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ABSTRACT OF THE DISSERTATION 

Regulation of Caspase-2S  

Isoform Production  

by Nonsense-Mediated Decay 

 

by  

Benjamin Franklin O’Connor 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2012 

Jean Wang, Chair 

Caspase-2 RNA exists as two, distinct species: Caspase-2L, which is 

ubiquitously expressed throughout the body, and Caspase-2S, whose 

expression only reaches detectable levels in the brain.  There has been 

significant research that describes how Caspase-2S levels are regulated by 

the cellular components that regulate alternative splicing.  There is, however, a 

paucity of data that explores how Caspase-2S levels are regulated by RNA 

disposal mechanisms such as Nonsense-Mediated Decay (NMD) and, to date, 

there is no published evidence concerning the brain and Caspase-2S.  The 
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initial data-containing chapter of this work is comprised of data from 

experiments in which the cellular NMD machinery was inhibited by chemicals 

or by shRNA-mediated knowckdown.  The resulting data from these 

experiments strongly indicate that Caspase-2S is a target of NMD.  The 

ensuing chapter contains data derived from the P19 neuronal cell culture 

system as well as in vivo mouse experiments and attempts to address the 

question of whether the elevated Caspase-2S levels in the brain are due to 

abrogated NMD.  The final chapter of data addresses the question of whether 

the chemical Etoposide/VP16, a well-established inducer of Caspase-2S, 

upregulates Caspase-2S by targeting and inhibiting the cellular NMD system.   
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Regulation of Caspase-2S 

Isoform Production  

by Nonsense-Mediated Decay 

 

Chapter 1: 

Introduction 

Caspases are cysteine-aspartic proteases that occupy integral roles in 

various aspects of cellular physiology such as apoptosis, inflammation, and 

development.  The sequence of caspase-2 is highly conserved across species 

and possesses a high degree of sequence homology to the canonical 

apoptosis protein from C. elegans, CED-3.i Use of basic local alignment 

search tool (BLAST) to compare caspase-2’s amino acid sequence with CED-

3 shows a 33% amino acid similarity with CED-3’s caspase domain and 29% 

homology with CED-3’s CARD domain.ii The predominant mRNA isoform of 

caspase-2, caspase-2L, is encoded by 12 exons and produces a protein 435 

amino acids in length (Fig. 1).i The caspase-2 N-terminus contains a Caspase 

Recruitment Domain (CARD Domain), while the C-terminus contains both 

large (P19) and small (P10) enzymatic subunits that mediate caspase-2L 

targeting to substrates (Fig. 1).i 

A second isoform of caspase-2, caspase-2S, contains 13 exons and 

displays an extremely limited range of expression.  Caspase-2s is produced by 

the inclusion of a 61-base-pair-long 9th exon in between exons 8 and 10 of the 

caspase-2L sequence (Fig. 1).i This insertion of this new exon creates a 
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frameshift resulting in a premature termination codon (PTC) located at the 

beginning of the 10th exon.i  Overexpression assays indicate a potentially anti-

apoptotic role for caspase-2S. i The predicted size of the caspase-2S protein, 

however, is virtually identical in size to a caspase-2L cleavage product making 

it difficult to determine if the truncated protein exists in significant amounts 

under experimental conditions or in vivo.  

Caspase-2S/L Expression in Tissues and Cell Lines 

As detected by Western blotting, the caspase-2L protein is expressed in  

a variety of murine tissues: brain, thymus, colon, lymph node, small intestine, 

spleen, lung, and testes (Fig. 2).iii Caspase-2L is expressed at very low levels 

or is undetectable in the murine kidneys, heart, pancreas, and liver.iii Caspase-

2L protein also has been detected in more than 40 human and mouse cell 

lines.iii  

While the caspase-2S protein product has not been definitively 

identified, the murine tissue expression profile of caspase-2S mRNA is 

extremely limited.  Caspase-2S mRNA is undetectable in most murine tissues 

with the exception of the heart, skeletal muscle, spleen, thymus, and brain.i, iii  

The brain is the only tissue to express caspase-2S mRNA at levels 

approaching those of caspase-2L mRNA. 

