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Abstract 

Title of Dissertation: Neuronal Intrinsic Apoptosis Mechanisms and Their Modulation by 
Sp1 Inhibition 

Oleg Makarevich, Doctor of Philosophy, 2021 

Dissertation Directed by: Dr. Bogdan Stoica, Associate Professor, Dept. of 
Anesthesiology 

 

 Drug-induced DNA damage, reactive oxygen species (ROS), inflammatory 

mediators and central neurotoxicity have all been shown to play a role in cognitive 

impairments after chemotherapy, after CNS injury or in neurodegenerative diseases. 

Intrinsic apoptosis is a regulated cell death pathway implicated in many of these conditions. 

This pathway proceeds sequentially through DNA damage responses, including 

phosphorylation of ATM, H2AX and Tumor Protein 53 (p53), transcriptional activation of 

pro-apoptotic BH3-only proteins, and mitochondrial outer membrane permeabilization 

(MOMP), activating caspase-dependent and caspase-independent apoptosis. 

Previous work has indicated that Sp1 may regulate p53’s transcriptional profile 

and ability to promote apoptosis after DNA damage. To examine the role of Sp1 in DNA-

damage-induced apoptosis, my work has utilized Mithramycin, a drug that binds G-C rich 

DNA to compete with Sp1 chromatin binding. Our hypothesis is that Mithramycin 

competes with Sp1 chromatin binding and thus protects neurons from DNA damage-

induced, p53-dependent intrinsic apoptosis. 

However, it is vital to recognize that neurons increase their resistance to cytotoxic 

stimuli as they mature, leading to decreased levels of apoptosis. Thus, we additionally 

characterized the changes in the intrinsic apoptosis pathway upon neuronal maturation. 

Despite significant attenuation of the intrinsic apoptosis pathway in mature neurons, we 



 
 

found evidence that Mithramycin can still attenuate DNA-damage dependent intrinsic 

apoptosis in this model to the extent that it is induced by neurons. 

Additional experiments showed that mature animal cortices or hippocampi do not 

demonstrate evidence of end-stage apoptosis (caspase activity) in response to DNA 

damage, unlike those in immature animals. However, in vivo administration of 

Mithramycin was able to attenuate cortical expression of p53-dependent genes. 

Thus, our studies provide evidence that: 1) Mithramycin attenuates activation of 

the DNA damage-dependent intrinsic apoptosis pathway via indirect inhibition of p53-

dependent transcription and 2) Mature neurons restrict intrinsic apoptosis pathway 

activation in response to DNA damage. Therefore, Sp1 is likely to play a significant role 

in DNA damage-dependent neuronal intrinsic apoptosis, and Mithramycin treatment is 

protective when this pathway is activated. However, mature neurons significantly 

downregulate this pathway, thus limiting the potential therapeutic effects of Mithramycin 

in adult animals. 
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Preface 

 

 

“With man this is impossible, but with God all things are possible.” 

    -Matthew 19:26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

To Katya, for her patience and ceaseless care. I will always love you more. 

 

To my parents and brothers, for always supporting me even without always 
understanding what I do. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Acknowledgements 

Thank you to all those who have taught me, admonished me, helped me, talked with me 
and listened to me. It may take a whole village to raise a child, but it takes a whole lab to 
grow a graduate student and I am grateful to all those in the STAR-ORC CNS Injury and 
Neuroprotection labs who have helped me in my graduate career. Special thanks to: 
 
Bogdan Stoica, for being willing to accept a new graduate student on faith and for taking 
countless hours to discuss experiments, analyze results, and review my often-wordy 
writing. You have always demonstrated a profound willingness to help me complete my 
studies and have taken the time to patiently mentor me throughout my degree. 
 
Boris Sabirzhanov, for always being willing to lend a hand with my experiments at a 
moment’s notice and to teach me the ins and outs of molecular biological techniques. I 
am so grateful for all your help and for all the times you would listen to my frustrations 
when experiments did not go as expected. Без тебя, я бы не закончил. 
 
Rebecca Henry, for her assistance in all things animal-related. You are remarkably 
skilled, and I greatly appreciate you helping me with your talents. 
 
Alan Faden, for keeping me from losing sight of the 30,000-foot view. 
 
Ethan Glaser, who introduced me to the day-to-day of the workings of the lab and 
showed me how to do the best westerns. 
 
Kelly Sikorski, who always made sure that the things that needed to be done got done. 
 
Taryn Aubrecht, for your surgical expertise and kindness. 
 
Xiaoyi Lin, the queen of PCR. 
 
Guanghui Li, who will always find a backup to the backup stashed in the corner. 
 
Aidan Smith, James Barrett, Rodney Ritzel, Niaz Khan, Gelareh Vinueza, Courtney 
Colson, Jordan Carter, Nivedita Hegdekar, Julia Thayer, and Julie Faden who were 
always willing to lend an ear and discuss experiments, life or the workings of lab 
instruments with me. 

 

 

 

 

 



vi 
 

Table of Contents 

PREFACE ......................................................................................................................... iii 

DEDICATION.................................................................................................................. iv 

ACKNOWLEDGEMENTS ..............................................................................................v 

I. CHAPTER 1: MECHANISMS OF INTRINSIC APOPTOSIS ..................1 

II. CHAPTER 2: MITHRAMYCIN SELECTIVELY ATTENUATES DNA 
DAMAGE-INDUCED NEURONAL CELL DEATH ................................16 

a. Introduction ................................................................................................16 

b. Materials and Methods ...............................................................................19 

c. Results ........................................................................................................31 

d. Discussion ..................................................................................................50 

e. Conclusions ................................................................................................56 

III. CHAPTER 3: ALTERATIONS OF THE INTRINSIC APOPTOSIS 
PATHWAY BY NEURONAL MATURATION .........................................57 

a. Introduction ................................................................................................57 

b. Additional Materials and Methods.............................................................61 

c. Mature Neurons Exhibit Delayed Intrinsic Apoptosis in Response to DNA 
Damage Relative to Immature Neurons  ....................................................66 

d. Differences in DNA Damage-Induced Intrinsic Apoptosis in Immature vs. 
Mature Neurons .........................................................................................72 

e. A Modified Paradigm Defined by Low-Dose, Reduced-Exposure DNA 
Damage Induction ......................................................................................91 

f. Doxorubicin Intracerebroventricular Injections  ......................................101 

g. Conclusions  .............................................................................................106 

IV. CHAPTER 4: CONCLUSIONS, LIMITATIONS AND FUTURE 
DIRECTIONS ..............................................................................................108 

V. WORKS CITED...........................................................................................113 

 

 



vii 
 

List of Tables 

Table 1: Summary Part 1 Data for Intrinsic Apoptosis Pathway ...............................44 

Table 2: Summary Immature vs. Mature Data for Intrinsic Apoptosis Pathway .....88 

Table 3: Summary Low-Dose Etoposide Data for Intrinsic Apoptosis Pathway .......98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

List of Figures 

Figure 1: DNA Damage-Dependent Intrinsic Apoptosis Pathway ................................1 

Figure 2: Mithramycin’s Neuroprotective Effects Are Cell Death Model-Specific ...32 

Figure 3: Mithramycin Attenuates Etoposide-Induced Apoptotic Pathways 
Downstream of p53 Activation .......................................................................................35 

Figure 4: Mithramycin Reduced Etoposide-Induced Mitochondrial Damage and 
Attenuates p53-Dependent Transcription .....................................................................37 

Figure 5: Mithramycin Attenuates Etoposide-Induced Activation of the c-Jun 
Injury Response ...............................................................................................................39 

Figure 6: Mithramycin’s Attenuation of Apoptotic Mechanisms in Neurons Is Cell 
Death Model-Specific .......................................................................................................41 

Figure 7: Mithramycin’s Attenuation of End-Stage Apoptotic Cell Death Markers is 
Cell Death Model-Specific ...............................................................................................43 

Figure 8: Mithramycin’s Attenuation of the c-Jun Injury Response is Cell Death 
Paradigm-Specific ............................................................................................................46 

Figure 9: Mithramycin Treatment Attenuates Neuronal Death Pathways After 
Experimental TBI in vivo ................................................................................................48 

Figure 10: Mature RCNs Are Apoptosis-Resistant, Especially in Response to DNA 
Damage..............................................................................................................................67 

Figure 11: Doxorubicin-Induced Apoptosis Is Delayed in Mature Neurons, 
Mithramycin Remains Neuroprotective ........................................................................69 

Figure 12: Etoposide-Induced Apoptosis Is Delayed in Mature Neurons, 
Mithramycin Remains Neuroprotective ........................................................................70 

Figure 13: DNA Damage levels are similar in Immature vs. Mature Neurons  .........73 

Figure 14: Major Apoptotic Regulators’ Transcription Levels Are Decreased in 
Mature Neurons ...............................................................................................................74 

Figure 15: Relative Levels of DDR Kinase Activation After Doxorubicin Treatment 
Is Decreased with Maturation.........................................................................................76 

Figure 16: Relative Levels of DDR Kinase Activation After Etoposide Treatment Is 
Decrease with Maturation ...............................................................................................77 



ix 
 

Figure 17: P53 Activation and Subsequent Signaling After Doxorubicin Is Similar 
But Delayed in Mature vs. Immature Neurons .............................................................79 

Figure 18: P53 Activation and Subsequent Signaling After Etoposide Is Similar but 
Delayed in Mature vs. Immature Neurons ....................................................................80 

Figure 19: Increase of P53-Dependent Transcription After DNA Damage Is Delayed 
with Maturation ...............................................................................................................81 

Figure 20: Mitochondrial Outer Membrane Permeabilization Occurs in Both 
Mature and Immature Neurons .....................................................................................83 

Figure 21: The Post-Mitochondrial Phase of Apoptosis is Delayed and Attenuated in 
Mature Neurons After Doxorubicin ...............................................................................84 

Figure 22: The Post-Mitochondrial Phase of Apoptosis is Delated and Attenuated in 
Mature Neurons After Etoposide ...................................................................................85 

Figure 23: Mature Neurons Induce c-Jun in Response to DNA Damage ...................86 

Figure 24: Low-Dose, Reduced-Exposure Etoposide Treatment Accentuates Cell 
Death Differences Between Mature and Immature Neurons ......................................92 

Figure 25: Low-Dose, Reduced-Exposure Etoposide Treatment Leads to Transient 
DNA Damage (by Immunofluorescent Analysis of Ph-H2AX) ....................................93 

Figure 26: Low-Dose, Reduced-Exposure Etoposide Treatment Leads to Transient 
DNA Damage and p53 Activation ..................................................................................95 

Figure 27: Low-Dose, Reduced-Exposure Etoposide Treatment Leads to Delay and 
Reduction in End-Stage Apoptosis .................................................................................97 

Figure 28: Mature Animals Exhibit No Caspase Activity After Doxorubicin 
Injection ..........................................................................................................................102 

Figure 29: Expression Patterns of p53-Dependent Genes Are Similar in the Cortex 
of Mature and Immature Animals ...............................................................................104 

Figure 30: Neuronal DNA Damage Responses in Both Mature and Immature 
Neurons ...........................................................................................................................111 
 

 



1 
 

Chapter 1: Mechanisms of Intrinsic Apoptosis 

Ever since sympathetic neurons were shown to contain an active, NGF-suppressed 

mechanism that led to cell death1, regulated cell death has been studied in nearly every 

neuropathological condition from Alzheimer’s disease (AD)2 to Huntington’s diseases3 to 

Traumatic Brain Injury (TBI)4. Regulated cell death is an umbrella term for any “form of 

cell death that results from the activation of one or more signal transduction modules”5. 

These include ferroptosis, intrinsic and extrinsic apoptosis, lysosome-dependent cell death, 

necroptosis, pyroptosis and more. The key element that has led to such extensive study and 

characterization of these forms of cell death is that they can be pharmacologically or 

genetically modulated (at least to some extent) because they proceed through a coordinated 

signaling pathway5. Although different forms of regulated 

cell death have significant overlap, there are nonetheless 

defining characteristics of each form that allow for the 

targeted study of a specific signal transduction module 

within a given context. My work has focused on the study 

of intrinsic apoptosis in neurons and on characterizing the 

effect of pharmacological inhibition of Specificity protein 1 

(Sp1) on DNA damage-dependent intrinsic neuronal 

apoptosis. 

Intrinsic apoptosis  (Fig.1) can be activated by a 

number of different intracellular stressors including DNA 

damage, growth factor withdrawal, endoplasmic reticulum 

(ER) stress, replication stress, and mitotic defects5–8. As a 

Figure 1: Schematic 
representation of DNA 
damage-dependent intrinsic 
apoptosis pathway 
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regulated form of cell death, intrinsic apoptosis requires energy and, thus, the maintenance 

of plasma membrane integrity and some metabolic activity until the end-stages. At those 

end-stages, intrinsic apoptosis generally leads to the activation of the caspase family of 

cysteine proteases (especially caspase-3) and is subsequently characterized by a series of 

morphological changes: cell shrinkage, chromatin/organelle fragmentation, followed by 

the cell’s breakdown into apoptotic bodies, which are small membrane-bound fragments 

with membrane alterations recognized by phagocytic cells7,9. As this pathway requires 

metabolic activity, the most critical step in the intrinsic apoptosis pathway is mitochondrial 

dysfunction via mitochondrial outer membrane permeabilization (MOMP). 

The integrity of the mitochondrial outer membrane is regulated by the balance of 

pro- and anti-apoptotic members of the B-cell CLL/lymphoma 2 (BCL-2) protein family10. 

The pro-apoptotic BCL-2 family members are divided into (1) those that homo-oligomerize 

and lead to the formation of pores in the mitochondrial outer membrane and (2) those that 

activate (directly or indirectly) the first group11. The first group of pro-apoptotic molecules 

directly mediate MOMP and include BCL-2 associated X, apoptosis regulator (Bax) and 

BCL-2 antagonist/killer 1 (Bak1; usually called Bak). Bax and Bak act by homo-

oligomerizing to form a large, ring-like pore in the mitochondrial outer membrane7,12. The 

second group of pro-apoptotic BCL-2 family members includes so-called “BH3-only” 

proteins that contain only the BH3 homology domain.  Among these are p53-upregulated 

modulator of apoptosis (PUMA, also known as BCL-2 binding component 3; BBC3), 

BCL2-interacting mediator of cell death (BIM, also known as BCL-2 like 11; BCL2L11) 

and phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1; best known as Noxa)5,7 

and BH3-interacting domain death agonist (Bid). Although Bid was discovered to also 
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contain an additional BH4 domain following its original classification, it functionally 

behaves like a non-pore-forming BH3-only protein13,14. 

While multiple models have been proposed for the exact function of the non-pore-

forming BCL-2 family members11,15, the consensus is that they interact with each other or 

directly with Bax or Bak, in such a way that the balance of non-pore-forming pro- and anti-

apoptotic BCL-2 family members determines whether Bax/Bak oligomerize and MOMP 

occurs5,7,11,15–17. There is also evidence of Bax/Bak activation by non-canonical pathways, 

but the pathophysiological relevance of such activation modalities is yet to be determined5. 

MOMP results in a loss of mitochondrial transmembrane potential15–17 and the 

release of apoptogenic factors from the mitochondrial intermembrane space into the 

cytosol18,19. If it occurs in a sufficiently high percentage of a cell’s mitochondria, MOMP 

can also lead to a bioenergetic crisis and, thus, cell death through other mechanisms, 

making many term it the “point of no return” in apoptosis20.  

Pro-apoptotic molecules released from the mitochondria include secondary 

mitochondrial activator of caspases/diablo IAP-binding mitochondrial protein 

(SMAC/DIABLO) and High Temperature Requirement Protein A2 (HTRA2, also known 

as Omi) that can inhibit the activity of IAP (inhibitors of apoptosis) proteins, such as X-

linked inhibitor of apoptosis (XIAP). IAP proteins bind to and directly inhibit caspases19.  

The MOMP-induced translocation of AIF18,19 or endonuclease G from the mitochondria to 

the nucleus (where they trigger DNA fragmentation and chromatin condensation) can lead 

to caspase-independent cell death21,22. MOMP also releases cytochrome c, which 

complexes with apoptotic peptidase activating factor 1 (APAF1) and pro-caspase 9 (Casp9) 

in a dATP-dependent manner to form the apoptosome. This complex goes on to activate 
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Casp9 which can in turn proteolytically cleave pro-caspase 3 (Casp3) and pro-caspase 7 

(Casp7) to their active forms that, as executioner caspases, are responsible for cell 

demolition in the end stages of apoptosis23. Should these caspases be pharmacologically or 

genetically inhibited, there is a delay but not prevention of cell death, likely due to a switch 

in the form of regulated cell death that predominates under these circumstances.5 It is 

important to note that while cytochrome c release occurs during MOMP, cytochrome c 

release alone, without loss of mitochondrial potential, is not necessarily indicative of 

irreversible damage in some cells (including neurons)24,25. Thus, any successful inhibition 

of intrinsic apoptosis must be able to interfere with more than just post-mitochondrial 

caspase activation, likely by interfering upstream of MOMP. 

 

The DNA Damage Response 

Many factors can induce MOMP and neuronal apoptosis, but my work has focused 

specifically on DNA damage-induced apoptosis (Figure 1). DNA damage occurs under 

physiological conditions within a mammalian cell and can lead to mutations or 

genomic/chromosomal aberration that threaten the cell or the organism as a whole26. To 

avoid the catastrophic consequences of these DNA lesions, a complex DNA Damage 

Response (DDR) system exists within those same cells27. The DDR simultaneously 

activates a broad range of signaling pathways including molecules involved in apoptosis, 

chromatin remodeling, energy metabolism, autophagy, senescence and the cell cycle26. The 

major regulators of the DDR are the kinases Ataxia-Telangiectasia mutated (ATM)28, 

“ATM and Rad3-related” (ATR)29 and DNA-dependent protein kinase (DNA-PK)26. One 

of the many targets of these kinases is the histone H2A variant, H2AX, which is 
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phosphorylated at Ser-139 and leads to further DDR signaling. Phosphorylated H2AX (Ser-

139) or γ-H2AX, acts as one the best-known indirect markers of DNA damage30, and 

generally forms discrete foci when visualized using immunofluorescent microscopy, 

though it may form a diffuse pan-nuclear pattern under certain circumstances and/or in the 

context of extensive DNA damage30,31. 

Whereas post-mitotic neurons may not be subject to DNA replication errors that 

require activation of the DDR, neuronal DNA damage can occur during physiological brain 

activity32, transcription-associated damage (including inappropriate topoisomerase 

actions33), or due to reactive chemical species generated by oxidative metabolism34,35. 

Reactive oxygen species (ROS) are necessary for the proper functioning of cellular 

metabolism and other cell processes36, but some ROS will inevitably travel throughout the 

cell and cause nuclear and mitochondrial DNA damage37. Beyond physiological ROS 

generation, significant and excessive levels of ROS are generated in the setting of neuronal 

damage, and such uncontrolled ROS generation is termed “oxidative stress”38. These ROS 

can be generated from mitochondria or from the expression of nicotinamide adenine 

dinucleotide phosphate oxidase (NOX) in the CNS38. Whatever the source, oxidative stress 

and a significant pathological role for it has been shown in Alzheimer’s disease39,40 

Parkinson’s disease41, Huntington’s disease42, ischemia/reperfusion43, TBI4,44,45 and 

chemotherapy-induced cognitive impairment (CICI)46. 

 

Human neuropathology and DNA damage 

Oxidative stress and DNA damage also occur in a wide variety of pathological 

conditions that affect parts of the body other than the brain, making the studies in this 
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dissertation applicable to a broad range of diseases and fields. However, our studies 

focused on neurons, and specifically TBI and CICI. Annually, over 4 million people in the 

US are impacted by TBI47. Of adolescents and adults who received rehabilitation for TBI, 

20% will have died at 5 years post-injury48 and almost 40% of patients demonstrate 

persistent functional decline49. In the aging population, TBI is particularly worrisome as 

annually over 2% of the elderly population (>75) receive a TBI, usually due to a fall50. 

Despite the great burden of this disease and many attempted (and unsuccessful) clinical 

trials, there are no effective, standardized therapies for TBI51,52. This lack of success is due 

in no small part to the incredibly complex and diverse parallel molecular pathways that can 

cause neuronal cell death and continue to do so long after the initial mechanical insult53. 

Therapeutic intervention is targeted not at the primary mechanical injury but at these 

biochemical “secondary injury” pathways with the goal of staving off both short-term and 

long-term progression of motor, behavioral and cognitive dysfunction. In addition to the 

direct consequences of TBI, these progressive issues include an increased risk for certain 

neurodegenerative diseases after TBI54, as well as a post-TBI “accelerated aging” of the 

brain55,56. 

