adding 100 µg/ml of PMSF, samples were boiled for 10 

min and sonicated until homogenous. Protein concentrations were determined using 

Coomassie Plus Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). 

100 µg of each sample was loaded on an 8% polyacrylamide gel, transferred to a 0.45 µm 

Immobilon-P membrane (Millipore, Bedford, MA, USA), and immunoblotted with one of 

the following antibodies: anti-ERK (Promega, Madison, WI, USA), anti-p73 (Ab-4, 
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Thermo Fisher Scientific). Secondary antibodies were conjugated with HRP (goat anti-

rabbit, Bio-Rad, Hercules, CA, USA, or anti-mouse TrueBlot for anti-p73 primary, 

eBioscience, San Diego, CA), and ECL substrate (Thermo Fisher Scientific) was used for 

detection as instructed by the manufacturer. Membranes were stripped with Restore 

Western Blot Stripping Buffer (Thermo Fisher Scientific), reblocked, and reprobed as 

previously described [84]. 

 

RNA Isolation and real-time RT-PCR 

 RNA was isolated as previously described [84] and quantified. 1 μg of RNA was 

reverse transcribed using a Super Script III Kit as instructed by the manufacturer 

(Invitrogen, Carlsbad, CA, USA) and diluted 1:5. The following real-time reaction mix 

was prepared: 5 μl of diluted cDNA, 1 μl of mixed forward and reverse primers (10 μM 

each), 12.5 μl of SYBR Green (Qiagen, Valencia, CA, USA), and nuclease-free water to 

a final volume of 25 μl.  Reactions were run using an iQ5 Real-time PCR Detection 

System (Bio-Rad) and analyzed as previously described [72]. Normalized values were 

plotted as relative fold over untreated. The following primers were purchased from IDT:  

S15 [84], ΔNp73 forward: 5’-CGT CCA ATT TTA ATC ATC GTT AC-3’, ΔNp73 

reverse: 5’-CTG TCT TCA TCT GCC TTC C-3’. QuantiTect primers for total p73 were 

purchased from Qiagen. 
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Results 

Intravenous IGF1 increases p73 mRNA and protein expression in parotid glands 

 Studies have indicated that Akt can influence p73 activity post-translationally 

[141, 142, 214]. One mechanism involves Akt-mediated phosphorylation of YAP, 

leading to its accumulation in the cytosol, where it is unable to bind to p73 and enhance 

p73-dependent transcription [214]. YAP also blocks binding of Itch, an E3 ubiquitin 

ligase, to p73 [142], so when YAP is phosphorylated by Akt, p73 is rapidly degraded. 

Another Akt substrate that can be activated is MDM2 [160], which interacts with p73—

an interaction that reduces p73 transcriptional activity without affecting its stability [141]. 

No transcriptional regulation of p73, however, has been reported downstream of Akt. To 

determine whether IGF1 can induce p73 expression in salivary glands in vivo, similarly to 

p63 (Figure 2.1), we treated mice with 5 μg of intravenous IGF1. This dose results in 

maximal activation of Akt as indicated by phosphorylation of serine473 [85].  

 Within 30 min of stimulation, levels of p73 protein increase (Figure A.1a). This 

corresponds with a roughly 4.5-fold increase in total p73 transcription measured after 1 

and 4 h (Figure A.1b). Real-time PCR primers specific for ΔN variants revealed no 

change in transcription following treatment with IGF1 (data not shown). This, along with 

the 70 kDa protein observed by Western blotting, indicates that salivary glands primarily 

express TAp73α. Likewise, ΔNp73 is not expressed in normal prostate tissue [215]. 

Unexpectedly, TAp73α, which is known to increase with stress [140], seems to increase 

with IGF1 stimulation in salivary glands. To confirm this interesting result, a thorough
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Figure A.1: IGF1 enhances p73 protein and mRNA expression in parotid glands.

Mice were treated intravenously with IGF1, and parotid glands were removed after

15’, 30’, 1, 2, and 4 h. a) Protein lysates were prepared, and Western blotting was

performed as described in Materials and Methods. Total Erk was used to confirm

equal loading of lanes. b) RNA was isolated, and real-time RT-PCR was run with

primers to amplify total p73. Results were calculated using the 2-ddCt method,

normalized to untreated, and displayed as the mean + s.e.m. (*) denotes a significant

difference (p ≤ 0.05) between treated and untreated glands.
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analysis of p73 transcripts will need to be performed, similar to what is shown in Figure 

2.1a. 