Caspase-2 Knockout Mouse 

Published data exists for two, separately generated caspase-2 (-/-) 

mouse lines.  Both lines were created by using homologous recombination to 
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disrupt the genomic locus containing the 6th and 7th exons of caspase-2 via the 

insertion of a cassette that contains PGK-Neomycin.iii,iv   

Relative to the development of wild-type mice there is little variation in 

the embryonic and post-embryonic development of either line; the most 

noticeable difference being a ~20-25% reduction in facial nerve growth and an 

almost 50% increase in oocytes.iv In addition, caspase-2(-/-) mice closely 

mimic the wild-type pattern of neurological symptoms and tissue damage after 

being crossed with the SOD(G93/A) mouse line that models Amyotrophic 

lateral sclerosis (ALS) or after the induction of permanent neurological 

ischemia.iii   

Caspase-2(-/-) mice also demonstrate a programmed-cell death 

response that, for the most part, maintains its integrity.  Various caspase-2(-/-) 

tissues (oocytes, neurons, B lymphocytes, and thymocytes) have been 

explanted into cell culture and treated with a variety of insults: doxorubicin, 

granzyme-B, anti-Fas antibody, dexamethsone, γ-irradiation, or withdrawal of 

NGF.iii, iv  The only significant change in response to cellular stress was found 

in caspase-2 (-/-) oocytes, which, relative to caspase-2 (+/+) oocytes, 

experience a 6-fold reduction in apoptosis following exposure to the genotoxin 

doxorubicin.iv  Subsequent work in both mouse and xenopus model organisms 

has reinforced a phosphorylation-dependent role for caspase-2’s control of 

oocytic apoptosis in response to metabolic changes.v,vi,vii  

Phosphorylation and Dephosphorylation of Caspase-2 
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 The phosphorylation status of S135 is a determinant of caspase-2 

activation and regulates metabolically-responsive apoptosis in Xenopus and 

mouse oocytes. Nutrient abundance results in elevated levels of cellular 

NADPH that cause a constitutive phosphorylation of the S135 site of caspase-

2 by calcium/calmodulin-dependent protein kinase II  (CaMKII).vi  

Phosphorylation at this site prevents activation and apoptosis through 

mitochondrial cycotchrome c release.  Oocyte nutrient deprivation and the 

resulting drop in NADPH levels result in dephosphorylation of caspase-2 at 

S135 by Protein Phosphatase-1 (PP1).v  The nutrient levels allow for the PP1-

mediated dephosphorylation of caspase-2 by removing the protective effects 

of 14-3-3ζ, a protein that binds to caspase-2 and prevents dephosphorylation 

at S135.v 

 Phosphorylation of caspase-2 also protects against apoptosis during 

mitosis.vii In Xenopus extracts and cell culture CDK1-cyclin B1, the primary 

inducer of mitosis, phosphorylates S308(Xenopus)/S340(human) preventing 

Caspase-2 activation and ensuing mitochondrial cytochrome c release.vii As is 

the case with S135, PP1 dephosphorylates this site.vii 

Caspase-2 Regulation of Cell Cycle and DNA Damage Repair 

 Caspase-2’s phosphorylation status and its constituitive nuclear 

localization regulate both cell cycle and DNA double-strand repair. Nuclear 

caspase-2 is phosphorylated at S122 by the serine-threonine kinase DNA-

PKcs in response to double-stranded DNA breaks caused by low-level 

irradiation.viii This phosphorylation event occurs when caspase-2 resides in a 
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nuclear complex along with DNA-PKcs and PIDD and was shown to regulate a 

novel G2/M checkpoint immediately following the ATM-regulated G2/M 

checkpoint.8 The absence of nuclear caspase-2 or the mutation of its DNA-

PKcs phosphorylation sites drastically reduces the incidence of post-irradiation 

non-homologous end joining.viii It should be noted that the publication 

containing these results was retracted in the last month so the status of 

Caspase-2 in the nucleus is unclear. 