Neurological deficits are also a common side effect of cancer therapy, with a 

substantial subset of patients suffering from CICI or “chemobrain”57. The often progressive 

cognitive decline in “chemobrain” has similarities to that induced by injury or 

neurodegenerative disease (for a comparative review, see 58). As treatments advance and 

more patients survive for longer after initial diagnosis, it is critical to understand and 

prevent this long-term consequence of some chemotherapies, including DNA damaging 

(genotoxic) anthracyclines such as Doxorubicin. 
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P53-Dependent Transcription in Intrinsic Apoptosis 

The intrinsic apoptosis pathway initiated by DNA damage59 and other stress 

stimuli60 involves Tumor protein 53 (p53) phosphorylation at serine 1561,60, often by 

Ataxia-Telangiectasia mutated (ATM).62. Phosphorylation prevents p53 ubiquitination by 

Mouse Double Minute 2 (MDM2) and its subsequent degradation60. This phosphorylation-

dependent stabilization is followed by p53-dependent transcriptional activity at the 

promoters of both pro-apoptotic and anti-apoptotic BCL-2 family members63,64. P53 can 

transcriptionally upregulate pro-apoptotic PUMA65–67, Noxa66,68, BID69 and Bax66,70; while 

also downregulating anti-apoptotic B-cell lymphoma-2 (BCL-2)71,72 and B-cell lymphoma-

2-Like 1 (Bcl-XL)73. Of these, gene-targeted mouse studies have revealed that p53-

dependent transcription of PUMA and, to a lesser extent, Noxa are critical for p53-

mediated apoptosis60,74,75. 

P53 has been extensively studied and identified as the most frequently altered gene 

in human tumors76. Although it is known as the “guardian of the genome” because it can 

induce tumor suppressive responses such as apoptosis in response to DNA damage, the 

majority of tumoral p53 mutations are in fact missense mutations77. Missense mutations, 

instead of abolishing p53 function, alter it to allow interactions with different transcription 

factors and gain new/different (potentially tumorigenic) functions78. These missense 

mutations provide distinctive evidence that p53 function can be significantly altered by 

changing its TF binding partners79. Due to its broad role as a regulator of the responses to 

genotoxic stress, many studies have looked at the effects of p53 in neuronal pathologies. 

In neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease 

(PD), or after ischemic stroke or TBI, progressive clinical symptoms result from the 
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degeneration and ultimate death of specific populations of neurons80. These diseases 

progress over the course of years, but apoptosis of a particular neuron upon accumulation 

of sufficient damage can occur in hours or a day. Therefore, much of the evidence for 

apoptosis and p53 involvement comes from animal models or cell culture experiments81. 

However, some human brain post-mortem studies have demonstrated the presence of both 

p53 upregulation and apoptotic cells. For instance, in 1998, Suzanne de la Monte et al. 

looked at post-mortem human CNS tissue and found increased levels of neuronal p53 

correlating with nuclear DNA fragmentation in brains of patients with Lewy body disease, 

Pick’s disease, progressive supranuclear palsy, multiple system atrophy, Parkinson’s 

disease, amyotrophic lateral sclerosis and Alzheimer’s disease, though the precise brain 

structures affected varied by disorder82. 

Studies in human AD brains have further demonstrated DNA fragmentation and 

damage indicative of apoptosis83,84, upregulation of apoptotic gene expression85, lethal cell 

cycle re-entry86 and alterations in DNA repair87, all of which can be controlled by p5360,88. 

In a mouse model of PD and in post-mortem human brains, elevation of levels of 

nitrosylated (and thus less active) parkin was found in correlation to increased levels of 

p5389. Parkin is a protein whose loss of function is associated with early onset forms of PD. 

Staining of human PD brains post-mortem also revealed increased levels of p5390, caspases 

and Bax91,92. In the case of Huntington’s disease, mouse models have indicated that p53 

plays a role in Huntingtin transcription, and biochemical or genetic suppression of p53 

decreases neuronal dysfunction and reduces neurobehavioral abnormalities93,94. P53 has 

also been shown to be upregulated after ischemic injury whereas pifithrin, a p53 inhibitor, 
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ameliorates post-ischemic focal damage and improve functional outcomes and/or 

neurogenesis95,96. 

In its capacity as a TF that modulates expression of BCL-2 family members, p53 

plays a major role in post-TBI neurodegeneration and its inhibition is neuroprotective61,97–

100. However, p53 has also been shown to induce the expression of molecules required for 

neurite outgrowth and axonal regeneration and may promote regenerative responses 

following central nervous system injuries, likely via divergent post-translation 

acetylation80,101–103. Thus, sustained, complete inhibition of p53 activities may be 

deleterious104 and, instead, a more effective long-term strategy may involve the selective 

modulation of p53’s transcriptional effects. 

 

Modulation of p53 transcription by Sp1 

Recent evidence indicates that p53 does not operate alone in activation of pro-

apoptotic gene expression. Not only can p53’s TF binding partners change based on post-

transcriptional modifications of p53, but one of those TFs, Sp1, may act as a permissive or 

synergistic promoter activator in pro-apoptotic p53-dependent gene expression105,106. Sp1 

belongs to the Sp/KLF family (KLF: Krüppel-like factors). There are at least 12,000 Sp1 

binding sites in the human genome and it is thought to be present in all mammalian cell 

types107. Sp1 and other members of this family recognize the GC or GT/CACC boxes in 

DNA via a conserved three-zinc-finger DNA-binding domain107,108. The most closely 

related member of the family to Sp1, both in structure and function, is Sp3. Like Sp1, Sp3 

is also ubiquitously expressed and can compete for the same promoter binding sites, but it 

affects transcription differently once bound109. Despite different transcriptional roles, there 
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is evidence that Sp3 may be able to partially compensate for loss of Sp1110,111. Therefore, 

while much of the work in elucidating the function of Sp1 has implicated Sp1 itself, there 

is a distinct possibility that other Sp factors, especially Sp3, may be partially responsible 

for phenotypic effects attributed to Sp1 modulation due to overlaps in DNA binding and 

function. 

A large body of evidence across many different fields has identified Sp1 as being 

involved in a broad range of p53 transcription-dependent processes. On a transcriptomic 

level, Sp1 has been shown to significantly alter p53’s transcriptional profile, especially in 

regards to apoptosis-related genes in a number of human cancer cell lines105,106. In 2012, 

Nikulenkov et al discovered that Sp1 DNA response elements were highly enriched near 

p53-bound sites in the chromatin, and that Sp1 depletion via short hairpin RNA (shRNA) 

redirected p53-dependent gene expression towards a specific transcriptional program 

facilitating the induction of apoptosis105. A further extensive analysis by the same group 

demonstrated that Sp1 is likely an important co-factor in pro-apoptotic transcriptional 

changes by p53106. 

Sp1-related gene expression in apoptosis has also been studied on a more granular 

level. Sp1 has been found to increase and/or be necessary for p53-mediated upregulation 

of PUMA112,113 and Bax114 expression. A transcriptional role in regulating these two major 

mediators of apoptosis alone would indicate that Sp1 is likely to play a major role in p53-

dependent apoptotic signaling, but additional data has further demonstrated that Sp1 can 

affect transcription of Noxa115, BCL-2116, and Bak117. In some cell types, retroviral 

expression of Sp1 alone has been shown to induce apoptosis in a transcription-dependent 

manner118–120. In primary neurons, pivotal work from the Ratan group demonstrated that 
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Sp1 and Sp3 were upregulated in response to glutathione-induced oxidative stress, and 

pharmaceutical inhibition of Sp1 binding to DNA via Mithramycin could prevent 

apoptosis121,122. To further study the pathway by which Sp1 inhibition can affect p53-

dependent neuronal cell death, my work utilizes Mithramycin. 

 

Mithramycin 

Mithramycin (aka Plicamycin, MTM, Mith) is an antineoplastic antibiotic 

originally isolated from Streptomyces agrillaceus and later used to treat testicular cancer123 

and Paget’s disease124. Despite these previous clinical uses, Mithramycin leads to 

significant toxicity and is not as effective as other available agents125,126. Thus, 

Mithramycin is no longer used clinically, although some new analogues may offer future 

clinical alternatives for the doses required for chemotherapy127,128. 

DNA footprinting experiments by Van Dyke and Dervan in 1983 showed that 

Mithramycin binds to  GC-rich DNA sequences129, allowing it to interfere with the binding 

of transcription factors with similar affinity. Most notably, Mithramycin has been shown 

to competitively bind the DNA target sequence of the Sp family of transcription factors 

(including Sp1) and thus inhibit their action at many different promoters127,130,131. Despite 

its ability to inhibit promoter binding of Sp1, Mithramycin is not, as many term it, an “Sp1-

specific inhibitor” and can interfere with promoter binding of other TFs. Nonetheless, it 

has been shown to potently inhibit Sp1’s diverse actions across different cell types121,127,132.  

Using the same compound has also led to significant neuroprotective effects in 

mouse models. Mithramycin treatment after ischemic injury led to suppression of neuronal 

death in the CA1 region of the hippocampus128.  In a mouse model of Huntington’s disease, 
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long-term Mithramycin treatment was able to prolong survival, improve functional motor 

performance and reduce neuropathological sequelae in the brain133. Mithramycin has also 

been shown to preserve dopamine neurons in the substantia nigra in mouse models of 

Parkinson’s disease134,135. In an AD mouse model, long-term Mithramycin treatment led to 

significant prevention of cognitive impairments, synaptopathy and Aβ/tau pathologies136.  

Finally, Mithramycin treatment after spinal cord injury was shown to downregulate 

markers of inflammation and improve functional recovery137. 

Although Mithramycin has been neuroprotective in many varied systems, 

presumably via Sp1 inhibition, most studies have attributed neuroprotective effects to the 

altered transcription of a small number of genes (or a single gene). While it is certainly 

possible that those particular genes play a driving role in a given pathology, Sp1 is a 

ubiquitous transcription factor that can bind a large number of promoters in any given cell. 

Thus, we feel that the neuroprotective effects of Sp1 inhibition are less likely to be due to 

modulation of any single gene but instead to alteration of a common theme/program 

involved in neuronal injury progression. Given the close interactions and interdependency 

of p53 and Sp1, and the ability of Sp1 inhibition to confer protective effects in multiple 

neuropathological conditions involving p53 transcription, we utilized Mithramycin to 

investigate Sp1’s role in DNA-damage-induced, p53-dependent intrinsic apoptosis. 

 

Neuronal maturation and resistance to apoptosis 

One additional, vital element to our investigations, and, frankly, to any 

investigation of neuronal cell death, is neuronal maturation. In most organs, there exists a 

homeostatic balance of normal, regulated cell death and proliferation to generate new 
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cells138. However, the nervous system varies from this model significantly. During early 

development (in utero) of an organism, an excessive number of neural precursor cells 

(NPCs) are generated that will differentiate into post-mitotic neurons. As these cells 

differentiate and the innervation process occurs, many of these NPCs and young neurons 

will die via apoptosis. This is not a random process: it is a carefully orchestrated elimination 

of unneeded cells that is critical to the development of a functional neural network139,140. 

However, as the mature nervous system becomes established (a process that occurs at 

slightly different times for different neuron types and brain regions141), NPCs and thus 

sources of new neurons are generally lost (with some notable exceptions). Therefore, 

owing to homeostatic necessity, mature neurons markedly decrease their propensity to 

enter apoptosis. The resistance of mature neurons to regulated cell death can be seen in 

different modalities, including after axotomy142, viral infection143,144, and NGF 

deprivation145. The exact mechanisms by which apoptosis becomes restricted are unclear, 

likely because multiple redundant brakes are present to ensure the long-term survival of 

these vital post-mitotic cells145. However, not all neurons in the brain completely 

downregulate apoptosis even in a healthy state. Regulated cell death in the adult brain 

occurs at significant levels in the dentate gyrus and the subventricular zone in concert with 

continued neurogenesis.141 Therefore, in at least these areas of the brain, there exists a 

persistent population of apoptosis-sensitive neurons which may explain why distinctly 

different insults such as TBI and chemotherapy can both lead to long-term deficits in 

learning and memory146,147. 

One known resistance mechanism is via maturation-induced down-regulation of 

pro-apoptotic BCL-2 family members; Bax, Bak, Bim and Bid148,149. Downstream of the 
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mitochondria in the intrinsic apoptosis pathway, neurons also downregulate APAF1 with 

maturation150. APAF1 downregulation limits apoptosome formation and increases 

susceptibility of released cytochrome c to be ubiquitinated and degraded (less APAF1 is 

available for cytochrome c binding and stabilization). Thus, neurons can restrict apoptosis 

even after cytochrome c release151. Chromatin repression and its effect on APAF1 

transcription is another potential mechanism of maturation-induced apoptosis resistance152. 

Mature neurons also downregulate the execution caspases, caspase-3, as well as the 

functionally related caspase-7150,153,154.  Caspase inhibition has been shown to reduce or 

delay cell death in response to variety of neurotoxic insults or in models of PD and AD140. 

It has also been reported that X-linked inhibitor of apoptosis protein (XIAP), an 

endogenous inhibitor of caspase-9 and caspase-3, is upregulated during the maturation of 

motor neurons155. 

The large number of coordinated changes that repress neuronal apoptosis have led 

to speculation regarding overarching regulators of these changes, including regulation by 

microRNAs (miRNAs) such as miRNA-29145,156–158, c-Myc148, and even Sp1159,160. 

However, the downregulation of apoptotic mechanisms in mature neurons does not 

indicate that neurons stop dying in response to stress or insult. There are currently two 

major schools of thought regarding the regulated, apoptotic death of mature neurons, which 

are not mutually exclusive. While it is clear that mature neurons at baseline repress 

apoptosis via multiple mechanisms, it has also been repeatedly demonstrated that apoptosis 

does occur in neurodegenerative disorders and after injury4,81,83,85,95. Therefore, 1) neurons 

de-repress the apoptotic machinery in response to injury and apoptosis has a significant 

role in mature neurons, and/or 2) markers of apoptosis are present and elevated and some 
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level of apoptosis does occur, but other forms of cell death predominate. The chronic 

timeframe of neurodegeneration as well as the complex, diverse and often interdependent 

pathways across multiple cell types that contribute to neuropathologies have presented a 

challenge in identifying the relative importance of a given pathway to a pathological 

condition. Moreover, as is especially apparent after injury, an insult to the brain leads to 

both physiologically appropriate and maladaptive responses. To develop effective 

treatments, it is essential to separate responses that contribute to the pathology from the 

adaptive responses that enable post-insult neuronal survival161. Thus, my work was carried 

out with the goal of utilizing Mithramycin to further understand one specific portion of the 

interwoven tangle of neuronal cell death: the p53-dependent, DNA damage-induced 

pathway of intrinsic apoptosis.  

These studies will indicate that Mithramycin profoundly attenuates intrinsic 

apoptosis after DNA damage in in vitro immature primary neurons. This attenuation occurs 

by Mithramycin’s inhibition of Sp1 binding to p53-dependent promoters, which reduces 

promoter activation. Further studies will also demonstrate that the apoptosis pathway is 

preserved, but delayed and modified, in in vitro mature primary neurons but that 

Mithramycin is once again able to attenuate markers of this pathway in the context of high 

levels of DNA damage. A final study will provide evidence that some markers of DNA 

damage-induced apoptosis are upregulated in the brain after DNA damage and 

Mithramycin is able to attenuate those markers. However, there is no evidence of caspase 

activation in the mature brain after DNA damage. Thus, our in vivo experiments suggest 

that a modified/alternative cell death pathway may predominate in the mature brain after 

DNA damage. 
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Chapter 2: Mithramycin Selectively Attenuates DNA Damage-Induced Neuronal 

Cell Death1 

 

Introduction 

Annually, over 4 million people in the US are impacted by Traumatic Brain Injury 

(TBI)47 and almost 40% of patients demonstrate persistent functional decline49. TBI 

triggers multiple secondary injury processes leading to progressive neurodegeneration and 

related neurological deficits54,162,163. Increased production and accumulation of reactive 

oxygen species after TBI is a key secondary injury mechanism and can result in significant 

DNA damage and subsequent apoptosis164. Neurological dysfunctions are also a common 

side effect of cancer therapy, with a substantial subset of patients suffering from 

chemotherapy-related cognitive impairment or “chemobrain”57. Drug-induced DNA 

damage and secondary central neurotoxicity may play a key role in cognitive impairments 

after chemotherapy165.  

The intrinsic apoptosis pathway initiated by DNA damage59 involves p53 

phosphorylation at serine 1561,60, followed by p53-dependent transcriptional activation of 

pro-apoptotic BCL-2 family members63,64. These changes cause mitochondrial release11,15 

of pro-apoptotic molecules such as cytochrome c and apoptosis-inducing factor (AIF), 

leading to caspase-dependent and caspase-independent intrinsic apoptosis, 

respectively61,11,97,18. Experimental TBI models have also been associated with the 

production of single- and double-strand breaks in DNA and the resulting p53 activation 

 
1 Makarevich, O., Sabirzhanov, B., Aubrecht, T.G. et al. Mithramycin selectively attenuates DNA-
damage-induced neuronal cell death. Cell Death Dis 11, 587 (2020). https://doi-org.proxy-
hs.researchport.umd.edu/10.1038/s41419-020-02774-6 
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contributes to neuronal loss and associated neurological deficits166,167. Accordingly, 

various studies have shown that p53 inhibition is neuroprotective61,97,98,100,168. However, 

p53 has also been shown to induce the expression of molecules required for neurite 

outgrowth and axonal regeneration and may promote regenerative responses following 

central nervous system injuries101. Thus, it is essential for therapeutic development to 

separate maladaptive responses contributing to the neuropathology from adaptive 

responses enabling neuronal survival161. Total inhibition of p53 activities may be 

deleterious,104 and an effective long-term strategy requires a more selective modulation of 

p53’s transcriptional effects. 

Specificity protein 1 (Sp1) may regulate p53’s transcriptional profile and ability to 

promote apoptosis after DNA damage105,106. Furthermore, Sp1 can synergistically 

transactivate p53-binding promoters and may be necessary for p53-induced promoter 

transactivation113. 

To examine the role of Sp1 in DNA damage-induced neuronal apoptosis, a p53-

transcription-dependent pathway, we utilized Mithramycin, a drug that binds G-C rich 

DNA to compete with Sp1 chromatin binding128 and has neuroprotective effects in several 

models involving p53 activation, including ischemic injury128, Huntington’s disease133 and 

spinal cord injury169. Pivotal studies by Ratan et al. showed that Mithramycin inhibits 

apoptosis in models of DNA damage and oxidative stress in vitro121,127. However, no 

previous studies have comprehensively probed the Mithramycin’s mechanisms of action 

and examined its effects in DNA damage-dependent and -independent neuronal intrinsic 

apoptosis models in vitro or after experimental TBI in vivo. We investigated Mithramycin’s 

ability to attenuate specific cell death mechanisms activated in various models of neuronal 



18 
 

death and to promote neuronal survival. We hypothesized that Sp1 is required for p53-

mediated promoter transactivation of neuronal pro-apoptotic molecules and 

Mithramycin attenuates DNA-damage-induced p53-dependent intrinsic apoptosis. 
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Materials and Methods 

Neuronal cell death and cell viability assays 

Cell death was measured via lactate dehydrogenase (LDH) release, as cytosolic 

LDH is released from dying cells due to membrane permeabilization. LDH activity was 

monitored using the LDH-GloTM Cytotoxicity Assay (Cat. #J2380 Promega, Madison, WI) 

by combining 10µl of media from a 96-well plate well with 10µL of Detection Enzyme 

and Reductase Substrate, premixed just before assaying in the proportion recommended in 

the protocol and then diluted 1:10 in LDH Storage Buffer (also prepared as recommended 

in the protocol)170. Luminescence was measured after 1h incubation in the dark in a BioTek 

Synergy HT Plate Reader using Gen5TM software. 

Calcein-AM assay (Cat. #ALX-610-026, Enzo Life Sciences, Farmingdale, NY) 

was used to measure cell viability (Calcein-AM is retained in the cytosol of viable cells 

due to membrane integrity). Briefly, 1mM stock of reagent in DMSO was added to pre-

warmed Locke’s buffer (154mM NaCl, 5.6mM KCl, 3.6mM NaHCO3, 5.6mM Glucose, 

2.3mM CaCl2, 5mM HEPES, 1.2mM MgCl2, pH 7.3) to a final concentration of 5uM. 

Media was aspirated from 96-well plates and 100µL of 5uM Calcein-AM in Locke’s buffer 

was added to each well. Plates were incubated at 37C for 30 minutes after which fluorescent 

signal (excitation: 485nm, emission: 528nm) was read in a BioTek Synergy HT Plate 

Reader using Gen5TM software. 