 

Radiation induces p73 protein expression in irradiated salivary glands 

 Upon DNA damage, cells have been shown to transcriptionally up-regulate 

TAp73 [140]. At the protein level, TAp73 becomes stabilized when it is phosphorylated 

by c-Abl following DNA damage [216-218]. This modification affects p73-dependent 

apoptosis as illustrated by the reduced apoptosis observed in c-Abl
-/-

 fibroblasts treated 

with radiation [218]. TAp73 seems to exert its apoptotic effects by transactivating Puma 

(p53 up-regulated modulator of apoptosis), leading to localization of Bax to the 

mitochondria [219].  

 To determine whether p73 influences radiation-induced apoptosis or IGF-

mediated suppression of apoptosis, we examined p73 expression in irradiated salivary 

glands with and without IGF1 pre-treatment. At the transcriptional level, total p73 

increases more than 3-fold within 4 h of irradiation (Figure A.2a). This corresponds with 

a dramatic increase in p73 protein by 8h (Figure A.2b). Although, the fact that p73 

protein is no different between glands treated with radiation alone and those pre-treated 

with IGF1 indicates that p73 does not play a role in acute IGF1-mediated suppression of 

apoptosis. After 24 h, however, p73 protein levels are reduced in salivary glands of mice 

pre-treated with IGF1 compared to those from mice treated with radiation alone. This 

indicates a potential role for p73 in later events affecting IGF1-mediated preservation of 

salivary function. 
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Figure A.2: p73 protein and mRNA expression increases in irradiated parotid

glands. a) The head and neck regions of wild-type mice were irradiated +/-IGF1 pre-

treatment. Parotid glands were removed, protein lysates were prepared, and Western

blotting was performed as described in Materials and Methods. Total Erk was used to

confirm equal loading of lanes. b) The head and neck regions of wild-type mice were

irradiated IGF1 pre-treatment. Parotid glands were removed, RNA was isolated, and

real-time RT-PCR was run with primers to amplify total p73. Results were calculated

as described for Figure A.1 and displayed as the mean + s.e.m. of ≥ 3 mice per

treatment.
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Discussion 

 Salivary gland dysfunction is commonly a side effect of head and neck 

irradiation. The symptoms include persistent dry mouth, oral sores, dysphagia, and 

malnutrition. Often, these problems lead patients to cease treatment prematurely. 

Currently, options to treat radiation-induced salivary gland damage are limited (reviewed 

in [82]). Work from our lab focuses on protecting salivary glands during head and neck 

irradiation and restoring function to already damaged glands. To this end, we have shown 

that activation of Akt, either constitutively (myr-Akt1) or by a single intravenous 

injection of IGF1, reduces radiation-induced apoptosis, resulting in preserved salivary 

flow rates in mice measured after 30 days [84, 85].  

 In this work, we indicate that ΔNp63 contributes to apoptosis in irradiated 

salivary glands by preventing p53-dependent cell cycle arrest (Chapter 3). Importantly, 

we show that inhibition of the cell cycle arrest gene p21 by ΔNp63 is prevented by IGF1 

pre-treatment. Importantly, p63 and p73 are known to interact with each other and 

influence the DNA damage response. For instance, in head and neck squamous cell 

carcinoma, ΔNp63α can inhibit apoptosis by binding to TAp73β and preventing 

transactivation of Puma [136]. However, in order to understand how p63 and p73 interact 

to affect radiation-induced salivary gland damage, it is necessary to examine the 

individual contributions of each of these proteins. 

 In this work, we show that stimulation with IGF1 enhances p73 mRNA and 

protein expression in normal salivary glands (Figure A.1). The pattern of IGF1-induced 

p73 expression is similar to what is seen for p63 (Figure 2.1b and 2.1c), suggesting that 
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regulation of these two transcription factors may involve overlapping signals. Real-time 

PCR primers specific for ΔN variants revealed no change in transcription following 

treatment with IGF1 (data not shown), which, along with the size of the protein detected 

by Western blotting, indicates that salivary glands primarily express TAp73α. Previously, 

increased TAp73 transcription and protein stability has been associated with stress [140, 

216-218], so induction by a growth factor was unexpected. Interestingly, IGF1 is a potent 

activator of the pro-survival kinase Akt in salivary glands [143], while TAp73 isoforms 

are known to induce apoptosis [140, 218, 219]. While interesting, the identity of this p73 

variant needs to be confirmed using an RT-PCR approach similar to what is shown in 

Figure 2.1a. 