Imaging of Caspase-2 Dimerization in Response to Cellular Insult 

 Dimerization is thought to be the primary mode of activation for 

caspase-2.  Determining the localization of caspase-2 activity has been 

complicated by the crossreactivity of reagents typically used to assay 

caspase-2.ix  A new technique, Bimolecular Fluorescence Complementation 

(BiFC), provides convincing evidence for the cytoplasm, and to a lesser extent 

the Golgi, as being the location of caspase-2 dimerization in response to a 

variety of stimuli.x BIFC uses a pair of plasmids that each encode for caspase-

2.  One plasmid has the N-terminus of the Venus fluorescent protein attached 

to the end of the Caspase-2 sequence, while the other plasmid is identical 

except that the C-terminus of Venus is at the end of the Caspase-2 sequence.  

After transfecting this pair, any stimulus that promotes the dimerization of 

caspase-2 brings the N-terminus and C-terminus of Venus into close enough 

proximity to fluoresce. With this system a variety of different stimuli have been 

characterized as being capable of inducing the cytoplasmic dimerization of 

caspase-2: Etoposide, TNF, Taxol, Vinicristine, and most robustly, heat 
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shock.x  The same set of experiments also suggests that the dimerization and 

activation of caspase-2 in response to heat shock is dependent upon binding 

to RAIDD and can be blocked by the HSF-inducible gene, Hsp90α.x 

Caspase-2 in p53-independent, CHK1-suppressed apoptosis 

The use of cancer cell lines in parallel with an in vivo system has 

generated one of the most coherent bodies of data concerning caspase-2’s 

role in apoptosis.  These data provide evidence that caspase-2 may be the 

key downstream element of a P53-independent apoptotic pathway that under 

basal conditions is repressed by CHK1.xi Both P53 (-/-) cancer cell lines and 

P53(-/-) zebrafish are refractory to apoptosis after low dose irradiation, but 

inhibiting CHK1 activity restores apoptosis through an ATM/ATR-controlled 

pathway.xi  The knockdown of caspase-2, but not caspase-3 or Bcl-2, returns 

the P53-/- cells and zebrafish to an apoptosis-refractory state (Fig. 3).xi  

Tumor Suppression 

The most intriguing aspect of caspase-2, however, may not be its role 

in apoptosis, but rather its role as a tumor suppressor.  Caspase-2 (-/-) MEFs 

demonstrate an accelerated growth rate in comparison to their wild-type 

counterparts.xii When transformed with RAS and E1A, Caspase-2 (-/-) MEFs 

grow faster in cell culture and form twice as many colonies in soft agar in 

comparison to wild-type MEFs transformed with identical oncogenes.xii  10 

days after subcutaneous injection of RAS/E1A-transformed, caspase-2 (-/-) 

MEFs the tumor volume is 300% larger than in the RAS/E1A-transformed, 

caspase-2 (+/+) MEF-injected counterparts.xii  Caspase-2 (+/-) mice also 
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display enhanced tumorigenesis in the context of an Eµ-Myc murine model of 

lymphoma and this enhancement is amplified in caspase-2 (-/-) mice.xii  

Caspase-2 and Cancer 

Despite the absence of obvious phenotypes in caspase-2 knockout 

mice, caspase-2’s role in ex vivo and in vivo p53-independent apoptosis, as 

well as its role in tumor suppression, cell cycle control, and NHEJ all suggest 

that caspase-2 might influence various aspects of cancer.  Indeed there have 

been hints of this since the initial mapping of caspase-2 to a region of 

chromosome 7, which is associated with leukemia.xiii Other studies suggest 

that caspase-2 levels are predictive for outcome or drug resistance in 

leukemia patients.xiv,xv  

Caspase-2S and Alternative Splicing 

The initial cloning and sequencing of caspase-2 identified two distinct 

caspase-2 isoforms.  The longer transcript, caspase-2L, is pro-apoptotic and 

expressed to varying degrees throughout the body.  Caspase-2S, the shorter 

transcript, displays an extremely limited range of expression, with significant 

levels expressed only in the brain.  Caspase-2S is produced by the insertion of 

a 61 base exon, the 9th exon, between the 8th and 10th exons of caspase-2L.  