 

Primary cortical neuronal cultures 

Embryonal Rat Cortical Neurons (RCN) were derived as previously described from 

rat E15-16 cortices 171. For each experiment, cortices were obtained from all embryos 
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(mixed, unknown sex) of a single pregnant Sprague-Dawley® dam (Envigo). After 

dissociation, cells were seeded onto 96-well, 12-well, 60mm, 100mm cell culture plates 

(Corning, Corning, NY) or XF24 cell culture microplates (Agilent, Santa Clara, CA) and 

maintained in serum-free conditions using the B27 supplement (ThermoFisher, Waltham, 

MA) as described previously171. We previously showed these cultures are  >90% 

neuronal172. 

Etoposide (Cat. #BML-GR307, Enzo Life Sciences, Farmingdale, NY), 

Staurosporine (Cat. #ALX-380-014, Enzo Life Sciences, Farmingdale, NY), Camptothecin 

(Cat. #ALX-350-015, Enzo Life Sciences, Farmingdale, NY), C2-Ceramide (Cat. #BML-

SL100, Enzo Life Sciences, Farmingdale, NY), Doxorubicin (Cat. #CST-5927, Cell 

Signaling Technologies, Danvers, MA) and Mithramycin (Cat. #11434, Cayman Chemical 

Company, Ann Arbor, MI) were used to treat 7 days in vitro (DIV) cells at concentrations 

and for times indicated elsewhere. 

 

Mitochondrial respiration measurement 

After 6h treatment in a XF24 cell culture microplate (Agilent, Santa Clara, CA), 

mitochondrial oxygen consumption rate (OCR) was measured by utilizing an Agilent 

Seahorse XF Analyzer as previously described 173,174. First, oligomycin (0.5 µg/ml) is 

added to inhibit ATP synthase. If mitochondria are uncoupled, the OCR will not decrease, 

otherwise the OCR should decrease from baseline. Second, dinitrophenol (DNP, 200 µM), 

an uncoupling agent, is added to collapse the proton gradient. This uninhibits electron flow 

through the electron transport chain and generally causes OCR to reach its maximum. As 

it is possible that endogenous substrate is a limiting factor in this uncoupled respiration 
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process, we further added Pyruvate (10mM) to ensure that mitochondria could achieve 

their maximal respiration. Finally, we added antimycin A (1µM), a complex III inhibitor, 

to shut down mitochondrial respiration and calculate the level of non-mitochondrial oxygen 

consumption. Maximum respiratory capacity was calculated as the difference in OCR 

between maximal respiration (after Pyruvate addition) and non-mitochondrial oxygen 

consumption (after antimycin A addition). Spare respiratory capacity was calculated as the 

difference in OCR between maximal respiration and basal respiration (before any 

additions). Treatment length was chosen because time course analysis of LDH release (data 

not shown) indicated little to no cell death occurring 6h after etoposide treatment. 

 

RNA isolation and quantitative qPCR 

Total RNA was isolated using either the miRNeasy kit (QIAGEN, Hilden, 

Germany) or the Zymo Research Direct-zol RNA kits (Zymo Research, Irvine, CA) 

according to the manufacturers’ protocols. Either the Verso cDNA Synthesis kit (Cat. 

#AB1453B, ThermoFisher, Waltham, MA) or the High-Capacity cDNA Reverse 

Transcription kit (Cat. #4368813, ThermoFisher, Waltham, MA) was used to synthesize 

cDNA from purified RNA based on the manufacturer’s protocol. Quantitative real-time 

PCR was performed using TaqMan Universal Master Mix II (Applied Biosystems, Foster 

City, CA) with 50ng cDNA per sample, in duplicate, using the following TaqManTM 

primers: Bbc3/PUMA: Rn00597992_m1; Pmaip1/Noxa: Rn01494552_m1; Cdkn1a/p21: 

Rn01427989_s1; Akt1: Rn00583646_m1; Ang-1: Rn01504818_m1. 

Reactions were amplified and quantified via an Applied Biosytems QuantStudio 5 

and its corresponding software (Applied Biosystems, Foster City, CA). The PCR profile 
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consisted of one cycle of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 

95°C for 15 seconds and 60°C for 1 min. Gene expression was normalized to GAPDH and 

the relative quantities of mRNA calculated using the 2^-ddCt method as described 

previously175. 

 

MicroRNA Reverse Transcription and qPCR 

100ng/sample of total RNA was isolated as described above and reverse transcribed 

using TaqManTM MicroRNA Reverse Transcription Kit (Cat #4366596, ThermoFisher, 

Waltham, MA) and TaqManTM primers. Equal volumes of each sample were loaded in 

duplicate for qPCR using TaqManTM Advanced miRNA assays and the following primers: 

miR-711: Cat. #241136_mat; miR-23a: Cat. #000319. 

Reactions were amplified and quantified as above. Gene expression was 

normalized to U6 small nucleolar RNA and the relative quantities of miRNA calculated 

using the 2^-ddCt method as described previously175. 

 

Cell Lysate Preparation and Western Blot 

After 24h (or less) treatment of RCN with cell death inducer +/- Mithramycin, cells 

were quickly scraped from the dish and added to cold 1X PBS. The mixture was centrifuged 

at 1000 x g to pellet cells and supernatant was removed. RIPA buffer (Cat #R3792, 

Teknova, Hollister, CA) with Protease Inhibitor and Phosphatase Inhibitor (2, 3) cocktails 

(Sigma-Aldrich, St. Louis, MO) was added to the pellet and complete lysis was ensured by 

incubating the lysate at 4°C with rocking for 30 minutes and vortexing thoroughly every 

10 minutes during the incubation. To ensure appropriate comparisons between samples, 
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we took the two-pronged approach of both loading equal amounts of protein and 

normalizing to an appropriate housekeeping protein. Protein concentration was measured 

using PierceTM BCA Protein Assay Kit (ThermoFisher, Waltham, MA) according to the 

manufacturer’s instructions. Equal amounts of protein were loaded onto 4-20% CriterionTM 

TGXTM Precast Midi Protein Gels (Bio-Rad, Hercules, CA) and electrophoresis was 

performed. Proteins were transferred to 0.2µm Nitrocellulose membranes using the Trans-

Blot® TurboTM (Bio-Rad, Hercules, CA). Membranes were washed, incubated with 

primary and secondary antibodies (see antibody list), and complexes were visualized using 

SuperSignalTM West Dura Extended Duration Substrate (ThermoFisher, Waltham, MA). 

To assess proteins with sufficiently separate molecular weights, membranes were cut into 

sections and probed separately using supplier-validated antibodies. 

Chemiluminescence was captured on a ChemiDocTM Touch Imaging System (Bio-

Rad, Hercules, CA) and protein bands were quantified by densitometric analysis using 

ImageLab software (Bio-Rad, Hercules, CA). Images were acquired under non-saturating 

conditions and were normalized to an endogenous control (ex. actin or GAPDH, as 

appropriate) for each sample (arbitrary units). When membranes were sectioned for 

separate analysis, each section was normalized to the endogenous control from the same 

membrane. All quantifications are presented after normalization. 

 

Subcellular Fractionation 

Subcellular fractionation was performed as described previously 172. Briefly, RCN 

were harvested and washed in ice-cold phosphate-buffered saline. The cell suspension was 

centrifuged at 500 x g for 15 min at 4 °C. The cell pellet was resuspended for 10 min on ice 
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in digitonin lysis buffer (20 mM HEPES, pH 7.4, 80 mM KCl, 1 mM EDTA, 1 mM EGTA, 

1 mM DTT, 250 mM sucrose, 200 μg/mL digitonin and Protease Inhibitor and Phosphatase 

Inhibitor (2, 3) cocktails (Sigma-Aldrich, St. Louis, MO). Cells were passaged 20 times 

through a 22G needle. The lysate was centrifuged at 1000 x g for 5 min at 4 °C to pellet the 

nuclei. The supernatant was transferred to a new tube and centrifuged again at 12000 x g 

for 10 min at 4 °C to pellet the mitochondria. The resulting supernatant, representing the 

cytosolic fraction, was recovered. Nuclear and mitochondrial lysates were prepared in 

RIPA buffer (Cat #R3792, Teknova, Hollister, CA) with Protease Inhibitor and 

Phosphatase inhibitor (2,3) cocktails (Sigma-Aldrich). All steps were performed on ice. 

Pooled nuclear, cytosolic and total lysates were probed via electrophoresis and western blot 

for COX IV to identify mitochondrial content and Lamin to identify nuclear content to 

verify fractionation procedure. 

 

Chromatin Immunoprecipitation (ChIP) 

ChIP assay was performed as previously described173 using a kit from Epigentek 

(Farmindale, NY), with 2 ug of antibodies to p53 or 4 ug of antibodies to Sp1 per sample. 

Briefly, after crosslinking using 1% formalehyde in PBS, cells were lysed and chromatin 

sheared to generate fragments from 200 to 600bp using a Bioruptor sonicator (Diagenode). 

After this, immunoprecipitation (IP) was performed. The following binding sites were 

analyzed using the following primer sequences (all nt locations from Rnor_6.0 

chromosome 18). Primers were ordered from Integrated DNA Technologies (Coralville, 

Iowa). 
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Primers: 5’- CTTCCCTCCCACCTTCGTTT-3’ (62,174,414-62,174,434 nt) 

  5’- GCCGGCTCTCGGGTTTTAT-3’ (62,174,653-62,174,872 nt) 

p53 site:  5’-CGGCTTGCCCCGGCAAGTTG-3’ (62,174,513-62,174,533 nt) 

Sp1 site:  5’-TTCGAAGGGGCGGGG-3’ (62,174,589-62,174,604 nt) 

Rat negative control primer set 1 (Active Motif) was also used to amplify a 

fragment of a gene desert on rat chromosome 3 as a negative control. Normal rabbit IgG 

(#3900 Cell Signaling Technologies, Danvers, MA) and anti-RNA polymerase II antibody 

(Epigentek, Farmingdale, NY) were used as negative and positive controls to validate the 

primer set used on both IPs. The difference between the negative control IP and the average 

sample IP was 21.8-fold, while the difference between the positive control IP and the 

average sample IP was 3.33-fold. A dilution series was utilized to calculate the reaction 

efficiency, which was found to be 77.1% for our primer pair. Relative expression was 

calculated using the Pfaffl method.40 

 

Immunocytochemistry 

For the phospho-c-Jun(S73) time course, RCN were treated with Etoposide +/- 

Mithramycin on DIV 7 in 24-well plates with coverslips. After 6h, 12h or 24h, cells were 

fixed for 10 minutes in 4% paraformaldehyde/PBS and co-stained overnight with a 1:200 

dilution of Cell Signaling’s phospho-c-Jun(S73) and a 1:400 dilution of Millipore’s Milli-

MarkTM Pan Neuronal Marker in 10% goat serum (Gemini Bio-Products, West 

Sacramento, CA). Wells were incubated the next day with goat-derived secondary antibody 

(Life Technologies, Fisher Scientific, Hampton, NH), followed by 4’,6-diamidino-2-

phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO) (0.5µg/mL in saline). Imaging was 
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performed via a Leica SP5 II confocal microscope using a 20x dry objective or 63x oil-

immersion objective. Settings were optimized to maximize signal intensity in controls 

without oversaturating signal in higher-intensity samples (etoposide-treated). Analysis was 

done using an ImageJ macro as described previously 173 to generate an unbinned 

cumulative frequency distribution plotting intensity of phospho-c-Jun(S73) signal per cell. 

For the phospho-p53(S15) assessment at 6h, RCN were treated with Etoposide +/- 

Mithramycin or Mithramycin alone on DIV 7 in 24-well plates with coverslips. After 6h, 

cells were fixed and stained with Abcam’s phospho-p53(S15) antibody. Imaging was 

performed via a Nikon Ti-E fluorescent microscope using a 63x oil-immersion objective. 

Analysis was performed using Nikon’s NIS-Elements software to generate an unbinned 

cumulative frequency distribution plotting intensity of phospho-p53(S15) signal per cell. 

To compare cell death inducers, RCN were treated with Doxorubicin, Etoposide, 

C2-Ceramide, Staurosporine +/- Mithramycin on DIV 7 in 24-well plates with coverslips. 

After 6h, cells were fixed and co-stained as described above with a 1:200 dilution of Cell 

Signaling’s cleaved PARP (94885), cleaved Casp3 (9664) or phospho-c-Jun (S73) 

antibodies and Millipore’s Milli-MarkTM antibody. Imaging was performed via a Nikon Ti-

E fluorescent microscope using a 63x oil-immersion objective. Analysis was performed 

via Nikon’s NIS-Elements software to generate an unbinned cumulative frequency 

distribution plotting intensity of phospho-c-Jun (S73) signal per cell. It was also used for 

identifying total cleaved PARP or cleaved Casp3 signal per field (normalized to the number 

of nuclei per field) for quantification of cleaved PARP and cleaved Casp3. 
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Antibodies 

Various antibodies from different vendors were used in this study. 

Cell Signaling (Danvers, MA): PARP (9542); cleaved PARP [Asp214, 89 kDa fragment] 

(9545/94885); cleaved Casp3 [Asp175, 17 kDa fragment] (9661/9664); cleaved Casp7 [20 

kDa fragment] (9492); phospho-H2AX(S139) (9718); phospho-p53(S15) (12571); total 

p53 for ChIP (32532); PUMA (14570); AIF (4642); cytochrome c oxygenase IV (COX 

IV) (4884); Lamin A/C (4777); phospho-c-Jun(S63) (2361); phospho-c-Jun(S73) (3270); 

total c-Jun (9165); total cFos (2250). Millipore (Ontario, Canada): phospho-ATM(S1981) 

(05-740); Sp1 for ChIP (07-645); p21 – mouse samples (188224); Milli-MarkTM Pan 

Neuronal Marker (MAB2300). BD Biosciences (San Jose, CA): p21 – rat samples 

(556430). Sigma-Aldrich (St. Louis, MO): β-actin: A1978. Santa Cruz (Dallas, TX): 

cytochrome c (sc-13560). Enzo (Farmingdale, NY): α-Fodrin or αII-spectrin (a subunit of 

Fodrin, also known as “brain spectrin”)176: BML-FG6090. Abcam (Cambridge, MA): 

Phospho-p53 (ab1431). 

 

Mice 

8-week-old (20-25g) male C57BL/6 mice were obtained from JAX (Jackson 

Laboratories, Bar Harbor, ME) for the in vivo experiments. Mice were maintained in a 12h 

light/dark cycle with ad libitum access to food and water. All activities were in accordance 

with protocols approved by the University of Maryland School of Animal Care and Use 

Committee and complied with the Guide for the Care and Use of Laboratory Animals 

published by NIH (DHEW publication NIH 85-23-2985). 
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Controlled Cortical Impact 

We utilized a custom-designed CCI injury device177,178,173 consisting of a 

microprocessor-controlled pneumatic impactor with a 3.5mm diameter tip. Mice were 

anesthetized with isofluorane (3-3.5% induction, 1.5% maintenance) in a 70% NO, 30% 

O2 gas mixture administered via nose mask. Animals were monitored during procedures to 

assess depth of anesthesia via respiration rate and pedal withdrawal reflexes. The surgical 

site was clipped, then the head mounted in a stereotaxic frame and the injury site cleaned 

with betadine (Professional Disposables, Orangebury, NY) and ethanol scrubs (Fisher 

Scientific, Hampton, NH). Mice received puralube vet ointment eye lubrication (Dechra 

Veterinary Products, Overland Park, KS). A 10-mm midline incision was made over the 

skull, the skin and fascia were reflected, and a 5mm craniotomy was made on the central 

aspect of the left parietal bone179,173. The impactor tip of the injury device was extended to 

its full stroke distance (44mm) and positioned to the surface of the exposed dura, then reset 

to impact the cortical surface. Moderate injury was performed using impactor velocity of 

6m/s and deformation depth of 2mm, as previously described180. The incision was then 

closed via 6mm nylon surgical sutures (Unify® Premium+, AD Surgical, Sunnyvale, CA) 

and anesthesia was terminated. Mice were randomly assigned to CCI or sham groups. Sham 

mice underwent only anesthesia and incision (with no craniotomy).  

 

Drug Administration 

Following injury, mice received an intracerebroventricular (icv) injection of 

0.3mM mithramycin in artificial CSF (#59-7316, Harvard Apparatus, Holliston, MA) or 

equal volume of vehicle (artificial CSF + DMSO). Solutions were prepared on the day of 
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surgery. The injection was performed immediately after injury via 30-gauge needle 

attached to Hamilton syringe (Hamilton, Reno, NV) into the left ventricle (anterior 

posterior (AP): -0.5, medial lateral (ML): -1.0, dorsal ventral (DV): -2.0 from bregma) at a 

rate of 0.5µL/min with a final volume of 5µL (1.5nmoles) infused over 10 minutes. This 

dose was based on prior work utilizing CR8173, and comparisons of the two compounds’ 

neuroprotective effects in vitro.  CCI mice were randomly assigned to an icv treatment 

group with a final total of 7 (CCI + saline) or 8 (CCI + mithramycin) animals per group. 

At 24h post-injury the animals were euthanized, and the injured cortex was analyzed. 

 

Experimental Design and Statistical Analysis 

For in vitro LDH, calcein, qPCR and western blot assays, at least 3 separate wells 

of primary RCN seeded on day 0 from the same primary culture were used for any given 

assay. These separately cultured and treated neurons isolated from the same pool of 

embryos were run on the same gel/assay plate and quantified as indicated elsewhere. Each 

set of experiments (except ChIP) involving Etoposide +/- Mithramycin was repeated at 

least twice in an equivalent manner with another pool of embryos from a different pregnant 

dam and showed consistent results. Experiments with other cell death inducers besides 

Etoposide were repeated at least once. For mitochondrial function analysis, each plate 

(n=4) came from a separate pool of embryos, and each contained separately cultured and 

treated neurons (different wells, each seeded with the same number of neurons) isolated 

from the same pool of embryos. 

All immunofluorescent analysis was done on multiple fields from a single coverslip 

for each treatment and each timepoint. These coverslips came from separately cultured and 



30 
 

treated neurons (different wells) isolated from a single pool of embryos. The experiments 

were repeated as described in the paragraph above and showed consistent results. 

Statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA). For 

mitochondrial function tests, we used a one-way repeated-measures ANOVA with Tukey’s 

post-hoc tests. LDH, Calcein, ChIP, qPCR and western blot assays were all analyzed via 

one-way ANOVA with Tukey’s post-hoc tests. Immunocytochemically stained cells were 

analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc analysis for phospho-

P53 and phospho-c-Jun(S73) and with one-way ANOVA with Tukey’s post-hoc tests for 

cleaved PARP and cleaved Casp3 analyses. All data analyzed with one-way ANOVA with 

Tukey’s post-hoc tests met the normality assumption by the Shapiro-Wilk test. Otherwise, 

the data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc tests. 

When appropriate, we tested for unequal variance by the Brown-Forsythe test and if 

unequal, we utilized the Brown-Forsythe ANOVA test followed by Dunnett’s T3 multiple 

comparisons test. 
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Results 

Mithramycin’s neuroprotective effects are cell death model-specific 

Etoposide (DNA damage inducer; 50µM) treatment (24h) resulted in significant rat 

cortical neuron (RCN) death, as shown by increased LDH release (indicator of dying cells) 

and decreased calcein signal (indicator of surviving cells) (Fig.2A). Mithramycin co-

treatment had significant, dose-dependent neuroprotective effects as assessed by both 

measures (Fig.2A).  We subsequently used 200nM Mithramycin, except when indicated. 

To characterize Mithramycin’s long-term neuroprotective effects, RCN were treated for 

24h followed by media replacement with RCN-conditioned media (no Etoposide or 

Mithramycin) and further incubation until 48h or 72h. RCN treated with Etoposide showed 

increased cell death (higher LDH release) and progressively decreased survival (lower 

calcein signal) at 24h, 48h and 72h after treatment (Fig.2B). Decreased LDH signal levels 

vs. controls at 48h and 72h are due to media replacement after 24h. Mithramycin co-

treatment had a long-term neuroprotective effect in both measures at all time points. 

Mithramycin alone resulted in a minor decrease in neuronal viability, especially at later 

time points (Fig.2A-B). 