 Consistent with previous reports indicating that TAp73 is stress-induced, the 

parotid glands of irradiated mice express higher levels of p73 transcript and protein 

(Figure A.2). Importantly, p73 protein measured after 8 h is no different between glands 

treated with radiation alone and those pre-treated with IGF1 (Figure A.2a), indicating that 

p73 does not play a role in acute IGF1-mediated suppression of apoptosis. There is, 

however, the possibility of a role for p73 in affecting later events involved in IGF1-

dependent preservation of salivary function, supported by the reduced p73 protein seen in 

IGF1 pre-treated salivary glands after 24 h (Figure A.2a). It is interesting to note that the 

levels of p73 protein in irradiated salivary glands with or without IGF1 pre-treatment 

mirror the levels seen for total p53 (Figure 3.4a and 3.4b). Previous work has 

demonstrated that p53 is a direct transcriptional activator of p73 [140]. While radiation-

induced apoptosis in the salivary glands is p53-dependent [72], this does not preclude that 
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possibility that p73 affects apoptosis downstream of p53. In fact, similar regulation of 

p53 and p73 following irradiation with or without IGF1 pre-treatment seems to suggest 

that p73 may, in fact, be a downstream effector of p53-dependent apoptosis. The reduced 

p53 protein seen in IGF1 pre-treated glands after 24 h (Figured 3.4a and 3.4b) was 

attributed to activation of Akt by IGF1, which enhances MDM2-dependent degradation 

of p53 [105, 144, 145]. A similar mechanism may explain the reduced p73 expression in 

the same treatment group; Akt can cause degradation of YAP, which normally blocks 

binding of the E3 ubiquitin ligase Itch to p73 [142]. Overall, these results are interesting, 

however, more work needs to be done to integrate p73 into our model of the DNA 

damage response in salivary glands. 



 135 

APPENDIX B: ΔN VARIANTS ARE THE ONLY P63 TRANSCRIPTS 

DETECTABLE IN PAROTID ACINAR CELLS IN VITRO AND IN VIVO 

 

 To confirm that ΔNα and ΔNγ are the only p63 isoforms expressed in parotid 

acinar cells, RT-PCR was used to measure p63 transcription in a variety of conditions 

(described in previous chapters). RNA was isolated from parotid glands as previously 

described [84] or from primary parotid acinar cells using QIAshredder columns and a 

Qiagen RNeasy Kit as instructed by the manufacturer (Valencia, CA, USA). RNA was 

quantified and 1 μg was reverse transcribed using a Super Script III Kit as instructed by 

the manufacturer (Invitrogen, Carlsbad, CA, USA). Resulting cDNA was diluted 1:5 and 

amplified using AccuPower HotStart PCR PreMix with specific primers as instructed by 

the manufacturer (Bioneer, Alameda, CA, USA). The following primers were purchased 

from IDT: TAp63 forward: 5’-ATG TCG CAG AGC ACC CAG-3’, ΔNp63 forward: 5’-

CCA GAC TCA ATT TAG TGA GCC AC-3’, p63α reverse: 5’-ACA ACC TTG CTA 

AGA AAA CTG A-3’, p63γ reverse: 5’-CTC CAC AAG CTC ATT CCT GAA GC-3’. 

Products were run on a 1% agarose gel. Under all of the conditions tested, ΔNα and ΔNγ 

are the only detectable p63 transcripts (Figure B.1). Consistent with this observation, 

these are the only isoforms identified by Western blotting under several conditions 

(Figures 2.1b, 2.3a, 3.7b, 3.10b, 4.3). These results are in accordance with the literature 

[89]. 
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FVB, wild-type, untreated

myr-Akt1, untreated

FVB, wild-type, IGF1 x 1h
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FVB, wild-type, 5Gy+IGF1 x 24 h
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p53+/-, untreated

Primary Acinar Cells, FVB, wild-type, untreated

TAα ΔNα TAγ ΔNγ

Figure B.1: ΔN variants are the only p63 transcripts detectable in parotid acinar

cells in vitro and in vivo. RNA was isolated from parotid glands or primary parotid

acinar cells under a variety of conditions. RT-PCR was run with primers to amplify

p63 isoforms (TAα, ΔNα, TAγ, ΔNγ). PCR products were electrophoresed on a 1%

agarose gel.
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