This insertion creates a frameshift resulting in a premature termination codon 

(PTC).  The predicted protein product from this transcript is truncated and 

lacks the small subunit of the enzymatic portion of the protein. Overexpression 

assays indicate a potential anti-apoptotic role for caspase-2S, but the 

predicted size of Caspase-2S protein is virtually identical in size to a cleaved-
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caspase-2L subunit making it difficult to determine if the truncated protein 

actually is expressed.  The regulation of caspase-2S mRNA levels has been 

investigated within the context of two general areas: Splicing factors and a 

specific class of chemicals called topoisomerase inhibitors.  

Proteins belonging to the SR protein family, whose members are 

defined by a serine/arginine rich sequence and an RNA recognition motif, are 

known to regulate the levels of alternatively spliced isoforms by recognizing 

splice sites in pre-mRNA.  ASF/SF2 (Alterrnative Splicing Factor/Splicing 

Factor 2) and SC35 (SFRS2) are both members of the SR protein family and 

upregulate endogenous Caspase-2S mRNA levels in overexpression 

assays.xvi  The hnRNP protein family is controls the levels alternative mRNA 

isoforms by regulating the splicing, transport, and metabolism of pre-mRNA.  

The same set of experiments that defined ASF/SF2 and SC35 as positive 

regulators of caspase-2S levels also demonstrated that a member of the 

hnRNP family, hnRNP A1, suppressed caspase-2S mRNA levels.xvi The 

opposing effects of SR proteins and hnRNP proteins on caspase-2S mRNA 

levels fits into the canon of SR proteins and hnRNP proteins opposing each 

other’s effects on splicing.xvii 

The best characterized splicing factor with regard to caspase-2, 

however, is PTB (Polypyrimidine Track-Binding Protein a negative regulator of 

Caspase-2S mRNA levels.xviii  The intron downstream of the 9th exon of 

Caspase-2 contains an intronic element, In100, that possesses multiple PTB 

binding sites with a heavy concentration of binding sites in the upstream 
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portion of the element.xviii Deletion of In100, the 5’ portion of In100, or the 

knockdown of PTB dramatically increases the levels of caspase-2S mRNA 

indicating the necessity of both these elements for the suppression Caspase-

2S mRNA expression.xviii The restriction of caspase-2S mRNA tissue 

expression to the brain is possibly explained by the corresponding expression 

pattern of PTB, which is absent in the brain and replaced by nPTB which has 

not been shown to regulate.  It is possible that PTB is downregulated in the 

brain by the neuronally-specific microRNA miR-124 during and after neuronal 

development.xix   

A class of DNA-damaging agents known as Topoisomerase Inhibitors 

upregulate caspase-2S mRNA levels when applied to cultured cells.xx  The 

application of various concentrations of Topoisomerase I inhibitors (e.g. 

camptothecin) or Topoisomerase II inhibitors (e.g. etoposide and doxorubicin) 

results in an increase in caspase-2S mRNA levels that is detectable by RT-

PCR within 3-4 hours of chemical application.xx  

There is evidence that PKCζ (Protein Kinase Cζ) mediates the 

upregulation of Caspase-2S by both Topoisomerase I and II inhibitors.xxi  The 

overexpression of wild-type PKCζ amplifies the increase of caspase-2S mRNA 

after cells are exposed to camptothecin or etoposide, while a mutant form of 

PKCζ that is similarly expressed results in the suppression of the increase of 

caspase-2S mRNA.xxi   

There is additional evidence that the Caspase-2S increase in response 

to etoposide is dependent upon Ceramide synthesis and the ensuing 
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activation of PP1 (Protein Phosphatase 1) and PP2A (Protein Phosphatase 