We also examined Mithramycin’s neuroprotective effects in additional DNA 

damage-dependent (Campthothecin/Doxorubicin) as well as DNA damage-independent 

(Staurosporine/C2-Ceramide) cell death models. Doxorubicin (200nM) (Fig.2C) or 

Camptothecin (10µM) (Fig.2D) caused significant RCN death by both LDH and calcein 

measures. Mithramycin co-treatment was neuroprotective at all tested doses. Staurosporine 

(0.5µM) (Fig.2E) or C2-Ceramide (50µM) (Fig.2F) caused RCN death by both LDH and 

calcein measures. 
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Figure 2: (a) RCN were treated with varying doses of Mithramycin (Mith) +/- 50µM Etoposide (Etop). LDH 
release and calcein signal were measured after 24h of treatment. (b) RCN were treated with 50µM Etoposide 
and/or 200nM Mithramycin. Treatment media was replaced with conditioned media at 24h. LDH release and 
calcein signal were measured 24h, 48 h and 72h after treatment. (c-f) RCN were treated with 200nM 
Doxorubicin (Dox) (c), 10µM Camptothecin (Campto) (d), 0.5µM Staurosporine (Stauro) (e) or 50µM C2-
Ceramide (C2-Cer) (f) +/- varying doses of Mithramycin. n=5+/group for all groups. Data represent mean +/- 
SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test or Brown-Forsythe ANOVA 
and Dunnett’s T3 multiple comparisons test [(a) LDH, (b) LDH Day 1, Calcein Day 3, (c,d,f) Calcein]; 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, 
^^^^=p<0.0001 vs Etoposide alone. 
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Mithramycin co-treatment had a neuroprotective effect in the C2-Ceramide model 

as indicated by the decrease in LDH release; no effect was detected on calcein signal. 

Interestingly, Mithramycin co-treatment resulted in increased RCN cell death in the 

Staurosporine model by both measures.  

 

Mithramycin attenuates Etoposide-induced apoptotic pathways downstream of p53 

activation 

Etoposide induced DNA damage markers, phosphorylated ataxia-telangiectasia, 

mutated (ATM) (S1981) and phosphorylated H2A histone family member X (S139) 

(γH2AX) at all time points (western blot) (Fig.3A). Co-treatment with Mithramycin did not 

significantly change the levels of either marker, except a modest increase at later time 

points that may reflect increased neuronal survival (Fig.3A). Lack of Mithramycin effect 

on γH2AX was also confirmed by immunocytochemistry (data not shown). Quantitative 

analysis of phospho-p53 immunocytochemistry and western blotting (Fig.3A-B) indicated 

that Etoposide increased levels of activated p53 [Mean Rank Diff.=355.6 in Fig.3B]. 

Mithramycin co-treatment had no significant effects on Etoposide-induced increases in 

phospho-p53 levels (western blot) (Fig.3A) or population distribution 

(immunocytochemistry) (Fig.3B). Etoposide also resulted in elevations of pro-apoptotic 

molecules downstream of p53, including p53-upregulated mediator of apoptosis (PUMA) 

and cyclin-dependent kinase inhibitor 1 (cdkn1a/p21), that were significantly attenuated 

via Mithramycin co-treatment (western blot) (Fig.3A). Etoposide-treated RCN showed 

increased execution-stage apoptosis markers including activated caspase-3 (cleaved 

fragment) and caspase-7, as well as increased cleavage of substrates, Fodrin (120 kDa) and 
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PARP (89 kDa) (Fig.3C). The increase in Fodrin’s calpain/caspase-dependent cleavage 

fragments (145/150kDa) was more modest. Mithramycin co-treatment significantly 

attenuated all described caspase activation markers/cleavage products, as well as the 

Etoposide-induced decrease in synaptic marker PSD-95, a general indicator of neuronal 

degeneration/loss (Fig.3C). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: (a+c) RCN were treated with 50µM Etoposide +/- 200nM Mithramycin. After 3h, 6h, 16h or 24h, 
cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and, 
after electrophoretic separation and transfer to a membrane, were incubated with antibodies against DNA 
damage markers, phospho-ATM (S1981) and γH2AX, or phospho-p53(S15) and its downstream targets: 
PUMA and p21 (a). Other membranes were incubated with antibodies against cleaved/activated caspase-3 
(Casp3) and caspase-7 (Casp7), their substrates α-Fodrin and cleaved PARP, as well as PSD95 (c). Protein 
levels (of bands indicated by arrows) were quantified by densitometry, normalized to appropriate β-actin 
signal and are presented as normalized fold change compared to control levels. Representative actin blots are 
shown here. n=3/group for all groups. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; 
^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone. (b) Phospho-p53(S15) levels were 
also analyzed by immunocytochemistry after 6h. A representative set of 63x images is shown here; white 
arrows indicate sample neuron co-localized with ph-p53(S15).  Quantification of cells was done across at 
least 6 fields per treatment. Data are presented as an unbinned cumulative frequency distribution. 
Significance assigned based on Kruskal-Wallis test followed by Dunn’s post-hoc analysis; ****=p<0.0001 
vs control. 
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Mithramycin reduces Etoposide-induced mitochondrial damage and attenuates p53-

dependent transcription 

Etoposide treatment of RCN caused early (6h) mitochondrial outer membrane 

permeabilization (MOMP) as seen by cytosolic release of pro-apoptotic AIF and CytC 

(western blot) (Fig.4A), while Mithramycin co-treatment decreased release and thus 

showed preserved mitochondrial integrity (Fig.4A). Standard normalizing proteins are 

degraded at late stages of apoptosis181, and both actin (Fig.4A) and GAPDH (data not 

shown) showed a decline at 24h in purified cytoplasmic fractions. 

Etoposide treatment (6h) also caused mitochondrial functional decline, 

demonstrated by significant reductions in maximum and spare respiratory capacities (cell-

based respirometry) that were rescued by Mithramycin co-treatment (Fig.4B). We have 

previously shown no significant neuronal loss at the Etoposide 6h timepoint173. 

Etoposide-treated RCN showed increased mRNA levels of PUMA, Phorbol-12-

myristate-13-acetate-induced protein 1 (Pmaip1/Noxa) and p21 (qPCR). These changes 

were substantially attenuated by Mithramycin co-treatment (Fig.4D). 

 
Figure 4: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin for all panels. (a) The cytosolic 
fraction was collected after 6h and 24h. Controls were collected at 24h. Equal amounts of fraction lysates 
were loaded onto an SDS-polyacrylamide gel and, after electrophoretic separation and transfer to a 
membrane, were incubated with antibodies against AIF and cytochrome c proteins. Protein levels (of bands 
indicated by arrows) were quantified by densitometry, normalized to β-actin signal and are presented as 
normalized fold change compared to control levels. n=3/group for all groups. (b) Cytoplasmic (C), Total 
(T), and Nuclear/Mitochondrial (N/M) fractions were pooled and probed for cytochrome c oxidase IV 
(COX IV) and Lamin to confirm purity of cytoplasmic fraction from mitochondria and nuclei, respectively. 
(c) 6h after treatments, cellular respiration was measured using a Seahorse XF24 Extracellular Flux 
Analyzer, and a representative measurement is shown here. Sequential addition of oligomycin, DNP, 
pyruvate and antimycin A was utilized to identify maximum and spare respiratory capacity. Each group 
contains n=4 averages from separate experiments on different days, each experiment except one contained 
n=4+ separately cultured wells of neurons per group (that experiment contained wells that were eliminated 
due to no significant increase in OCR over baseline indicating a failed injection/port, n=3+/group for that 
experiment). (d,f-h) After 1h, 6h, or 24h, cells were harvested. Equal amounts of purified RNA were 
converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA/miRNA levels were 
normalized via U6/GAPDH (respectively), quantified using the ddCt method and are presented as fold 
change compared to control levels. n=3/group for all groups. (e) Chromatin Immunoprecipitation was done 
using p53 or Sp1 antibodies, and equal volumes of resulting DNA fragments were loaded for qPCR. 
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Pulled-down DNA levels were normalized using ChIP Inputs, quantified using the 2^-ddCt method and are 
presented as fold change compared to control levels. (f) Electrophoresis and western blotting were 
performed for Sp1 protein. Protein levels were quantified by densitometry, normalized to β-actin signal and 
are presented as normalized fold change compared to control levels. n=3/group for all groups. Data all 
represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, 
^^^^=p<0.0001 vs Etoposide alone. 
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  Chromatin Immunoprecipitation demonstrated that Etoposide-treated RCN 

displayed increased Sp1- and p53-binding to the same Noxa promoter region vs. controls 

(Fig.4E). Mithramycin co-treatment decreased only the Sp1-binding to this Noxa promoter 

region (Fig.4E). 

Etoposide increased Sp1 mRNA levels and Mithramycin co-treatment attenuated 

these changes, likely because Sp1 activates its own transcription182. Protein levels of Sp1 

show a divergent profile with an Etoposide-induced decrease, likely due to early apoptotic 

degradation183, partially rescued by Mithramycin co-treatment. Therefore, Mithramycin’s 

effects are not driven by Sp1 protein loss (Fig.4F). 

Although Etoposide decreased the levels of pro-survival miR-23a171 and increased 

levels of pro-apoptotic miR-711184 while decreasing the level of its target mRNAs172,184 vs. 

control, Mithramycin co-treatment had no effect on these changes (qPCR) except a late 

(24h) increase in Akt mRNA (Fig.4G-H). 

 

 

Figure 5: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin for all panels. (a) After 3h, 6h, 
12h, 16h or 24h, cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-
polyacrylamide gel and, after electrophoretic separation and transfer to a membrane, were incubated with 
antibodies against phospho-c-Jun(S63), phospho-c-Jun(S73), total c-Jun and total cFos proteins. Protein 
levels (of bands indicated by arrows) were quantified by densitometry, normalized to appropriate β-actin 
signal and are presented as normalized fold change compared to control levels. Representative actin blot is 
shown here. n=3/groups for all groups. Data all represent mean +/- SD. Significance assigned based on one-
way ANOVA and Tukey post-hoc test; **=p<0.01, ****=p<0.0001 vs control; ^^=p<0.01, ^^^^=p<0.0001 
vs Etoposide alone. (b) RCN were fixed with formaldehyde 6h, 12h, or 24h after treatment and stained with 
antibodies for neuronal markers (MAB2300, Neuro-Chrom™ Pan Neuronal Marker), ph-c-Jun(S73), and 
DAPI for fluorescent imaging. Representative images are from 63x magnification at 12h; white arrows 
indicate sample neuron co-localized with ph-c-Jun(S73). At least 4 fields at 20x magnification were 
quantified for each treatment as described in materials and methods. Data were graphed as an unbinned 
cumulative frequency distribution. Using Kruskall-Wallis test, followed by Dunn’s post-hoc analysis, all 
groups at all time points had significantly different distributions, ****=p<0.0001 vs control , ^^^^=p<0.0001 
vs Etoposide alone. (c) After 1h, 6h, or 24h, cells were harvested. Equal amounts of purified RNA were 
converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA levels were normalized via 
GAPDH, quantified using the 2^-ddCt method and are presented as fold change compared to control levels. 
n=3/group for all groups. Data all represent mean +/- SD. Significance assigned based on one-way ANOVA 
and Tukey post-hoc test; *=p<0.05, **=p<0.01, ****=p<0.0001 vs control; ^^^^=p<0.0001 vs Etoposide 
alone. 
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Mithramycin attenuates Etoposide-induced activation of the c-Jun injury response 

RCN treated with Etoposide showed c-Jun activation, including significantly 

increased levels of phospho-c-Jun(Ser63), phospho-c-Jun(Ser73) and total c-Jun (western 

blot) (Fig.5A). Etoposide treatment also increased c-Fos protein levels. Mithramycin co-
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treatment significantly reduced all four markers (western blot) (Fig.5A). Multiple close c-

Jun bands suggest extensive post-translational modification, including phosphorylation, 

causing gel mobility shifts. In addition, the c-Jun antibody recognizes both a 43kDa and 

48kDa form. In in vitro samples, we quantified these bands together as they were both 

present and regulated in parallel. Quantitative analysis of phospho-c-Jun(S73) 

immunocytochemistry showed a progressive increase in signal intensity of phospho-c-

Jun(S73)-positive neurons in Etoposide-treated RCN (Fig.5B). Mithramycin co-treatment 

reduced these changes, pushing the population distribution curve to the left (Fig.5B), with 

a mean rank difference that progressively increased and was 288 at 6h, 1227 at 12h and 

2163 at 24h (Fig.5B), thus indicating a progressively increasing difference in data point 

distribution. Etoposide increased c-Jun mRNA levels (6h and 24h); these changes were 

attenuated by Mithramycin co-treatment to below control levels (Fig.5C). 

 

Mithramycin’s attenuation of apoptotic mechanisms in neurons is cell death model-specific  

To determine the range of Mithramycin’s effects we examined its activity in various 

neuronal apoptosis models. Doxorubicin caused an early (6h) and sustained (24h) increased 

activation of DNA damage responses including elevation of both phospho-ATM and 

γH2AX (western blot) (Fig.6). In contrast, C2-Ceramide and Staurosporine did not 

significantly change phospho-ATM levels. Similarly, C2-Ceramide had no effect on 

γH2AX levels while Staurosporine only modestly increased γH2AX (Fig.5). Mithramycin 

co-treatment robustly attenuated Doxorubicin-induced phospho-ATM but only modestly 

attenuated γH2AX levels. 

Figure 6: RCN were treated with 200nM Doxorubicin, 50µM C2-Ceramide or 0.5µM Staurosporine +/- 
200nM Mithramycin. After 6h or 24h, cells were harvested, equal amounts of whole cell lysates were loaded 
ono an SDS-polyacrylamide gel and after electrophoretic separation and transfer to a membrane were 



41 
 

incubated with antibodies against DNA damage markers, phospho-p53(S15) and its downstream proteins, 
PUMA and p21, as well as active caspase-3, its targets, PARP and Fodrin, and the synaptic marker PSD95. 
Protein levels (of bands indicated by arrows) were quantified by densitometry, normalized to β-actin signal 
and are presented as fold change compared to control levels. n=3/groups for all groups. Data all represent 
mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 
vs cell death inducer alone. 
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Mithramycin co-treatment did not change phospho-ATM levels after C2-Ceramide 

or Staurosporine treatment and led to increased γH2AX levels. This latter effect was 

substantial after Staurosporine 24h treatment (Fig.6). Doxorubicin was the only inducer to 

significantly increase phospho-p53(S15) levels and elevate PUMA and p21. Mithramycin 

co-treatment attenuated the Doxorubicin-mediated changes downstream of phospho-

p53(S15). Consistent with changes observed in the Etoposide model (Fig.3), PUMA levels 

were lower in Mithramycin co-treated samples in all three models (Fig.6). 

All three cell death models led to progressive caspase pathway activation, including 

early (6h) elevation in cleaved Casp3 and increased caspase-dependent cleavage fragments 

of Fodrin (120kDa) and PARP (89kDa); these changes were further amplified at 24h 

(western blot) (Fig.6). The increase in the calpain/caspase-dependent cleavage fragments 

of Fodrin (145/150kDa) was more modest. Mithramycin co-treatment consistently 

attenuated the Doxorubicin and C2-Ceramide caspase-dependent apoptotic markers but 

only temporarily (6h) reduced several Staurosporine-dependent changes, as well as causing 

an increase in Staurosporine-dependent changes at 24h. Consistent with the results of 

viability experiments (Fig.2), Mithramycin co-treatment attenuated the loss of neuronal 

marker PSD95 only in the Doxorubicin paradigm and even accentuated late (24h) PSD95 

decline in the Staurosporine model (Fig.6).  

 

 

 

 

Figure 7: RCN were treated with 200nM Doxorubicin, 50µM Etoposide, 50µM C2-Ceramide or 0.5µM 
Staurosporine +/- 200nM Mithramycin. After 6h, cells were fixed and stained for neuronal markers 
(MAB2300, Neuro-Chrom™ Pan Neuronal Marker), DAPI and cleaved Casp3 or cleaved PARP, imaged, 
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and quantified. A representative field for each image at 63x magnification is shown. The Milli-MarkTM Pan-
Neuronal Marker is not able to successfully stain those neurons who are close to the end stages of cell death 
(caspase activation); however, white arrows indicate cleaved Casp3 / cleaved PARP cells that show a clear 
neuronal morphology. Quantification was performed on at least 7 fields for each treatment. Data all represent 
mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; *=p<0.05, 
***=p<0.001, ****=p<0.0001 vs control; ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs cell death inducer 
alone. 
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We also performed quantitative immunocytochemical analyses of activated 

caspase-3 and cleaved PARP at an early (6h) time point to detect Mithramycin-induced 

changes that mark the beginning of the execution phase of caspase-dependent neuronal 

death (Fig.7). Etoposide and Doxorubicin led to significant increases in the 

number/intensity of cleaved caspase-3- and cleaved PARP-positive neurons while 

Mithramycin co-treatment significantly attenuated these changes (Fig.7). Consistent with 

western blot data (Fig.6), C2-Ceramide resulted in only modest changes. Staurosporine led 

to more substantial caspase-3 activation and PARP cleavage than C2-Ceramide but these 

were not decreased by Mithramycin co-treatment (Fig.7). 

Data comparing intrinsic apoptosis pathway responses with different cell death 

inducers and Mithramycin is summarized in Table 1. 

 

Treatment: Etop 
Etop 

+ Mith 
Dox 

Dox 
+ Mith 

Stauro 
Stauro 
+ Mith 

C2-Cer 
C2-Cer 
+ Mith 

Cell Death ↑↑ ↓↓ ↑↑ ↓↓ ↑↑ ↑ ↑↑ +/- 
DNA Damage 

Response 
↑↑ +/- ↑↑ ↓ ↑ ↑ +/- ↑ 

p53 Activation ↑↑ +/- ↑↑ +/- +/- +/- +/- +/- 
p53-Dep. 

Transcriptional 
Response 

↑↑ ↓↓ 
↑↑  

(prot) 
↓↓  

(prot) 
+/- 

(prot) 
↓↓ 

(prot) 
+/- 

(prot) 
↓↓ 

(prot) 

Mitochondrial 
integrity / 
function 

↓↓ ↑ ND ND ND ND ND ND 

Caspase 
activation 

↑↑ ↓↓ ↑↑ ↓↓ ↑↑ ↓ ↑ ↓ 

Caspase-Dep. 
Substrate 
Cleavage 

↑↑ ↓↓ ↑↑ ↓↓ ↑↑ +/- ↑↑ ↓ 

Table 1: Abridged data summary for concise visual representation of Figures 3-4,6-7. Please note, 
compression of diverse data points to generate this table was partially subjective. For Mithramycin-treated 
groups, changes are indicated in relation to cell death inducer treatment alone. Two arrows indicate marked 
changes; “↑” indicates increase, “↓” indicates decrease, “+/-” indicates no change overall. “ND” = Not Done; 
“(prot)” = Assessed at protein level only. 
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Mithramycin’s attenuation of the c-Jun injury response in neurons is cell death 

paradigm-specific  

We analyzed markers of c-Jun activation in various RCN apoptotic models using 

western blot for phospho-c-Jun(S73) and phospho-c-Jun(S63) and immunocytochemistry 

for phospho-c-Jun(S73). C2-Ceramide resulted in rapid (6h) c-Jun phosphorylation which 

remained at a high, albeit lowered, level at 24h (western blot) (Fig.8). Co-treatment with 

Mithramycin robustly attenuated these changes. Doxorubicin caused only modest c-Jun 

activation at 6h (S63) while Staurosporine showed a late activation at 24h (S63 and S73) 

(Fig.8). Mithramycin co-treatment attenuated the latter changes. We used quantitative 

immunocytochemical analysis of phospho-c-Jun(S73) to characterize early-stage (6h) 

neuronal c-Jun activation at single-cell resolution.  