2A).xxii  The application of exogenous ceramide results in an increase in 

Caspase-2S mRNA levels which can be blocked by fumonisin B1 (an inhibitor 

of ceramide synthesis).xxii Fumonisin B1 additionally blocks the etoposide-

mediated Caspase-2S mRNA increase.xxii  The etoposide-mediated Caspase-

2 mRNA increase is also blocked by calyculin A (an inhibitor of 

serine/threonine phosphatases such as PP1/PP2A), but not by several 

inhibitors of P38 MAPK or JNK.xxii 

It is interesting to note that the aforementioned PTC in the Caspase-2S 

sequence is of sufficient distance from the regular termination codon as to 

qualify Caspase-2S a potential candidate for the RNA decay mechanism 

termed NMD (Nonsense-Mediated Decay).i The only data suggesting that 

Caspase-2S is a bonafide target of NMD, however, depend upon a single 

chemical, cycloheximide, which is known to have pleiotropic cellular effects.xxiii  

Possible functions of Caspase-2S 

 Although there has been significant research dedicated to the 

examination of the mechanisms that regulate Caspase-2S mRNA levels, very 

little has been directed towards examining the functionality of Caspase-2S.   

The original publication identifying Caspase-2 (and both of its mRNA 

species) includes a small section with data concerning possible Caspase-2S 

functions.i The transient transfection of a plasmid expressing Caspase-2S 

fused to lacZ into Rat-1 cells, COS cells, HeLa cells and NG108-15 did not 

result in apoptosis, suggesting that Caspase-2S does not induce cell death.i A 
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stable Caspase-2S-expressing Rat-1 cell line was established by selection via 

puromycin and subsequently subjected to serum deprivation experiments;  

relative to control Rat-1 cells, the Caspase-2S-expressing Rat-1 cells were 

much more resistant to entering an apoptotic state during serum withdrawal.i   

The next publication that sought to address the functionality of 

Caspase-2S confirmed that Caspase-2S does protect against serum-

deprivation-induced apoptosis in some cases, but included the caveat that this 

effect possibly is cell line-dependent.xxiv NIH-3T3 cells transfected with 

Caspase-2S were more resistant to apoptosis, but N18 and FDC-P1 cells 

overexpressing Caspase-2S did not exhibit this resistance.xxiv Interestingly 

enough, the authors also demonstrated that Caspase-2S did not reduce 

apoptosis due to the overexpression of pro-apoptotic Caspase-2L.xxiv These 

data lead the authors to conclude that Caspae-2S does not have a consistent 

anti-apoptotic identity.  A subsequent study, however, complicated the 

assessment of the abilities of Caspase-2S by providing evidence that, in the 

U937 leukemic cell line, the overexpression of Caspase-2S protected against 

the apoptotic effects of the topoisomerase inhibitor Etoposide.xxv In the context 

of etoposide application, the physiological effects associated with Caspase-2S 

overpression were a delay in apoptotic body maturation, delayed 

externalization of phosphatidylserine on the plasma membrane, and, in 

contrast to the earlier reports, inhibition of Caspase-2L cleavage.xxv In contrast 

to the effects upon Caspase-2L cleavage, the dynamics of Caspase-3, 
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Caspase-7, and PARP cleavage were all unchanged in the context of 