 

 

 

 

 

 

 

 

Figure 8: (a) RCN were treated with 200nM Doxorubicin, 50µM C2-Ceramide or 0.5µM Staurosporine +/- 
200nM Mithramycin. After 6h or 24h, cells were harvested, equal amounts of whole cell lysates were 
loaded onto an SDS-polyacrylamide gel and, after electrophoretic separation and transfer to a membrane, 
were incubated with antibodies against phospho-c-Jun(S63) and phospho-c-Jun(S73). Protein levels (of 
bands indicated by arrows) were quantified by densitometry, normalized to appropriate β-actin signal and 
are presented as normalized fold change compared to control levels. Representative actin blots are shown 
here. n=3/groups for all groups. Data all represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; 
^^^=p<0.001, ^^^^=p<0.0001 vs cell death inducer alone. (b) RCN were treated with 200nM Doxorubicin, 
50µM Etoposide, 50µM C2-Ceramide or 0.5µM Staurosporine +/- 200nM Mithramycin. After 6h, cells 
were fixed and stained for neuronal markers (MAB2300, Neuro-Chrom™ Pan Neuronal Marker), DAPI 
and phospho-c-Jun(S73), imaged and quantified. A representative field for each image is shown; white 
arrows indicate an example of a neuron co-localized with ph-c-Jun (S73). Quantification was performed on 
at least 8 fields per treatment and is plotted as an unbinned cumulative frequency distribution. Significance 
assigned based on Kruskal-Wallis test and Dunn’s post-hoc analysis; **=p<0.01, ****=p<0.0001 vs 
control; ^=p<0.05, ^^=p<0.01 vs cell death inducer alone. 
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We found that Etoposide [mean rank diff.=1339], C2-Ceramide [mean rank diff.=1 

213] and, to a far lower intensity, Doxorubicin [mean rank diff. = 793.7] showed an 

increase in signal intensity of phospho-c-Jun (S73)-positive cells at 6h, corresponding to a 
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rightward shift of the population curve (Fig.8). Mithramycin co-treatment attenuated 

staining intensity only in the Etoposide group [mean rank diff.=393.9], and had no 

significant overall effect on the Doxorubicin group, possibly because the effect size of 

Doxorubicin alone was very small, or on the C2-Ceramide group (Fig.8). 

 

Mithramycin treatment attenuates neuronal death pathways after experimental TBI in vivo 

We examined the effects of Mithramycin (icv administration) on neuronal cell 

death pathways’ activation 24h after controlled cortical impact (CCI). CCI+Vehicle 

(CCI+Veh) showed increased cortical levels of phospho-H2AX (S139), phospho-P53 

(S15), p21, cleaved caspase-3 and Fodrin (145/150kDa) compared to Sham. Mithramycin 

treatment significantly decreased levels of Fodrin cleavage (145/150kDa and 120kDa), but 

not other injury-induced markers, compared to CCI+Veh. 

 

 

 

 

Figure 9: (a) Whole tissue lysates were obtained from ipsilateral-to-injury cortices 24h after CCI + 
intracerebroventricular injection of aCSF or mithramycin and from cortices of sham-injured animals. Equal 
amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and after electrophoretic 
separation and transfer to a membrane were incubated with antibodies against phospho-H2AX (S139), 
phospho-p53 (S15), p21, cleaved caspase-3, and Fodrin as well as against phospho-c-Jun(S63), phospho-c-
Jun(S73) and total c-Jun proteins. Protein levels (of bands indicated by arrows) were quantified by 
densitometry, normalized to appropriate β-actin signal and are presented as normalized fold change 
compared to sham-injured animals. Representative actin blots are shown here. (b) The Caspase Activity 
Index, or proportion of 120kDa to 145-150kDa Fodrin fragments, was calculated for each cell death 
inducer or CCI +/- Mithramycin at 24h. &=p<0.0001 vs. CCI+Veh.  (c) RNA was purified from the cortex 
and converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA levels were normalized 
via GAPDH, quantified using the 2^-ddCt method and are presented as fold change compared to control 
levels. n=7+/group for all groups. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test, Brown-Forsythe ANOVA test followed by Dunnett’s T3 multiple 
comparisons test [ph-c-Jun(S63), ph-c-Jun(S73)-top band, total-c-Jun, p21], or Kruskal-Wallis test 
followed by Dunn’s post-hoc tests [ph-P53(S15), p21, cleaved Casp3, Fodrin 120kDa, ] *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001 vs sham-injured animals; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, 
^^^^=p<0.0001 vs CCI + Veh or inducer alone. 
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The mean level of cleaved caspase-3 in CCI+Mith animals was lower than in the vehicle-

treated group and was not significantly different from sham animals, but, statistically, our 

data did not reach significance between treated groups (Fig.9A). To comparably quantify 
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effective caspase activity across models/treatments we defined the “Caspase Activity 

Index” based on substrate cleavage, as the ratio of 120kDa/145-150kDa Fodrin bands’ 

intensity. It inverted from a higher numerator in in vitro models, indicative of strong 

caspase activation, to a higher denominator after Mithramycin co-treatment in vitro and 

after TBI in vivo. Mithramycin had no additional effect in vivo (Fig.9B). 

CCI+Veh also resulted in increased cortical levels of phospho-c-Jun(S63), 

phospho-c-Jun(S73) and total c-Jun compared to Sham mice. As the expected 48kDa band 

of phospho-c-Jun(S63) was masked by a non-specific band, we separately quantified each 

c-Jun band. Mithramycin treatment significantly decreased phospho-c-Jun(S63 and S73, 

43kDa band) levels vs. vehicle; reductions in phospho-c-Jun(S73)’s 48kDa band and total 

c-Jun were not significant (Fig.9A). CCI+vehicle administration also led to increases in 

cortical PUMA and Noxa mRNA (Fig.9C). Mithramycin treatment did not significantly 

decrease either mRNA’s levels, but PUMA levels after CCI+Mith were not significantly 

different from Sham-treated animals.  
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Discussion 

Etoposide is a topoisomerase-II inhibitor that sequentially causes DNA strand 

breaks, p53 activation and intrinsic neuronal apoptosis173,184,185. Mithramycin reduced 

Etoposide-induced neuronal death and improved long-term survival, suggesting that 

Mithramycin causes a sustained transformation in the pattern/progression of apoptotic 

processes rather than a temporary delay. 

Mithramycin was also neuroprotective in other DNA-damage models including 

exposure to Camptothecin, a topoisomerase-I inhibitor186, or Doxorubicin, a 

topoisomerase-II inhibitor, DNA intercalator and widely used chemotherapy agent187. In 

contrast, Mithramycin was ineffective in Staurosporine188 or C2-Ceramide189 models of 

neuronal apoptosis, which are DNA damage-independent188,190. Thus, Mithramycin may 

preferentially target DNA damage-dependent neuronal cell death pathways and its 

neuroprotective effects127,133,191 may be restricted to conditions where these mechanisms 

dominate. 

Phosphorylation/activation of ATM is an early DNA damage response, which 

serves to phosphorylate H2AX and initiate DNA repair pathways192 but may also activate 

kinases that stimulate p53 and downstream apoptosis pathways193. The balance between 

restorative and cell death programs determines neuronal fate after DNA damage194. 

Mithramycin neither inhibited Etoposide-induced ATM and H2AX phosphorylation, nor 

reduced p53 phosphorylation, indicating that it does not directly affect early DNA 

damage/repair processes or p53 activation. Instead, it appears to act on downstream or 

independent apoptotic pathways. Mithramycin strongly attenuated Etoposide-induced 

caspase-3/7 activation and decreased caspase substrate cleavage (PARP and Fodrin). The 
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irreversible proteolytic cleavage of these substrates is a marker of entry into the execution 

phase of apoptosis, the end-stage for dying neurons195, thus, cleavage its attenuation is an 

oft-used marker of neuroprotection196,150,197. Upstream of caspase activation, MOMP has 

been identified as a critical and irreversible step in the intrinsic apoptosis pathway 5. 

Etoposide treatment induced early (6h) elevated cytosolic levels of AIF/CytC and a decline 

in mitochondrial respiration capacity/bioenergetic function; Mithramycin attenuated these 

changes. Our results, confirmed in the Doxorubicin model, indicate that Mithramycin acts 

upstream of MOMP and caspase activation to protect neurons following DNA damage. 

Phospho-p53(S15) transactivates promoters of pro-apoptotic BCL-2 family 

members leading to MOMP and apoptosis68,67,198. Mithramycin attenuated Etoposide- and 

Doxorubicin-mediated induction of key pro-apoptotic BCL-2 family members, BH3-only 

molecules Puma and Noxa, as well as p21, a cell death modulator and well-known p53 

target molecule198, despite no changes in p53 phosphorylation. Thus, Mithramycin 

regulates p53 pro-apoptotic transcriptional activity downstream of p53 phosphorylation 

across DNA damage-dependent neuronal death models. Although we show broad 

Mithramycin-mediated downregulation of injury markers, this is unlikely to be the result 

of a global non-specific decrease in transcription as Mithramycin rescues levels of other 

mRNAs and proteins (e.g. PSD-95) from Etoposide-induced decline. 

We have previously shown that miR-23a can suppress PUMA and Noxa 

mRNAs171. However, Mithramycin did not attenuate the rapid Etoposide-dependent miR-

23a decline, indicating that its effects on Puma and Noxa are miR-23a-independent. 

Similarly, miR-711 is a pro-apoptotic microRNA induced by Etoposide that targets the 

pro-survival molecules, angiopoietin 1 (Ang-1) or Akt184 and can affect levels of BCL-2 
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family members. As Mithramycin co-treatment had no significant impact on these targets, 

except a late effect on Akt mRNA, Sp1 inhibition is unlikely to attenuate neuronal cell 

death by modulating the miR-711/PI3K/Akt pathway. 

Sp1 has been shown to broadly alter p53’s ability to transactivate promoters and 

facilitate apoptosis induction105,106,199. Moreover, p53 and Sp family members interact in 

apoptotic gene regulation, and, in some cell types, Sp1 is necessary for p53-mediated 

transcription of Bax and Puma, two BCL-2 family members essential for p53-dependent 

apoptosis114,113. In our primary neuron ChIP experiments, Mithramycin inhibited Sp1 

promoter binding without changing p53-binding to the same Noxa promoter region. Thus, 

our data show that Mithramycin affects neither p53 phosphorylation not its recruitment to 

promoter sites and provide evidence that Sp1 is necessary for p53-mediated transcription 

of key pro-apoptotic molecules in DNA-damage-induced neuronal apoptosis, potentially 

by cooperating with p53 to transactivate pro-apoptotic gene promoters. 

Unlike in DNA damage-dependent models, we observed neither significant 

activation of p53-dependent apoptotic pathways, including p53 phosphorylation and BH3-

only molecules’ induction, nor strong Mithramycin neuroprotection in DNA damage-

independent models. Nonetheless, both C2-Ceramide and Staurosporine paradigms display 

robust caspase-3 substrate cleavage, suggesting that caspase pathway activation in those 

paradigms is significantly p53/BH3-independent. The involvement of model-specific 

neuronal death mechanisms is further evidenced by Mithramycin-dependent attenuation of 

caspase activation after C2-Ceramide but not after Staurosporine. However, caspase 

activation does not appear necessary for C2-Ceramide-induced neuronal death as 

Mithramycin only modestly reduced the latter.  
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In concert with these changes in the canonical intrinsic apoptosis pathway, we also 

showed that Mithramycin reduces Etoposide-induced increases in protein levels of c-Jun 

(total and phosphorylated) and c-Fos as well as c-Jun mRNA levels. Modulation of c-Jun 

expression by Mithramycin is likely due to the Sp1 sites present in the c-Jun promoter. 

Together, c-Jun and c-Fos dimerize to form the transcription factor AP-1200, which can 

cooperate with p53 and Sp1 to affect many genes, including pro-apoptotic BCL-2 family 

members201,202. Our data therefore suggest that Sp1 modulation may affect two separate 

transcriptional pathways (p53 and AP-1) involved in neuronal cell death203. Moreover, as 

Sp1 has also been shown to cooperate with c-Jun to activate gene transcription202,204, 

Mithramycin neuroprotective effects may also be due to directly modulating Jun-dependent 

transcription. 

Although we show that induction of c-Jun pathways is a general neuronal injury 

response, its magnitude differs across models. Interestingly, it appears much weaker in 

Doxorubicin vs. Etoposide, suggesting lack of uniform regulation even within DNA 

damage models. In contrast, it is highly and rapidly upregulated by C2-Ceramide, where 

Mithramycin’s ability to suppress c-Jun levels supports a p53-independent mechanism. 

Despite the potential to disrupt c-Jun (and caspase) activation, Mithramycin is not 

neuroprotective in the C2-Ceramide model, suggesting these pathways are not among the 

dominant apoptosis-driving mechanisms in this model. 

Using a mouse experimental TBI model (CCI), we detected acute DNA damage 

responses164 and initiation of neuronal cell death mechanisms. Mithramycin modestly 

attenuated upregulation of some cell death pathways in the injured cortex 24h after injury, 

including a significant reduction in levels of phosphorylated c-Jun(S63 and S73) and 
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cleaved Fodrin fragments, and possible reduction in Puma and cleaved caspase-3. Brain 

Fodrin is primarily a neuronal protein176 whose cleavage is a neuronal death hallmark after 

acute brain injury205,206. Depending on the neuronal environment, Fodrin may be cleaved 

to calpain/caspase-generated 145/150kDa fragments or to a caspase-generated 120kDa 

fragment whose predominance reflects strong caspase activity207. Our previous studies 

showed repression of intrinsic caspase activation in the adult brain and low caspase-activity 

acutely after experimental TBI150,208. Appropriately, here we detected only modest effective 

caspase activation, indicated by prevalence of the more calpain-specific 145/150kDa 

Fodrin fragments, and a far lower Caspase Activity Index at 24 h post-injury, compared to 

in vitro models. 

Hence, CCI in adult mice may trigger neuronal cell death phenotypes other than 

intrinsic apoptosis such as those involving calpains208. In addition, activation of calpains 

may prevent cytochrome c-mediated caspase activation209. Our data show that 

Mithramycin has more limited effects in calpain-dependent neuronal cell death including 

that induced by ceramide210. Thus, while Mithramycin may still attenuate some p53-

dependent intrinsic apoptotic program elements, including BH3-only molecules, 

downstream cell death proteases and caspase-independent mechanisms as well as c-Jun 

activation, the narrower nature of these effects and relatively modest role played by the 

caspase-dependent portion of this cascade will likely reduce the neuroprotective 

therapeutic effect of Mithramycin in acute TBI. However, as Mithramycin acts upstream 

of MOMP, it may reduce deleterious mitochondrial perturbations after TBI211, leading to 

long-term protection. Also, progressive de-repression of intrinsic caspase activation 

pathways may occur after the acute phase150, creating a Mithramycin therapeutic window.  
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In summary, we have demonstrated profound neuroprotection by Mithramycin in 

DNA damage-induced and p53-dependent neuronal cell death following in vitro exposure 

to widely used chemotherapy agents. We have also shown that these protective effects are 

partially recapitulated acutely in an in vivo model of brain trauma, consistent with the more 

limited role played by p53-dependent intrinsic apoptosis. Thus, Mithramycin and other 

interventions targeting Sp1 may provide avenues for novel neuroprotective strategies 

particularly in conditions where pathological changes are driven by activation of c-Jun or 

the p53-dependent intrinsic apoptosis pathway. 
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Conclusions 

Mithramycin, which competitively targets chromatin-binding sites of Sp1, was 

highly neuroprotective in DNA-damage-dependent neuronal cell death, inhibiting 

chemotherapeutic-induced cell death cascades downstream of ATM and p53 

phosphorylation/activation but upstream of p53-induced expression of pro-apoptotic 

molecules. Mithramycin reduced neuronal upregulation of BH3-only proteins and 

mitochondrial dysfunction, attenuated caspase-3/7 activation and caspase substrates’ 

cleavage, and limited c-Jun activation. Chromatin immunoprecipitation indicated that 

mithramycin attenuates Sp1 binding to pro-apoptotic gene promoters without altering p53 

binding, suggesting the drug acts by removing cofactors required for p53 transactivation. 

In contrast, the DNA-damage-independent neuronal death models displayed caspase 

initiation in the absence of p53/BH3 activation and were not attenuated even when 

mithramycin reduced caspase activation. Experimental TBI triggers a multiplicity of 

neuronal death mechanisms. Although markers of DNA-damage/p53-dependent intrinsic 

apoptosis are detected acutely in the injured cortex and are attenuated by mithramycin, 

these processes may play a reduced role in early neuronal death after TBI, as caspase-

dependent mechanisms are repressed in mature neurons while other, mithramycin-resistant 

mechanisms are active. Our data suggest that, as hypothesized, Sp1 is required for p53-

mediated promoter transactivation of neuronal pro-apoptotic molecules and 

Mithramycin attenuates neuronal cell death in conditions predominantly involving 

DNA-damage-induced p53-dependent intrinsic apoptosis. 
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Chapter 3: Alterations of the Intrinsic Apoptosis Pathway by Neuronal Maturation 

 

Introduction 

While the neuroprotective effects of Mithramycin were very significant in 

immature RCNs, we felt that additional studies were needed to assess Mithramycin’s 

therapeutic potential. Though our data clearly indicated that Mithramycin could affect 

p53-dependent apoptosis in neurons, we felt that there were four key areas that needed to 

be addressed: 

1) Neuronal maturity 

First and foremost, the studies we described previously were done in a relatively 

immature set of neurons. While 1w in vitro primary neurons are terminally differentiated 

and exhibit very clear neuronal hallmarks, they are not fully mature neurons. As neurons 

become significantly apoptosis-resistant with maturation139–141,145, we felt it was 

important to 1) investigate the extent to which in vitro matured RCNs would undergo 

apoptosis in response to DNA damage, 2) determine the relative timing of apoptosis in 

mature vs. immature neurons, 3) identify differences in signal transduction after DNA 

damage and 4) explore the effect of Mithramycin in attenuating DNA damage-induced 

cell death of mature neurons. 

In 2001, work from our group by Dr. Alexander Yakovlev showed that rats 

significantly downregulate caspase-3-like (DEVDase) activity as well as levels of 

caspase-3 in the cortex during the first few post-natal weeks. This change was 

demonstrated at the mRNA, protein and activity level. He further demonstrated that 

caspase activity and APAF1 levels are likewise reduced with in vitro maturation of RCNs 
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from 1d to 14d in vitro. These maturation-induced changes corresponded with increased 

cell viability after Etoposide treatment150. 

In 2002, Dr. Lee J. Martin’s group also characterized apoptosis in a primary 

mouse cortical neuron culture model showing that in vitro maturation was a viable 

mechanism to examine changes in neurons due to maturation. They were able to maintain 

neurons in vitro for up to 60 days (DIV 60) and provided evidence that Camptothecin, a 

topoisomerase I inhibitor that causes DNA damage, could induce apoptosis of both DIV5 

and DIV25-30 neurons. Furthermore, they demonstrated that these two populations had 

different responses to Camptothecin212,213. 

These experiments demonstrated that in vitro maturation allows for a distinction 

between apoptosis activation pathways in mature vs. immature neurons. Therefore, we 

chose to further examine the role of Mithramycin in mature RCNs. 

2) Etoposide dosage/timing 

An interesting addition to the work from Martin’s group is that they also utilized a 

lower dose of Camptothecin in a separate experiment (0.5µM instead of 10µM) and 

showed a much greater difference in levels of cell death between their mature and 

immature cultures. Whereas 10µM Campothecin led to >80% cell death in DIV5 neurons 

and ~60% cell death in DIV 25 neurons by 24h, 0.5µM Camptothecin led to 50% cell 

death in DIV5 neurons and <20% cell death in DIV25 neurons by 72h. Our previous 

culture paradigm (50µM Etoposide without media replacement) led to very 

rapid/extensive cell death by 24h in 1w RCNs. Thus, cell death levels after DNA damage 

in immature neurons are subject to a ceiling effect such that significant increases in cell 

death inducers correspond to much smaller relative increases in levels of cell death. This 
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ceiling effect becomes especially apparent when compared to levels/rate of cell death in 

mature neurons under a similar change in cell death inducer dose. 

Rapid cell death in 1w neurons also leaves us little chance to observe long-term 

protective effects of Mithramycin. To better distinguish maturation-induced changes and 

be able to observe longer-term changes in neurons, we therefore chose to decrease both 

our Etoposide dose (concentration) and the time of RCNs’ exposure to Etoposide. 

In addition to this benefit, we felt it was necessary to expand our studies to a 

reduced Etoposide treatment in order to understand what happens when DNA damage 

occurs at lower levels in neurons. As clinical pathologies rarely lead to immediately 

cytotoxic levels of DNA damage, we wanted to understand the mechanisms activated in 

neurons that receive DNA damage but initially survive, and whether these mechanisms 

differ between mature and immature neurons. 

3) Alternative cell death inducers 

While Etoposide is a powerful tool in the study of DNA damage, we wanted to 

also expand our studies (as we did to some extent in Chapter 2) to Doxorubicin. Though 

similar in action to Etoposide, using Doxorubicin in parallel studies may allow us to 

eliminate Etoposide-specific off-target effects. In addition, Doxorubicin causes 

chemotherapy-induced cognitive impairment when used clinically. Though its best 

known side effect is its cardiotoxicity, this long-term cognitive impairment is still 

significant57,147. It is also known to be more cardiotoxic in young patients/animals, which 

may be partially due to myocardial tissue that, like immature neurons, is more primed to 

apoptosis214. Though Etoposide-containing therapies also induce cognitive impairment, 

this has generally been attributed to other components of those multi-drug regimens 
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(especially cisplatin)46,57. Etoposide is also less widely used compared to Doxorubicin 

and, thus, a study of Doxorubicin has greater clinical relevance. 