Caspase-2S overexpression.xxv  

Several years later, data were produced that clouded the picture even 

further.  Namalwa cells, a human B lymphoma cell line, were stably 

transfected in order to overexpress Caspase-2S and then treated with 

etoposide.xxvi Multiple assays analyzing DNA integrity showed that DNA 

fragmentation was reduced in Caspase-2S overexpressing cells relative to 

untransfected cells.xxvi Additionally, in assays similar to the previously 

described experiments in U937 cells, the Caspase-2S overexpressing 

Namalwa cells displayed delayed apoptotic body formation and a reduced 

disruption of the cellular membrane relative to untransfected cells.xxvi 

Interestingly the Caspase-2S overexpressing Namalwa cells only slightly 

retarded the cleavage of Caspase-2L, but, interestingly and in contrast to the 

previously-mentioned publication, there was significant inhibition of Caspase-3 

cleavage.xxvi  The reduction of Caspase-3 cleavage in the Caspase-2S 

overexpressing Namalwa cells correlated with abbreviated activation of the 

Rho GTPase-associated ROCK-1 kinase, which directly interacts with 

Caspase-3 and is activated as a result of Caspase-3 cleavage.xxvi Finally, co-

immunoprecipitation experiments showed that Caspase-2S physically interacts 

with Caspase-3, but not Caspase-2L or Caspase-9.xxvi This particular 

collection of data suggests that, in the context of etoposide-treated Caspase-

2S overexpressing Namalwa cells, Caspase-2S inhibits apoptotic progression 
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by potentially acting as a dominant negative partner for Caspase-3 thus 

inhibiting its ability to undergo cleavage and activate ROCK-1.xxvi  
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Chapter 2: 

Caspase-2(S) mRNA is targeted by Nonsense-Mediated Decay 

NMD is the surveillance mechanism by which eukaryotic cells detect 

mRNA transcripts that contain pre-mature termination codons at least ~50 

nucleotides upstream of an intron and target them for degradation in order to 

avoid the production of carboxy-terminal truncated protein species with 

potential dominant-negative effects.xxvii,xxviii,xxix NMD is present in all 

eukaryotes, but many of the molecular constituents and mechanisms are 

distinct between species.  However, a core of NMD components (the Upf1, 

Upf2, and Upf3 proteins) maintains common roles throughout species.  The 

Upf proteins were initially identified in Saccharomyces cerevisiae as regulators 

of RNA turnover and RNA stability.xxx,xxxi,xxxii Orthologues were subsequently 

found throughout other species, including mice and humans.xxxiii,xxxiv,xxxv,xxxvi   

Upf1 is an RNA-dependent ATPase RNA helicase with a role in general 

mRNA transport throughout the cell in addition to guarding against aberrant 

mRNA species.xxxvii  This role necessitates the cycling of Upf1 between the 

nucleus and the cytoplasm, although several pieces of data suggest that 

under basal conditions the majority of Upf1 is located in the cytoplasm. 

xxxviii,xxxix The interaction of Upf1 with Upf2 and/or Upf3b/a stimulates the 

ATPase and RNA Helicase activities of Upf1 and is essential for the proper 

targeting and disposal of many NMD transcripts.xl  This interaction results in 

the phosphorylation and subsequent dephosphorylation of Upf1; these phases 

of phosphorylation and dephosphorylation are mediated by SMG1 
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(phosphorylation) and SMG5/6/7 (dephosphorylation).xli,xlii While absence of 

the correlates to mammalian UPF1 in yeast (Upf1p) and C. elegans (Smg2) 

leads to very minor organismal disruption, in mammals UPF1 is necessary 

embryonic survival as well as the survival of cultured cells, indicating the 

potential for an increased importance for Upf1 during 

evolution.xxviii,xliii,xliv,xlv,xlvi,xlvii  

UPF2, along with UPF3b/a, eIF4A3, Magoh and Y14, are members of 

the Exon Junction Complex (EJC).xl Upf2 is similar to Upf1 in that it is 

necessary for the proper development and survival of mammalian organisms, 

but is slightly different in that its absence from cultured cells results in large-

scale genomic disruption and improper cell cycling but not a finalized apoptotic 

state.xliv,xlviii Upf2, however, is in stark contrast to Upf1 in terms of cellular 

localization.  While Upf1 shuttles between nucleus-cytoplasm, Upf2 maintains 

a constant presence in the cytoplasm with a noticeable clustering around the 

perinuclear area.xlix  

The UPF3a and UPF3b proteins exist as paralogues and, along with 

UPF2, eIF4A3, Magoh and Y14, are members of the Exon Junction Complex 

(EJC) and promote the phosphorylation of UPF1, an essential step in the NMD 

process.xxv,xxviii,xl UPF3b appears to act as the dominant entity of the pair as its 