4) In vivo brain environment 

The final major limitation to our work from Chapter 2 was that no culture model 

can accurately represent the in vivo brain environment. This is due to a lack of a 3D 

structure which alters distribution of any treatment/toxicity inducer, lack of neural 

network inputs/structure and lack of appropriate glial cells which are necessary for 

complete, proper neuronal maturation215–218. Thus, we felt it was necessary to include an 

in vivo examination of the effects of DNA damage in immature vs. mature animals. 

 

We designed a set of experiments to expand on our previous studies and address 

these limitations of our previous work. These experiments further develop our 

understanding of the effect of neuronal maturation on both the intrinsic apoptosis pathway 

and on that pathway’s inhibition by Mithramycin. First, in the studies described below we 

establish that in vitro maturation of RCNs significantly attenuates intrinsic apoptosis 

induced by either Etoposide or Doxorubicin. Then, we show that utilizing a lower 

Etoposide exposure greatly accentuates the differences in the intrinsic apoptosis pathway 

between immature and mature neurons and provides evidence of a slower, alternative cell 

death pathway induction in neurons surviving the original insult. Finally, we utilize an in 

vivo intracerebroventricular injection model of Doxorubicin toxicity to demonstrate that 

the mature brain environment markedly attenuates the progression of cell death after DNA 

damage. 
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Additional Materials and Methods 

Please see Chapter 2 for an extensive list of materials and methods that are used in 

these sets of experiments as well. This sub-chapter will contain only methods not 

previously covered and those that were altered. 

 

Primary cortical neuronal cultures 

Embryonal Rat Cortical Neurons (RCN) were derived as previously described from 

rat E15-16 cortices 171. For each experiment, cortices were obtained from all embryos 

(mixed, unknown sex) of a single pregnant Sprague-Dawley® dam (Envigo). After 

dissociation, cells were seeded onto cell culture plates (Corning, Corning, NY) and 

maintained in serum-free conditions (Neurobasal PLUS Media) using the B27 PLUS 

supplement (ThermoFisher, Waltham, MA) as described previously, with modification171. 

Cultures were supplemented twice weekly by replacement of 50% of their media with fresh 

media. We previously showed that primary cultures using the very similar B27 supplement 

are  >90% neuronal172. 

Etoposide (Cat. #BML-GR307, Enzo Life Sciences, Farmingdale, NY), 

Staurosporine (Cat. #ALX-380-014, Enzo Life Sciences, Farmingdale, NY), C2-Ceramide 

(Cat. #BML-SL100, Enzo Life Sciences, Farmingdale, NY), Doxorubicin (Cat. #CST-

5927, Cell Signaling Technologies, Danvers, MA) and Mithramycin (Cat. #11434, 

Cayman Chemical Company, Ann Arbor, MI) were used to treat 7 days in vitro (DIV) cells 

or 28 DIV cells at concentrations and for times indicated elsewhere. 
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Short-term low-dose Etoposide treatments 

RCN cultures were treated as before with Etoposide at 7 DIV or 28 DIV. After dose 

response assays, we chose to utilize 25µM and 12.5µM Etoposide. However, after 3h of 

treatment, cells’ media was replaced with untreated conditioned media (collected from 

cells prior to treatment), thus greatly decreasing the length of Etoposide exposure compared 

to the studies described in the previous chapter. RCNs were then maintained for up to 7d 

after treatment. Because our culture system requires medium exchange twice weekly, 

samples or media for 3d timepoints were collected before any exchanges, while 7d 

timepoint samples/media were collected after 1 media exchange.   

 

Caspase-3 Activity Assay 

Protein lysates from RCNs were lysed in RIPA buffer. Afterwards, 25µg of protein 

was aliquoted into a 96-well plate and diluted such that the final volume of RIPA buffer 

was equivalent in each sample. CHAPS Lysis buffer was then added to bring the volume 

in each well up to 50µL. Caspase-3 substrate (Ac-DEVD-AMC; ALX-260-031) from Enzo 

(Farmingdale, NY) was diluted to 40µM in CHAPS Lysis Buffer and 50µL was added to 

each well. The final concentration of substrate in each well was 20µM. The plate was read 

using at 37°C with a fluorescent excitation wavelength of 360nm and emission wavelength 

of 460nm, using a BioTek Synergy HT Plate Reader using Gen5TM software. Emission 

from each well was plotted vs. time and a linear regression analysis was used to calculate 

caspase activity as the mean velocity (V; slope of the line). 
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Immunocytochemistry 

For all in vitro immunofluorescent analyses, RCNs were treated in 24-well plates 

with coverslips. Cells were fixed for 10 minutes in 4% paraformaldehyde/PBS and co-

stained overnight with a 1:400 dilution of Cell Signaling’s anti-phospho-H2AX antibody, 

a 1:400 dilution of Millipore’s Milli-MarkTM Pan Neuronal Marker and a 1:1000 dilution 

of Aves’s Chicken anti-GFAP antibody in 10% goat serum (Gemini Bio-Products, West 

Sacramento, CA). Wells were incubated the next day with appropriate goat-derived Alexa 

Fluor secondary antibody (Life Technologies, Fisher Scientific, Hampton, NH), followed 

by 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO) (0.5µg/mL in 

saline). Imaging was performed via a Nikon Ti-E fluorescent microscope using a 63x oil-

immersion objective. Settings were optimized to maximize signal intensity in controls 

without oversaturating signal in higher-intensity samples. Analysis was manually 

generated and performed automatically on all fields using the General Analysis 3 package 

in the Nikon’s NIS-Elements software. 

 

Animals 

8-week-old (20-25g) male C57BL/6 mice were obtained from JAX (Jackson 

Laboratories, Bar Harbor, ME) for the in vivo experiments involving adult animals. Mice 

were housed in the animal care facility at the University of Maryland School of Medicine 

under a 12 h light/dark cycle, with ad libitum access to food and water. For in vivo 

experiments involving rat pups, pregnant Sprague-Dawley® dams were obtained from 

Envigo (Indianapolis, IN) and allowed to deliver. Once delivered, pups were left with the 

mother until injection on d3, left to recover in a heated chamber and then returned to the 
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mother within thirty minutes after being wiped with bedding from their home cage. Rats 

and pups were housed in the animal care facility at the University of Maryland School of 

Medicine under a 12 h light/dark cycle, with ad libitum access to food and water. All 

activities were in accordance with protocols approved by the University of Maryland 

School of Animal Care and Use Committee and complied with the Guide for the Care and 

Use of Laboratory Animals published by NIH (DHEW publication NIH 85-23-2985). 

 

Drug Administration 

Adult mice and rat pups received an intracerebroventricular (icv) injection of 2mM 

Doxorubicin +/- 30µM mithramycin in artificial CSF (#59-7316, Harvard Apparatus, 

Holliston, MA) or equal volume of vehicle (artificial CSF + DMSO). Solutions were 

prepared on the day of use. The injection was performed via 30-gauge needle attached to 

Hamilton syringe (Hamilton, Reno, NV) into the left ventricle (anterior posterior (AP): -

0.5, medial lateral (ML): -1.0, dorsal ventral (DV): -2.0 from bregma) at a rate of 

0.5µL/min, with a final volume of 5µL infused over 10 minutes (in adults). For rat pups, 

injection was performed in a final volume of 1µL and coordinates were altered to 

correspond to the optimal ventricle location in these young animals (anterior posterior 

(AP): -0.5, medial lateral (ML): +1.5, dorsal ventral (DV): -2.0 from bregma). The 

Doxorubicin dose was based on an assessment of Ph-H2AX induction in adult mice vs. 

toxicity (data not shown). Mithramycin dosing was based on prior work utilizing the 

compound CR8173, and comparisons of their neuroprotective effects in vitro. This initial 

dosing determination was followed by an assessment of toxicity in adult mice with 
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Mithramycin alone or in combination with Doxorubicin (data not shown).  Mice were 

randomly assigned to icv treatment groups, with a final total of at least 4 animals per group. 
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Mature Neurons Exhibit Delayed Intrinsic Apoptosis in Response to DNA Damage 

Relative to Immature Neurons 

 

Results: 

Mature RCNs are apoptosis-resistant, especially in response to DNA damage 

In order to demonstrate that our RCN in vitro maturation culture model would lead 

to inhibition of neuronal apoptosis, we first treated 4w in vitro-matured neurons with doses 

of Etoposide and Doxorubicin that we have previously shown to be toxic in a 1w in vitro 

model (Fig.2). In contrast to our 1w results, we found no evidence of toxicity at 24h by 

LDH release. Evidence of toxicity by calcein decrease was seen only at the highest doses 

of Doxorubicin (800nM) and Etoposide (100µM), and, even then, the effect was mild, with 

~90% of neurons surviving at 24h (Fig.10A). Due to our data demonstrating a divergence 

in apoptotic mechanisms of DNA damage-dependent and -independent cell death (Chapter 

2), and because we saw greater sensitivity with calcein signal (Fig.10a), we also used 

calcein signal data to determine whether this inhibition of cell death remains true for DNA 

damage-independent forms of apoptosis. Though we saw significant decreases in calcein 

signal at 24h for all tested doses of Etoposide, Staurosporine and C2-Ceramide at 1 week, 

only the highest doses of Staurosporine (1µM) and C2-Ceramide (100µM) led to significant 

loss of calcein signal in RCNs at 4 weeks. There is maturation-dependent resistance to 

Staurosporine/C2-ceramide-induced apoptosis, but at high doses, mature cells are still able 

to die at significant levels. Even at high doses, this was generally not the case at 24h with 

DNA damage-dependent apoptosis inducers, Etoposide and Doxorubicin. 
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Figure 10: (a) RCN were treated with varying doses of Doxorubicin or Etoposide. LDH release and calcein 
signal were measured after 24h of treatment. (b) RCN were treated with varying doses of Etoposide, 
Staurosporine or C2-Ceramide. Calcein signal was measured 24h after treatment. n=5+/group for all groups. 
Data represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; 
*=p<0.05, **=p<0.01, ****=p<0.0001 vs control. 
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DNA damage-dependent intrinsic apoptosis is delayed in mature, relative to immature, 

neurons while Mithramycin remains neuroprotective downstream of p53 activation 

Based on our initial results at 24h, we extended our biochemical examinations of 

4w RCNs to 72h. By western blot (Fig.11-12) after Doxorubicin or Etoposide treatment, 

Ph-ATM (Ser1981) and Ph-p53(Ser15) were elevated over baseline by 6h and remained 

elevated for at least 72h. The canonical p53 target, p21 was upregulated by 6h after 

Etoposide or Doxorubicin treatment, though the upregulation was only sustained at 72h 

with Etoposide. There was evidence of significant caspase-3 activation at 24h after cell 

death inducer treatment and showed progressive elevation up to 72h. However, analysis of 

caspase cleavage targets Fodrin (120kDa) and PARP (89kDa) showed an interesting 

divergence. We had previously shown (Fig 2) that PARP (89kDa) cleavage by caspase 

required lower levels of caspase-3 activation than Fodrin (120kDa) cleavage. A previous 

study also indicated that other caspases may cleave PARP, though caspase-3 may be 

necessary for Fodrin cleavage219. Nonetheless, differential PARP and Fodrin cleavage was 

much more pronounced in the mature neurons. Significant PARP cleavage was evident by 

6h (as in 1w neurons), while significant Fodrin cleavage was not seen until 72h of inducer 

treatment. Mithramycin was able to reduce levels of p21, cleaved caspase-3 and Fodrin 

cleavage, indicating that it could act to attenuate both protein expression of p53-dependent 

targets and end-stage apoptosis markers. Interestingly, Mithramycin was not able to 

attenuate cleavage of PARP, except at 6h after Etoposide treatment. This may be due in 

part to an alternative/acceleration activation of caspase-7 and, subsequently, RNA-

dependent cleavage of PARP by caspase-7 (caspase-3 cleavage of PARP is not RNA-
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dependent)220. At 24h, RCNs co-treated with Mithramycin had higher levels of Ph-p53 

(S15), while at 72h, Ph-p53 (S15) levels were relatively lower. 

 
Figure 11: RCN were treated with 200nM Doxorubicin +/- 200nM Mithramycin. After 6h, 24h or 72h, cells 
were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and after 
electrophoretic separation and transfer to a membrane were incubated with antibodies against DNA damage 
markers, phospho-ATM (S1981) and γH2AX, or phospho-p53(S15) and its downstream target: p21 as well 
as /activated caspase-3 (Casp3) and its substrates α-Fodrin and cleaved PARP. Protein levels (of bands 
indicated by arrows) were quantified by densitometry, normalized to appropriate β-actin signal and are 
presented as normalized fold change compared to control levels. n=3/group for all groups. Data represent 
mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 
vs Doxorubicin alone. 
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Figure 12: RCN were treated with 50µM Etoposide (Fig.12) +/- 200nM Mithramycin. After 6h, 24h or 72h, 
cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and 
after electrophoretic separation and transfer to a membrane were incubated with antibodies against DNA 
damage markers, phospho-ATM (S1981) and γH2AX, or phospho-p53(S15) and its downstream target: p21 
as well as /activated caspase-3 (Casp3) and its substrates α-Fodrin and cleaved PARP. Protein levels (of 
bands indicated by arrows) were quantified by densitometry, normalized to appropriate β-actin signal and are 
presented as normalized fold change compared to control levels. n=3/group for all groups. Data represent 
mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test; *=p<0.05, 
**=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 
vs Etoposide alone. 
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Discussion: 

Later, we will demonstrate that changes seen in Figures 11-12 are modest in 

comparison to immature neurons. However, these data demonstrate that mature neurons do 

activate the same intrinsic apoptosis pathway seen in immature neurons after DNA damage. 

We show here evidence of p53 phosphorylation, upregulation of the p53-dependent protein 

21, as well as of end-stage apoptotic cell death via caspase activation and Fodrin cleavage. 

Though all these events are delayed in comparison to immature neurons, mature neurons 

can and do activate the same pathway in response to DNA damage. Importantly, in this 

context, Mithramycin can strongly reduce p53-dependent protein upregulation and end-

stage apoptosis. 
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Differences in DNA Damage-Induced Intrinsic Apoptosis in Immature vs. Mature 

Neurons 

Although our results revealed that the intrinsic apoptosis pathway was significantly 

inducible (albeit delayed) in mature neurons and could be attenuated by Mithramycin, 

relative apoptosis-related protein induction in mature vs. immature RCNs requires direct 

comparison. In this sub-chapter, we will compare the DNA damage-dependent intrinsic 

apoptosis pathway in these neurons from initiation to the end-stage of caspase activation.  

 

DNA Damage levels are similar in immature vs. mature neurons and Mithramycin does 

not affect H2AX phosphorylation 

As in immature neurons, DNA damage induced by Doxorubicin or Etoposide 

showed significant Ph-H2AX upregulation as early as 6h that remained elevated for at least 

72h. Although H2AX phosphorylation is not a direct measure of DNA damage, it is widely 

accepted as a sensitive marker30. We analyzed the average number of Ph-H2AX (Ser139) 

foci per neuron and intensity per focus by immunofluorescence analysis (Fig.13). 

Statistically significant differences for foci per neuron for Mithramycin co-treatment were 

seen only at 72h with Doxorubicin, while significant differences between 1w and 4w RCNs 

(increases at 4w) were seen 6h after treatment with Etoposide alone and 24h after treatment 

with Etoposide + Mithramycin. Analysis of focal intensities indicated that foci in treated 

cells were of a higher fluorescent intensity than any existing foci in control cells. With 

some exceptions, especially with Etoposide, most treatments let to statistically similar focal 

intensity distributions. Therefore, our treatments induced similar levels of DNA damage, 

measured by H2AX phosphorylation, in immature and mature neurons +/- Mithramycin. 
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Figure 13: (a) RCN were treated with 200nM Doxorubicin or 50µM Etoposide +/- 200nM Mithramycin. 
After 6h, 24h or 72h cells were fixed and stained for neuronal markers (MAB2300, Neuro-Chrom™ Pan 
Neuronal Marker), DAPI and Ph-H2AX (Ser139), imaged and quantified.  Quantification was performed on 
8 fields per treatment. Data in (b) are presented as an unbinned cumulative frequency distribution. 
Significance based on one-way ANOVA and Tukey post-hoc test for (a) and on Kruskal-Wallis test followed 
by Dunn’s post-hoc analysis for (b); ****=p<0.0001 vs control; ^^^^=p<0.0001 vs cell death inducer alone; 
###=p<0.001 vs 1w RCN, ####=p<0.0001 vs 1w RCN. 
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Major apoptotic regulators’ transcription levels are decreased in mature neurons 

Due to Yakovlev’s previous work indicating decreased levels of APAF1 and 

caspase-3 with maturation150, we examined transcriptional levels of these major members 

of the intrinsic apoptosis pathway, as well as of p53 (Fig.14). We found a significant 

decrease in all three markers, with a considerably lower level of APAF1 and caspase-3 

expression in mature four-week RCNs. These data provide evidence of the 

downregulation of DNA damage-dependent intrinsic apoptosis at both the pre-

mitochondrial and post-mitochondrial levels, which we explore in the next set of figures. 

 
Figure 14: RCN were harvested after 24h of control treatment. Equal amounts of purified RNA were 
converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA levels were normalized via 
GAPDH, quantified using the ddCt method and are presented as fold change compared to 1w control levels. 
n=3/group for all groups. Data represent mean +/- SD. Significance assigned based on one-way ANOVA and 
Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs 1w control. 
 

Relative levels of DDR kinase activation downstream of DNA damage is greatly decreased 

with maturation 

We examined levels of Ph-H2AX(Ser139), Ph-ATM(Ser1981) and Ph-

ATR(Ser428) in 1w vs. 4w RCNs after DNA damage inducers by western blotting (Fig.15-

16) to identify changes in the immediate responses to DNA damage. Because of the large 

number of groups and large differences in variability between 1w and 4w RCNs, statistical 

comparison by ANOVA was sometimes unable to show significance when all groups were 
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compared together at once, even when group means varied by ten-fold or more. In these 

expansive comparisons of immature and mature RCN cultures, we did not feel it was 

appropriate to always take a reductionist approach and compare different combinations of 

groups in order to show significance under varied circumstances, but when discrepancies 

arose between previous and current data, we endeavored to comment on potential statistical 

comparisons of group subsets. Levels of Ph-H2AX (Ser139) were significantly elevated 

over the control at 1w, but statistically significant elevation over control was only seen at 

3d after 4w treatment. In light of Figure 13, we used ANOVA with Tukey’s post-hoc test 

to compare between only the 4w samples and found significant elevation over control 

within that subset (data not shown). In the case of Ph-ATM and Ph-ATR, we again saw 

significant elevation in 1w neurons, but no significant evidence of ATM or ATR activation 

in 4w neurons. In this case, analysis of the 4w subset also failed to show elevation over 

control. Likely, this subset result was different from that in Figures 11-12 for ATM 

activation because relatively short exposure times do not allow for successful, statistically 

significant differentiation between low levels of signal. 

 
 
 
 
 
 
 
 
 
 
Figure 15: RCN were treated with 200nM Doxorubicin +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, 
cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and 
after electrophoretic separation and transfer to a membrane were incubated with antibodies against phospho-
ATM (S1981), Total ATM, phospho-ATR (Ser428), Total ATR and γH2AX. Protein levels (of bands 
indicated by arrows) were quantified by densitometry, normalized to total protein and are presented as 
normalized fold change compared to control levels (same controls loaded on all 3 replicate blots). n=3/group 
for all groups, representative blot shown here. Data represent mean +/- SD. Significance assigned based on 
one-way ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative 
control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Doxorubicin alone; #=p<0.05, ##=p<0.01, 
###=p<0.001, ####=p<0.0001 vs. 1w RCNs. 
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Figure 16: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, cells 
were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and after 
electrophoretic separation and transfer to a membrane were incubated with antibodies against phospho-ATM 
(S1981), phospho-ATR (Ser428) and γH2AX. Protein levels (of bands indicated by arrows) were quantified 
by densitometry, normalized to total protein and are presented as normalized fold change compared to control 
levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, representative blot shown 
here. Data represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc 
test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; ^=p<0.05, ^^=p<0.01, 
^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone; #=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001 vs. 
1w RCNs. 
 

Finally, in Figure 15, we also compared levels of total ATM and total ATR and 

showed significant decreases in control levels in 1w v 4w neurons, which may explain the 

decline in levels of active, phosphorylated ATM/ATR in mature neurons. Thus, our results 

indicate that DNA damage occurs after treatment with Etoposide and Doxorubicin and that 

both mature and immature neurons phosphorylate H2AX. However, mature neurons do not 
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subsequently activate ATR and very weakly activate ATM, likely due to decreased total 

levels of these proteins. 