NMD-activating capacity is much stronger than that of UPF3a and its presence 

downregulates UPF3a levels.l 

Mammalian NMD depends upon translational, transcriptional, and 

splicing machinery in addition to the cohort of NMD-related proteins.  It is 
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thought to be mediated by the interaction of NMD components found in two 

molecular complexes on the mRNA transcript in the cytoplasm at the 

beginning of translationli,lii: The PTC-targeted SURF complex, comprised of 

SMG1, Upf1, eRF1, and eRF3, and the downstream Exon Junction Complex 

(EJC), comprised of Upf2, Upf3b, eIF4A3, Magoh, and Y14.li,lii It is thought that 

halting the ribosomal machinery at the PTC sites initiates the binding of the 

SURF complex that then interacts with the downstream EJC, which has not 

been displaced from the transcript due to the stalled ribosome at the upstream 

PTC.  The interaction between the two complexes allows for the interaction 

between Upf1 and SMG1 on the SURF complex and Upf2, Upf3b, and Y14 on 

the EJC.  This interaction allows for SMG1 subsequently to phosphorylate 

Upf1.  Phosphorylated UPF1 is dephosphorylated by the actions of SMG-5, 

SMG-6 and SMG-7 which recruit Protein Phosphatase 2A (PP2A).liii  It is 

interesting to note that SMG-6 recently has been reported to posses the ability 

to catalyze endonucleolytic cleave NMD transcripts and has been shown to 

target single-stranded RNA but not double-stranded DNA or RNA.liv,lv 

Caspase-2S Levels in Response to Chemical Inhibition of NMD 

Given the relevance of Caspase-2 to important aspects of cell biology, 

we decided to examine whether or not Caspase-2S is a target of nonsense-

mediated decay.  We performed experiments using 3 commonly-used cell 

lines: HEK 293T, HCT116, and HeLa cells.  HEK 293 cells are derived from 

human embryonic kidney cells and are commonly used in cell culture due to 

their high susceptibility to many different transfection methods.  The 293T 
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variant expresses SV40 large T antigen that allows for gene expression from 

SV40-promoter-containing plasmids transfected into the cells.  HCT116 cells 

are a p53 +/+ cancer cell line derived from a human colonic adenocarcinoma 

and are characterized by a homozygous mutation of the mismatch repair gene 

hMLH1.  HeLa cells are a p53 +/+ cancer cell line derived from an epithelial 

cervical carcinoma.  We treated these cell lines with 3 different chemicals 

known to inhibit NMD: Cycloheximide, wortmannin and caffeine.    

Cycloheximide, a protein synthesis inhibitor that functions by stopping 

translational elongation, was identified almost 25 years ago as an inducer of 

transcripts containing premature termination codons and today is the most 

commonly-used chemical agent used to inhibit nonsense-mediated decay.lvi  

Its mechanism of action with regard to NMD has not been fully described, but 

there is evidence that it involves increased levels of phosphorylated Upf1, an 

increased association between Upf1 and Upf3b, and a decreased association 

between Upf1 and Upf2.lvii  It is tempting to speculate that cycloheximide may 

halt NMD during SURF-EJC interaction; after Upf1 has been phosphorylated 

and interacted with Upf2, but before Upf1 has released from Upf3b.  This 

phosphorylational-pausing may inhibit Upf1’s movement to different locations 

in the cell and finalize the destruction of the NMD-targeted transcript.  There is 