 

P53 activation and subsequent signaling in mature neurons is similar in mature neurons 

relative to immature neurons but delayed 

Cell death inducer treatment of mature neurons led to activation of p53, but to 

lower levels than in immature neurons (Fig.17-18). Total p53 protein levels were 

significantly attenuated in mature neurons, congruent with decreased mRNA (Fig.14). 

However, calculating the ratio of phosphorylated/total p53 protein in mature relative to 

immature neurons indicated that p53 could be similarly activated (if not more highly 

relatively activated). Therefore, the difference in active p53 is not a function of lower 

activation relative to 1w RCNs, despite decreased levels of ATM and ATR, but of lower 

total levels. We also saw decreased levels of Sp1 in mature neurons. Together, these 

changes could explain decreases in mature RCNs’ baseline (Fig.19) levels of PUMA 

protein (Fig.17-18) and mRNA (Fig.19; ~1/10 of immature RCNs) and mRNA levels of 

Noxa (Fig.19; ~1/2 of immature RCNs). However, despite this baseline attenuation of 

p53-dependent transcription, we were able to show delayed, yet significant, induction of 

PUMA (at both protein and mRNA levels) and Noxa in mature RCNs after cell death 

inducer treatment. This induction could be attenuated by Mithramycin. The relative 

induction of Noxa and PUMA mRNA over the 4w control was higher than the relative 

induction over the 1w control. 
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Figure 17: RCN were treated with 200nM Doxorubicin +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, 
cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and, 
after electrophoretic separation and transfer to a membrane, were incubated with antibodies against Ph-p53 
(Ser15), PUMA, p21, Total p53 or Sp1. Protein levels (of bands indicated by arrows) were quantified by 
densitometry, normalized to total protein and are presented as normalized fold change compared to control 
levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, representative blot shown 
here. Data represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test 
for all sets; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; ^=p<0.05, ^^=p<0.01, 
^^^=p<0.001, ^^^^=p<0.0001 vs Doxorubicin alone; #=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001 
vs. 1w RCNs. 
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Figures 18: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, cells 
were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and, after 
electrophoretic separation and transfer to a membrane, were incubated with antibodies against Ph-p53 
(Ser15), PUMA, p21, Total p53 or Sp1. Protein levels (of bands indicated by arrows) were quantified by 
densitometry, normalized to total protein and are presented as normalized fold change compared to control 
levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, representative blot shown 
here. n=3/group for all groups. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test for all sets; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs 
relative control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone; #=p<0.05, 
##=p<0.01, ###=p<0.001, ####=p<0.0001 vs. 1w RCNs. 
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Figures 19: RCN were treated with 200nM Doxorubicin or 50µM Etoposide +/- 200nM Mithramycin. After 
1h, 6h, 24h or 72h, cells were harvested. Equal amounts of purified RNA were converted into cDNA. Equal 
volumes of cDNA were loaded for qPCR. mRNA levels were normalized via GAPDH, quantified using the 
ddCt method and are presented as fold change compared to control levels. n=3/group for all groups. Data 
represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc test for all 
sets; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; ^=p<0.05, ^^=p<0.01, 
^^^=p<0.001, ^^^^=p<0.0001 vs cell death inducer alone; #=p<0.05, ##=p<0.01, ###=p<0.001, 
####=p<0.0001 vs. 1w RCNs. 
 
 

Interestingly, p21 protein and mRNA did not follow the same pattern: baseline 

levels were higher in mature RCN cultures despite lower levels of p53 and Sp1. Induction 

of p21 did occur with DNA damage and this induction was significantly attenuated by the 

presence of Mithramycin both in mature and immature neurons. Thus, baseline levels of 
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p53 and Sp1 are attenuated in mature neuronal cultures, as are transcriptional levels of 

pro-apoptotic BH3 proteins PUMA and Noxa. However, these pro-apoptotic proteins and 

p21 are significantly induced after DNA damage in both immature and mature RCNs, 

though there is a slow induction in mature neurons. In all cases, induction of p53-

dependent transcription can be reduced by Mithramycin. In fact, levels of these mRNAs 

can even be reduced below baseline by Mithramcyin co-treatment in both mature and 

immature cultures. 

 

Mitochondrial Outer Membrane Permeabilization occurs in both mature and immature 

neurons 

 We performed subcellular fractionation on both 1w and 4w RCN cultures to 

determine whether 4w neurons treated with Etoposide underwent MOMP (Fig.20). We 

demonstrated that both AIF and cytochrome c levels significantly increase in the cytosolic 

fraction after 6h of Etoposide treatment in 4w RCNs. Cytochrome c release from 

mitochondria in 1w RCNs was also significant at 6h. In these cases, both at 1w and 4w, we 

saw significant protection by Mithramycin from cytosolic release of mitochondrial pro-

apoptotic factors. 

 

 

Figure 20: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin. The cytosolic fraction was 
collected after 6h. Equal amounts of fraction lysates were loaded onto an SDS-polyacrylamide gel and, 
after electrophoretic separation and transfer to a membrane, were incubated with antibodies against AIF 
and cytochrome c proteins. Protein levels (of bands indicated by arrows) were quantified by densitometry, 
normalized to GAPDH signal and are presented as normalized fold change compared to control levels. 
n=3/group for all groups. Data all represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control; 
^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone; #=p<0.05, ##=p<0.01, 
###=p<0.001, ####=p<0.0001 vs. 1w RCNs. 
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The post-mitochondrial phase of apoptosis is delayed AND attenuated in mature neurons  

To identify the final outcomes of the apoptotic pathway in mature neurons, we 

analyzed levels of Caspase-3 and caspase-dependent cleavage products of PARP (89kDa) 

and Fodrin (120kDa) (Fig.21-22). We found that DNA damage-induced protein levels of 

activated caspase-3 and cleaved PARP were markedly reduced (and relative to 1w neurons, 

almost non-existent) in mature neurons. Interestingly, we found that by 72h of treatment, 

mature neurons were still capable of significant levels of Fodrin (120kDa) cleavage, despite 

relatively low levels of active caspase. In both mature and immature neurons, this Fodrin 

cleavage was attenuated by Mithramycin co-treatment. Caspase activation was also 

significantly reduced in immature neurons by Mithramycin. 
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Figure 21: RCN were treated with 200nM Doxorubicin +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, 
cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and, 
after electrophoretic separation and transfer to a membrane, were incubated with antibodies against cleaved 
(active) Casp3, cleaved PARP (89kDa) and Fodrin. Protein levels (of bands indicated by arrows) were 
quantified by densitometry, normalized to total protein and are presented as normalized fold change 
compared to control levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, 
representative blot shown here. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; 
^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Doxorubicin alone; #=p<0.05, ##=p<0.01, 
###=p<0.001, ####=p<0.0001 vs. 1w RCNs.  
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Figures 22: RCN were treated with 50µM Etoposide +/- 200nM Mithramycin. After 1h, 6h, 24h or 72h, cells 
were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide gel and, after 
electrophoretic separation and transfer to a membrane, were incubated with antibodies against cleaved 
(active) Casp3, cleaved PARP (89kDa) and Fodrin. Protein levels (of bands indicated by arrows) were 
quantified by densitometry, normalized to total protein and are presented as normalized fold change 
compared to control levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, 
representative blot shown here. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; 
^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs cell death inducer alone; #=p<0.05, ##=p<0.01, 
###=p<0.001, ####=p<0.0001 vs. 1w RCNs. 
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Figure 23: RCN were treated with 200nM Doxorubicin (a) or 50µM Etoposide (b) +/- 200nM Mithramycin. 
After 1h, 6h, 24h or 72h, cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-
polyacrylamide gel and after electrophoretic separation and transfer to a membrane were incubated with 
antibodies against Phospho-c-Jun (S73) or total c-Jun. Protein levels (of bands indicated by arrows) were 
quantified by densitometry, normalized to total protein and are presented as normalized fold change 
compared to control levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, 
representative blot shown here. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; 
^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs cell death inducer alone; #=p<0.05, ##=p<0.01, 
###=p<0.001, ####=p<0.0001 vs. 1w RCNs. 
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Mature neurons induce c-Jun in response to DNA damage 

RCNs treated with Etoposide or Doxorubicin showed c-Jun activation, including 

significantly increased levels of phospho-c-Jun (Ser73) and total c-Jun (western blot) 

(Fig.23). We saw more marked elevation of both total and phosphorylated c-Jun with 

mature neurons, though it was once again delayed, as with many of the other markers. Total 

levels of c-Jun were attenuated by Mithramycin co-treatment in mature neurons. 

However, levels of phosphorylated c-Jun (S73) were attenuated only when 

Mithramycin was combined with Etoposide in mature neurons. In fact, 

Doxorubicin+Mithramycin in 4w neurons led to an increased phosphorylation of c-Jun. 

This indicates that while Mithramycin attenuates intrinsic apoptosis, it may alter other 

pathways in a non-protective manner. Overall, these data indicate that although the DNA 

damage-dependent intrinsic apoptosis pathway may be attenuated in mature neurons, other 

pathways continue to be active and may therefore predominate in these cells. Under 

conditions where a different mechanism of cell death predominates (or even non-DNA 

damage-induced apoptotic cell death), Mithramycin may not be protective (Fig.2). 

Data from figures comparing mature and immature neuronal responses is 

summarized in Table 2 (below). 
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Treatment: 
1w Dox 4w Dox 1w Etop 4w Etop 
 + Mith  + Mith  + Mith  + Mith 

Cell Death ↑↑ ↓↓ +/- +/- ↑↑ ↓↓ +/- +/- 
DNA Damage 

Response 
↑↑ +/- ↑ +/- ↑↑ +/- ↑ +/- 

p53 Activation ↑↑ +/- ↑↑ +/- ↑↑ +/- ↑↑ +/- 
p53-Dep. 

Transcriptional 
Response 

↑↑ ↓↓ ↑↑ ↓↓ ↑↑ ↓↓ ↑↑ ↓↓ 

Mitochondrial 
integrity / 
function 

ND ND ND ND ↑↑ ↓↓ ↑↑ ↓↓ 

Caspase 
activation 

↑↑ ↓↓ +/- ↓↓ ↑↑ ↓↓ +/- ↓↓ 

Caspase-Dep. 
Substrate 
Cleavage 

↑↑ ↓↓ ↑ ↓↓ ↑↑ ↓↓ ↑↑ ↓↓ 

Table 2: Abridged data summary for concise visual representation of Figures 10,13,15-22. Please note, 
compression of diverse data points to generate this table was partially subjective. For Mithramycin-treated 
groups, changes are indicated in relation to groups treated with inducer alone. Two arrows indicate marked 
changes; “↑” indicates increase, “↓” indicates decrease, “+/-” indicates no change overall. “ND” = Not Done. 
 

 

Discussion: 

Though mature neurons can activate the intrinsic apoptosis pathway after DNA 

damage, the level and speed of activation is significantly reduced compared to immature 

neurons. Similar H2AX phosphorylation and foci formation indicate that these changes are 

not due to fundamental changes in cell death inducers’ actions, but in neuronal responses. 

The change in response occurs at both pre- and post-mitochondrial levels in the 

pathway. Pre-mitochondrially, levels of ATM, ATR and p53 are reduced, as are levels of 

their activation and levels of Sp1. Despite lower levels of these two kinases that 

phosphorylate p53 and less p53 itself, we still see significant p53 phosphorylation and 

evidence of its transcriptional activity in mature neurons. However, there is evidence that 

different kinases can be responsible for the same phosphorylation of p53 under different 
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circumstances,221 so it is plausible that other kinases such as casein kinase I (CKI) or AMP-

activated protein kinase (AMPK) may be responsible for this activity in mature neurons. 

Alternatively, low levels of p53 may only require a low level of kinase activation for 

successful phosphorylation. 

Whereas levels of PUMA and Noxa, two major pro-apoptotic BH3-only members 

of the BCL-2 family are reduced at baseline in mature neurons, they are strongly induced 

relative to the 4w control. Although this induction is somewhat weaker than in 1w neurons 

and/or occurs at a slower rate, it nonetheless demonstrates that these pathways are not 

irreversibly inhibited at this level. Furthermore, to the extent that these pathways are 

activated, we have shown that Mithramycin remains able to attenuate them. 

Despite reduction or delay in induction of pre-mitochondrial apoptotic 

mechanisms, our results still showed evidence of mitochondrial outer membrane 

permeabilization and the cytosolic release of AIF and cytochrome c. These data 

demonstrate that mature neurons can still undergo MOMP, a key step in the apoptotic 

pathway, to some extent. Lack of significant cell death in this model despite MOMP could 

partially be explained by higher overall numbers of mitochondria in mature neurons222. 

However, we believe the disconnect between MOMP and post-mitochondrial apoptotic 

signaling highlights the downregulation of those downstream caspase-dependent 

mechanisms. 

Post-mitochondrially, decreased APAF1 and Casp3 levels lead to remarkably lower 

caspase activation and Fodrin/PARP cleavage in mature neurons. Thus, despite activation 

of portions of the p53-dependent DNA damage apoptosis pathway and MOMP, mature 

neurons remain strongly resistant to apoptosis. This resistance to DNA damage-induced 
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intrinsic apoptosis does not indicate that neurons will be resistant to other known cell death 

pathways or even to energetic crisis due to depolarized mitochondria. For example, mature 

neurons activate c-Jun similarly to their immature counterparts. 

It is vital to recognize that our Etoposide and Doxorubicin treatments thus far have 

been at rather high doses that result in a very significant level of cell death in 1w neurons 

by 24h. More importantly, the cell death inducer is not removed from the cells and can 

continue to cause damage throughout the experiment. Thus, the fact that our 4w RCNs only 

show some of the end-stage apoptosis hallmarks even in the context of such a harsh 

treatment is highly indicative of the strength of apoptotic restriction by maturation. In order 

to overcome this previously described limitation, our next set of experiments utilized a 

shorter Etoposide treatment at a lower dose. 
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A Modified Paradigm Defined by Low-Dose, Reduced-Exposure DNA Damage 

Induction 

Because of our own data and other work described in the Introduction to Chapter 

3212,213, we decided to utilize a less harsh Etoposide treatment paradigm. Our previous 

treatments had maintained a high concentration of Etoposide throughout the course of the 

treatment. The improved paradigm, adapted and extended from previous work in our lab172, 

utilized a lower dose and a shorter treatment. This allows for studies not only of cell death, 

but of survival/repair pathways engaged after an initial DNA damage insult in a neuronal 

population. This is especially important when considering the long timeframe of 

neurodegenerative disorders, chemotherapy-induced cognitive impairment and progressive 

cognitive decline after TBI. Accordingly, in expectation of lowered cell death, we extended 

our analyses to seven days after injury in both immature and mature neurons, though there 

were particularly high, significant levels of cell death in immature neurons at 3-7 days. 

 

Results: 

A low-dose, reduced-exposure Etoposide treatment markedly accentuates differences in 

cell death between mature and immature neurons 

We performed these analyses using Etoposide as a DNA damage inducer (Fig.24) 

but removed Etoposide from the cells after 3h of treatment. With this improved paradigm, 

we saw significant levels of LDH release from immature neurons at all doses tested and at 

all timepoints.  Mature neurons only showed a consistent and significant, yet very mild, 

LDH release with 25µM Etoposide treatment after 3d that persisted through 7d. After 7d 

of treatment in the immature cultures, we saw decreased LDH release compared to 3d after 
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higher dose treatment, likely because a significant proportion of cells treated with higher 

doses had already died by 3d and released LDH. The LDH half-life is ~9h in culture media 

and we would have additionally removed 50% of any remaining LDH after exchanging the 

media on day 3.  

 

 
Figure 24: RCN were treated with varying doses of Etoposide. LDH release was measured after 24h, 72h or 
7d of treatment. n=5+/group for all groups. Data represent mean +/- SD. Significance assigned based on one-
way ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs control. 
 
 

 

Low-dose, reduced-exposure Etoposide treatment leads to transient DNA damage and p53 

activation 

This shortened, lower-dose etoposide treatment led to a transient, dose-dependent 

phosphorylation of H2AX. H2AX is not only activated upon DNA damage, but its 
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phosphorylation level is reduced upon DNA repair (Fig.25).30 We utilized 

immunofluorescent staining in mature neurons to confirm that we still saw significant 

elevation of H2AX phosphorylation after our reduced Etoposide treatment despite very low 

levels of cell death. 

 
Figure 25: RCNs were treated with varying doses of Etoposide. After 6h, 24h, 3d or 7d, cells were fixed and 
stained for neuronal markers (MAB2300, Neuro-Chrom™ Pan Neuronal Marker), DAPI and Ph-H2AX 
(Ser139), imaged and quantified.  Quantification was performed on 8 fields per treatment. Data in (b) are 
presented as an unbinned cumulative frequency distribution. Significance based on one-way ANOVA and 
Tukey post-hoc test for the left graph of (a), Brown-Forsythe and Welch ANOVA and Dunnett’s T3 post-
hoc test for the right graph of (a) and on Kruskal-Wallis test followed by Dunn’s post-hoc analysis for (b); 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs respective control. 
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The foci per neuronal nucleus and average intensity per neuronal focus were 

calculated based on the average in an entire field as this allowed for optimal visualization 

of this large data set (Fig.25A). There was significant phosphorylation of H2AX at 6h and 

24h for all Etoposide doses that decreased with time. To illustrate this in another manner, 

we also plotted the intensity of pH2AX signal in every neuronal nucleus (Fig.25B), where 

we again saw the same significant early increase in H2AX phosphorylation that decreased 

with time. Western blotting (Fig.26) indicated a similar pattern of DNA damage. To 

compare between blots with variable exposure times, we utilized the same scale for each 

comparable graph; thus, plotted values that may be significantly different to their own 

control can appear insignificant on the scale of earlier fold changes. There were significant 

increases in H2AX phosphorylation in 1w and 4w RCNs with 25µM Etoposide and in 1w 

RCNs with 12.5µM Etoposide. H2AX phosphorylation with 12.5µM Etoposide alone at 

4w was not significantly different than control. ATM phosphorylation was elevated in 1w 

RCNs, but not in 4w RCNs at either dose. Intriguingly, 7d after the initial DNA damage 

inducer had been removed, we saw evidence of H2AX re-activation in both 1w and 4w 

RCNs, with some evidence of a greater increase in Mithramycin co-treated samples. There 

was no evidence of re-activation of ATM at this timepoint with either dose. We hypothesize 

that this is due to DNA damage caused by cytotoxic factors released by cells that were not 

able to appropriately repair the original DNA lesions and died very slowly. Their death in 

turn may have led to a second wave of DNA damage and subsequent cell death. This second 

wave would therefore not be due to direct DNA damage alone, and thus be less p53 

transcription-dependent, making Mithramycin less protective (or even harmful).  
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Figure 26: RCN were treated with 25µM or 12.5µM Etoposide +/- 200nM Mithramycin. After 1h, 6h, 24h, 
3d or 7d, cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide 
gel and after electrophoretic separation and transfer to a membrane were incubated with antibodies against 
Phospho-H2AX(Ser139), Phospho-ATM(Ser1981) or Phospho-p53(S15). Protein levels (of bands indicated 
by arrows) were quantified by densitometry, normalized to total protein and are presented as normalized fold 
change compared to control levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, 
representative blot shown here. Data represent mean +/- SD. Significance assigned based on one-way 
ANOVA and Tukey post-hoc test run on those values plotted together, re-using controls where appropriate; 
*=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; ^=p<0.05, ^^=p<0.01, 
^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone; #=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001 vs. 
1w RCNs. 
 
 

Immature RCNs had significantly increased levels of p53 phosphorylation that 

persisted up to 3d after treatment. At these Etoposide doses, we did not see p53 activation 

in mature neurons until 3d after drug treatment. In all these measures, using a milder 
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Etoposide treatment led to a starker contrast between 1w and 4w RCNs than previous 

higher dose experiments. 

 

Low-dose, reduced-exposure Etoposide treatment leads to further delay and reduction in 

end-stage apoptosis 

To assess relative levels of end-stage apoptosis, we looked at levels of active 

caspase-3 and its cleavage products, PARP and Fodrin (Fig.27). Active (cleaved) caspase-

3 was elevated in 1w RCNs but not in 4w RCNs. In keeping with the slight re-activation 

of H2AX, 1w RCNs co-treated with Etoposide and Mithramcyin showed slight but 

significant elevation of cleaved caspase at 7d after treatment. In accordance with the 

caspase activation data, levels of cleaved PARP were also significantly increased in 1w 

RCNs but not in 4w RCNs. This elevation persisted out to 3d. 4w RCNs co-treated with 

Etoposide and Mithramycin showed a statistically significant decrease in levels of cleaved 

PARP at 7d. The 145-150 cleavage product of Fodrin (calpain/caspase-dependent 

cleavage), was significantly higher in 4w neurons even at baseline. This may be due to 

higher levels of N-methyl D-aspartate (NMDA) receptor (or other calcium-permeable 

receptor types) at this point of neuronal maturation that allows for more rapid calcium 

influx and calpain activation during neuron removal from plates/lysis.223,224 We saw no 

elevation over control of the Fodrin 145-150 kDa fragment in 4w neurons after DNA 

damage except at the 7d timepoint. At this timepoint, treatment with 25µM Etoposide led 

to significant elevation and even higher elevation was observed when the drug was 

combined with Mithramycin. Meanwhile, treatment with 12.5µM Etoposide led to a 

significant Fodrin 145-150 kDa fragment elevation only in combination with Mithramycin. 
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Figure 27: RCN were treated with 25µM or 12.5µM Etoposide +/- 200nM Mithramycin. After 1h, 6h, 24h, 
3d or 7d, cells were harvested. Equal amounts of whole cell lysates were loaded onto an SDS-polyacrylamide 
gel and after electrophoretic separation and transfer to a membrane were incubated with antibodies against 
cleaved Caspase-3, PARP or Fodrin. Protein levels (of bands indicated by arrows) were quantified by 
densitometry, normalized to total protein and are presented as normalized fold change compared to control 
levels (same controls loaded on all 3 replicate blots). n=3/group for all groups, representative blot shown 
here. Data represent mean +/- SD. Significance assigned based on one-way ANOVA and Tukey post-hoc 
test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative control; ^=p<0.05, ^^=p<0.01, 
^^^=p<0.001, ^^^^=p<0.0001 vs Etoposide alone; #=p<0.05, ##=p<0.01, ###=p<0.001, ####=p<0.0001 vs. 
1w RCNs. 
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The caspase-dependent 120kDa cleavage fragment of Fodrin was significantly 

generated in both 1w and 4w RCNs. However, with 1w RCNs, significant elevation was 

evident as early as 6h after treatment (25µM Etoposide) while with 4w RCNs significant 

elevation was not seen until 3d after treatment (and then only with 25µM Etoposide).  

Levels of the 120kDa Fodrin fragment in 4w RCNs treated with 12.5µM Etoposide were 

not significantly different than control at any time point. Data from Figures 25-27 is 

summarized in Table 3. 

Treatment: 
1w 4w 1w 4w 

25µM Etop 25µM Etop 12.5µM Etop 12.5µM Etop 
 +Mith  +Mith  +Mith  +Mith 

DNA 
Damage 

Response 
↑↑ +/- ↑ +/- ↑↑ +/- ↑ +/- 

p53 
Activation 

↑↑ +/- ↑ +/- ↑↑ +/- +/- +/- 

Caspase 
activation 

↑↑ ↓↓ +/- +/- ↑↑ ↓↓ +/- ↓ 

Caspase-
Dep. 

Substrate 
Cleavage 

↑↑ ↓↓ ↑↑ ↓ ↑↑ ↓ ↑ +/- 

Table 3: Abridged data summary for concise visual representation of Figures 25-27. Please note, compression 
of diverse data points to generate this table was partially subjective. For Mithramycin-treated groups, changes 
are indicated in relation to groups treated with inducer alone. Two arrows indicate marked changes; “↑” 
indicates increase, “↓” indicates decrease, “+/-” indicates no change overall. 
 
 
 
Discussion: 

Reducing the dose and exposure time of both 1w and 4w RCN cultures to Etoposide 

considerably accentuated changes seen with our previous treatment paradigm. While both 

sets of neurons were able to repair some of the damage by 1d after treatment as shown by 

a decrease in H2AX phosphorylation, this transient Etoposide treatment was sufficient to 

rapidly engage the DNA damage-dependent intrinsic apoptosis pathway in immature 
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neurons and lead to p53 phosphorylation, caspase activation and cleavage of PARP and 

Fodrin. Mature RCNs were able to more rapidly repair the damage caused by Etoposide. 

They also did not appreciably engage the intrinsic apoptosis pathway at any level except 

Fodrin cleavage, and then only 3d+ after treatment, with 25µM Etoposide, and in the 

absence of significant changes in active caspase-3. 

These data also revealed a curious increase in H2AX phosphorylation 7d after 

treatment, which was after initial DNA damage had appeared to be resolved. This 

corresponds to increased Fodrin cleavage that was not attenuated by Mithramycin. We 

hypothesize that these slight increase in DNA damage and Fodrin cleavage do not represent 

DNA damage-induced p53-dependent intrinsic apoptosis, as we see no evidence of p53 

activation at this timepoint. In addition, seeing an increase in DNA damage due directly to 

our original Etoposide treatment, but so far removed in time from that treatment seems 

unlikely. Thus, our best explanation for these late increases is that some population of cells 

received an untenable level of DNA damage, died early in response to that damage and 

released cytotoxic factors that led to further cell death through non-p53 transcription-

dependent processes. 

In conclusion, we demonstrated in the previous sub-chapter that mature neurons are 

capable of responding to high levels of DNA damage, but in a delayed and attenuated 

manner compared to immature neurons. Here, we further demonstrate that the threshold 

for engagement of the DNA damage-dependent intrinsic apoptosis pathway is considerably 

higher in mature neurons. Moreover, mature neurons appear to experience levels of DNA 

damage that would be sufficient to induce significant apoptosis in immature neurons, but 

without showing evidence of apoptotic death for at least seven days post-insult. It remains 
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to be determined what, if any, long-term deficits may exist in these mature neuronal 

populations and whether sufficient genomic damage occurred to alter their function and/or 

cause senescence. 
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Doxorubicin Intracerebroventricular Injections 

The previous studies of Chapter 3 have expanded on our original studies in Chapter 2, in 

addition to addressing some of the earlier limitations. To further expand our understanding 

of Mithramycin’s effects in p53-dependent intrinsic apoptosis, we performed additional 

experiments in vivo. We utilized a direct intracerebroventricular (ICV) injection model of 

Doxorubicin +/- Mithramycin. To extend our comparison of mature vs. immature neurons, 

we utilized this injection model in adult mice and rat pups. We chose to use rat pups 

because previous work in the lab had indicated that both mouse and rat cortical neuron 

cultures from late-stage embryos respond similarly to DNA damage, and because rat pups’ 

size make an ICV injection more feasible. To avoid potential death of the newborn animals 

due to Doxorubicin toxicity, we sacrificed the pups six hours after injection. Before 

beginning these experiments, we optimized Doxorubicin and Mithramycin dosing in adult 

animals as described above and used the same concentration of drug (in a smaller volume) 

for the pups. We predicted that mature animals would have decreased/delayed induction of 

p53-dependent genes and little to no caspase activation but that Mithramycin would be able 

to attenuate any induction in either p53-dependent genes or caspase activation in both sets 

of animals. 

The brain also includes persistent and important populations of immature (and 

therefore likely apoptosis-sensitive) neurons in the subventricular zone and in the dentate 

gyrus of the hippocampus.165 Because of these immature neurons and due to long-term 

memory dysfunctions reported in patients treated with Doxorubicin, we anticipated that 

our in vivo analyses would show some caspase activation in the adult hippocampus.  
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Results: 

Mature animals exhibit no caspase activity after Doxorubicin injection 

To assess levels of caspase activation, we performed a Caspase Activity Assay in 

both immature and mature animals (Fig.28). We found that mature animals did not have 

any caspase activity in cell lysates whereas immature animals showed significant caspase 

activity with Doxorubicin injection alone that was attenuated by Mithramycin co-injection. 

Small (> -0.5) negative values were often generated for the mean slope (Mean V) of 

caspase activity when the activity fell below the lower limit of the assay’s sensitivity. In 

adult animals, the 24h co-treatment timepoint was statistically different from the Sham, but 

still negative, and thus biologically insignificant. 

Figure 28: 8w old adult mice (adult animals) and 3d old rat pups (immature animals) were injected with 
2mM Doxorubicin +/- 30µM Mithramycin. After tissue lysis and RNA purification, equal amounts of 
purified RNA were converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA levels 
were normalized via GAPDH, quantified using the ddCt method and are presented as fold change compared 
to control levels. n=3/group for all groups. Data represent mean +/- SD. Significance assigned based on one-
way ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative 
control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Doxorubicin alone. 
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Expression patterns of p53-dependent genes are similar in the cortex of mature and 

immature animals 

Adult animals had no significant induction of p53-dependent genes in the cortex by 

24h after Doxorubicin injection (Fig.29). Combination treatment (Doxorubicin + 

Mithramycin) led to significant elevation of p21 expression at 24h. By 7d, Doxorubicin 

treatment led to increased cortical expression of Noxa and p21, but not PUMA. Expression 

levels of all three genes were significantly reduced compared to Doxorubicin treatment 

alone by Mithramcyin co-treatment at 7d after injection Immature animals showed a 

significant elevation in PUMA and p21 transcription after Doxorubicin injection, but no 

significant induction of Noxa expression. Mithramycin co-treatment significantly 

attenuated PUMA expression in immature animals but did not lead to statistically 

significant changes in either p21 or Noxa expression. 
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Figure 29: 8w old adult mice (adult animals) and 3d old rat pups (immature animals) were injected with 
2mM Doxorubicin +/- 30µM Mithramycin. After tissue lysis and RNA purification, equal amounts of 
purified RNA were converted into cDNA. Equal volumes of cDNA were loaded for qPCR. mRNA levels 
were normalized via GAPDH, quantified using the ddCt method and are presented as fold change compared 
to control levels. n=3/group for all groups. Data represent mean +/- SD. Significance assigned based on one-
way ANOVA and Tukey post-hoc test; *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001 vs relative 
control; ^=p<0.05, ^^=p<0.01, ^^^=p<0.001, ^^^^=p<0.0001 vs Doxorubicin alone 
 

Discussion: 

Our results in mature animals exhibited some divergence from the other models. 

Animals treated with Doxorubicin had evidence of DNA damage (H2AX activation) in both 

cortex and hippocampus (data not shown). Similar to our in vitro cultures, immature 
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animals had significant caspase-3 activity by 6h in both cortex and hippocampus. Mature 

animals had no measurable caspase-3 activity induced by Doxorubicin up to 7d after 

injection. Low baseline levels of caspase-3 in mature neurons and rapid proteasome-

mediated degradation of active caspase-3 may contribute to these results225. Despite this 

lack of evidence of end-stage apoptosis, mature animals were still able to markedly 

upregulate p53-regulated targets, Noxa and p21. Mithramycin was able to attenuate 

transcriptional levels of these p53-regulated targets in the cortex of mature animals.  

We observed induction of PUMA only in immature animals, suggesting that there 

may be differential activation of p53-dependent genes in response to DNA damage in 

mature vs. immature animals. Despite the upregulation of some components of the 

apoptotic pathway, lack of caspase activation supports our hypothesis that the mature brain 

considerably restricts the activation of DNA damage-dependent intrinsic apoptosis overall. 

However, even with no measurable caspase activation, we noted progressive deficits in our 

observations of the adult mice that may be due to a modified/alternative cell death pathway. 
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Conclusions 

Our data demonstrates that neuronal maturation markedly affects the DNA damage-

induced, p53-dependent intrinsic apoptosis pathway. Although mature neurons are still 

able to activate this pathway in the context of high DNA damage, activation is delayed and 

reduced in comparison to immature neurons (especially at the end-stage of caspase 

activation). As DNA damage remains deleterious to any cell, apoptosis restriction in 

response to DNA damage in mature neurons should reflect a more robust level of DNA 

repair226. Thus, mature neurons show a modified threshold for “irreparable” damage. 

Mechanistically, this may be indicated by altered levels of ATM, ATR, p53 and Sp1. In 

addition, mature neurons demonstrate restriction of downstream end-stage apoptosis, even 

in the context of significant release of mitochondrial proteins. This restriction may be due 

to significant down-regulation of APAF1 and Casp3 which would slow apoptotic signaling 

and prevent a rapid response leading to cell death after a low level of DNA damage. 

Utilizing a milder DNA damage paradigm, we demonstrated that mature neurons 

have a delayed and reduced response to DNA damage. In addition, disappearance of 

phosphorylated H2AX signal indicates that mature neurons also have a significant capacity 

for repair. In the same context, immature neurons rapidly engage the intrinsic apoptosis 

pathway instead and die via intrinsic apoptosis and caspase activation. With transient 

Etoposide treatment, we did see evidence at seven days after treatment of a p53-activation-

independent, DNA damage-inducing pathway that was not responsive to Mithramycin and 

did not lead to high levels of active caspase-3, despite evidence of Fodrin cleavage. Future 

work will be needed to assess the implications of this late DNA damage induction. 
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It is important to note that DNA repair is not a perfect process, and even without 

evidence of rapid cell death, there is no guarantee that mature neurons remain fully 

functional. In fact, accumulation of DNA damage has been implicated in oncogenesis, 

neurodegeneration and other chronic diseases227. There exists in all cells a threshold of 

unrepaired or mis-repaired DNA damage that will lead to a mutational burden that 

precludes normal cellular function. Thus, although mature neurons restrict DNA damage-

dependent apoptosis, they are not necessarily resistant to long-term effects of cumulative 

DNA damage. 

In mature cultured neurons, we have demonstrated that Mithramycin is able to 

attenuate markers of p53-dependent transcription and end-stage apoptosis to the extent that 

the DNA damage-induced p53-dependent intrinsic apoptosis pathway is activated and 

dominant. 

In the adult brain, we see evidence of elements of the intrinsic apoptosis pathway 

in response to Doxorubicin exposure. However, despite the upregulation of some apoptotic 

pathway components, there is no evidence of caspase activation in the adult brain. In 

contrast, immature animals similarly activate p53-dependent markers of the apoptotic 

pathway, but also show evidence of caspase activation. In both mature (7d after injection) 

and immature animals, expression of p53-dependent genes in the cortex can be attenuated 

by Mithramycin. 
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Chapter 4: Conclusions, Limitations and Future Directions 

DNA damage-dependent apoptosis is an energy-dependent regulated pathway that 

is crucial to organismal integrity228. It is also essential for successful neuronal 

development139,140. Thus, it is important to note that apoptosis is a physiologically 

appropriate response to DNA damage in many contexts and could even be beneficial in 

preventing further tissue dysfunction. However, in an injury or disease context, this 

pathway can become over-activated and have pathological repercussions due to excessive 

cell death. My work has focused on studying two aspects of this pathway: 1) Mithramycin-

induced alterations in apoptotic responses to DNA damage and 2) Maturation-

dependent changes in DNA damage-induced apoptosis. 

I hypothesized that attenuation of chromatin-bound Sp1 via Mithramycin should 

confer a significant neuroprotective effect via inhibition of p53-mediated transcriptional 

activation of pro-apoptotic genes. The data presented in this dissertation support this 

hypothesis. In immature neuronal cultures that rapidly undergo apoptosis in response to 

DNA damage, Mithramycin was significantly neuroprotective. We demonstrated that Sp1 

binding to pro-apoptotic gene promoters could be significantly reduced by Mithramycin 

and that p53-dependent transcription of Noxa, Puma and p21 was inhibited by 

Mithramycin. Furthermore, this inhibition led to decreased mitochondrial dysfunction, 

attenuated caspase-3/7 activation, diminished cleavage of caspase substrates and reduced 

c-Jun activation after DNA damage. Together, these data demonstrate that Mithramcyin 

attenuates apoptotic neuronal cell death after DNA damage in immature neurons. 

Whereas many of the limitations of our earlier studies (Chapter 2) were addressed 

in further experiments, one major remaining limitation should be noted.  
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Although Mithramycin is often cited as an “Sp1-specific” inhibitor, it is more accurate to 

call it a preferential binder of GC-rich DNA regions129. Many studies and our own work 

confirm that Mithramycin is able to displace Sp1. However, it is also able to interfere with 

other transcription factors. Most notably, it can easily interfere with binding of other 

members of the Sp/KLF transcription factor family that share similar binding sites. The 

studies contained in this dissertation show that Mithramycin attenuates intrinsic apoptosis 

signaling, but do not unequivocally demonstrate that this effect is due entirely to Sp1 

interference. 

Our extensive examination of DNA damage-induced apoptotic cell death also has 

the limitation of being focused on neurons, but the mature brain contains many different 

cell types whose responses to DNA damage may differ significantly from mature neurons.  

Based on previous work, I hypothesized that neuronal maturation would lead to 

significant attenuation in p53-dependent intrinsic apoptosis after DNA damage. As p53 is 

a key regulator of this process, and because Mithramycin interference with p53-dependent 

transcription had such a profound effect in immature neurons, I anticipated that p53-

dependent transcription would be generally attenuated in mature neurons. My findings 

supported the first prediction but not the second. Whereas p53-dependent transcriptional 

targets indeed showed lower baseline levels of expression in mature relative to immature 

neurons, significant induction still occurred after DNA damage and mitochondrial proteins 

were still released into the cytosol. Thus, attenuations in p53-dependent transcription were 

not able to fully account for neuronal maturation-induced apoptotic resistance. 

Furthermore, mature neurons are resistant to DNA damage-induced apoptosis on many 

levels: they have decreased levels of DNA Damage Response kinases; less p53, Sp1 and 
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baseline levels of their transcriptional targets (including pro-apoptotic BCL-2 family 

members); and less APAF1 and Casp3. As shown previously150, some of these factors can 

be activated by mature neurons under significant levels of stress such as after TBI, but this 

activation is not an immediate process. 

In Chapter 3, we demonstrated that high levels of DNA damage eventually led to 

activation of the end-stages of intrinsic apoptosis in mature neurons, but that this was a 

significantly delayed process. Additionally, we showed that mature neurons not only delay 

apoptosis compared to immature neurons and constrain levels of caspase activation in 

response to DNA damage, but also have an increased threshold for engaging apoptosis in 

response to DNA damage. Thus, neuronal maturity confers significant apoptotic resistance, 

especially to DNA damage (Fig.10).  

Although we anticipated that our in vivo analyses would show some evidence of 

caspase activation in the adult hippocampus compared to the cortex, our data do not support 

such a conclusion. Therefore, a more specific, immunofluorescence-based approach will 

be needed to determine whether immature populations of neurons in the dentate gyrus are 

uniquely vulnerable to DNA damage in the adult brain. 

Our in vivo experiments also suggest that a modified version of the pathway 

activated in vitro or an alternative cell death pathway may predominate in the mature brain 

after direct ICV injection with Doxorubicin, though precisely which pathway will be the 

subject of future investigations. Future studies should also examine deficits that may be 

induced after survived/repaired DNA damage in mature neurons. Furthermore, it would be 

useful to test for neuroprotection by Mithramycin in young animals that have immature 
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neurons capable of robust intrinsic apoptosis pathway activation in response to DNA 

damage. 

Even in the context of these 

maturation-dependent changes, our in vitro 

and in vivo data provide evidence that 

Mithramycin can significantly inhibit p53-

dependent transcription. Despite the multi-

tiered restriction of apoptosis in mature 

cells, Mithramycin was still able to 

attenuate markers of apoptosis in mature 

primary neuronal cultures treated with high 

doses of Etoposide. However, we showed 

that a transient treatment with Etoposide in 

vitro leads to less p53 phosphorylation and caspase activation in mature neurons. Thus, in 

paradigms that do not lead to sufficient DNA damage to overcome mature neurons’ 

inherent apoptotic restriction, we predict that it would be unlikely to observe any 

neuroprotective effect by Mithramycin. In addition, the slow re-activation of intrinsic 

apoptotic pathways suggests that DNA damage-induced, p53-dependent apoptosis is 

unlikely to be responsible for widespread acute neuronal cell death in paradigms such as 

TBI or stroke that lead to an actively neurotoxic, inflammatory environment43,229. Overall, 

our experiments in both immature and mature neurons support the modified DNA damage-

induced intrinsic apoptosis pathway summarized in Figure 30. 

Figure 30:  Neuronal DNA damage responses in 
both mature and immature neurons 
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In conclusion, our results demonstrate that 1) Mithramycin attenuates activation 

of the DNA damage-dependent intrinsic apoptosis pathway via indirect inhibition of 

p53-dependent transcription and 2) Mature neurons markedly restrict intrinsic 

apoptosis, which leads to significant alterations/modifications of responses to DNA 

damage in the brain, which would likely preclude a neuroprotective effect for 

Mithramycin in vivo. 
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