a complex body of evidence suggesting that Upf-1 transport throughout the 

cell is phosphorylation-dependent and that several NMD components (Upf1, 

Smg-5, Smg-7) localize in cytosolic entity known as “P-Bodies”, although this 

P-Body-localization may not be necessary for NMD.xlvi,lviii,lix  
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The mechanism by which wortmannin and caffeine inhibit NMD is better 

defined, but targets the same NMD-dependence upon a cycle of UPF1 

phosphorylation.  As a member of the phosphatidlyinositol 3-kinase (PI3K) 

family, SMG1 kinase activity is susceptible to inhibition by both wortmannin 

and caffeine, two chemicals that inhibit PI3K activity across a range of 

concentrations.xxvii Inhibition of SMG1 kinase, by wortmannin or caffeine 

deprives the cell of phospho-Upf1 and effectively halts NMD. xxvii 

 Cycloheximide, wortmannin, and caffeine separately were applied to 

293T, HCT116, and HeLa cells grown in culture to 60-80% confluency in 

DMEM+10% fetal calf serum.  A broad range of concentrations was used that 

corresponded to previously published concentrations known to inhibit NMD 

activity. Cycloheximide was applied at concentrations of 6.25 µg/ml, 12.5 

µg/ml, 25 µg/ml, or 50 µg/ml.  Wortmannin was applied at concentrations of 

.625 µM, 1.25 µM, 2.5 µM, or 5.0 µM.  Caffeine was applied at a concentration 

of .625 mM, 1.25 mM, 2.5 mM, or 5.0 mM.  Cells were treated for a duration of 

3 hours after which they were harvested for RNA purification.  Detection of 

Caspase-2S mRNA was done via semi-quantitative RT-PCR using primer sets 

designed to amplify both the Caspase-2S and Caspase-2L.  Realtime 

quantitative PCR also was used in conjunction with primer sets designed to 

amplify Caspase-2S, Caspase-2L, and Caspase-2 total mRNA. 

In each cell line cycloheximide induced an upregulation of Caspase-2S 

mRNA that was detectable by both Semi-QPCR and QPCR at the lowest 

dosage concentration (6.25 µg/ml) and all of the subsequent increasing 
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dosage concentrations (12.5 µg/ml, 25 µg/ml, or 50 µg/ml) (Figs. 5, 6, 7, 8, 9, 

10).  Of the three chemicals, cycloheximide was the most potent inducer of 

Caspase-2S mRNA.  Depending on the cell line, 6.25 µg/ml cycloheximide 

induced anywhere from a 4 fold to 7 fold increase in Caspase-2S mRNA levels 

relative to untreated cells. 

Wortmannin’s effect upon the three cell lines was similar to that of 

cycloheximide; Caspase-2S was upregulated to detectable levels at the lowest 

concentration (.625 µM) and this upregulation was observed for increasing 

concentrations (1.25 µM, 2.5 µM, or 5.0 µM) (Figs. 11, 12, 13, 14, 15, 16).  

Wortmannin evoked a slightly less dramatic induction of Caspase-2S mRNA. 

In all three cell lines .625 µM wortmannin resulted in an approximately 2 fold 

increase in Caspase-2S mRNA levels relative to untreated cells.  The 

maximum dosage, 5.0 µM, induced an approximately 5 fold upregulation of 

Caspase-2S mRNA in both HCT116 and HeLa cell lines, while an almost 15-

fold upregulation was observed in 293T cells. 

Caffeine elicits a Caspase-2S upregulation similar to cycloheximide and 

wortmannin (Figs. 17, 18, 19, 20, 21, 22).  An increase in Caspase-2S levels 

was observed in all treated cells, but the degree of the Caspase-2S 

upregulation was muted in comparison to the other NMD-inhibiting drugs.  The 

highest concentration of caffeine, 5.0 mM, elicited an approximately 3 fold 

increase in Caspase-2S levels across all three cell types. 

Caspase-2S Levels in Response to shRNA-Mediated  

Knockdown of NMD Components 
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Our chemical inhibition of NMD demonstrated Caspase-2S upregulation 

across a range of concentrations for all three chemicals and was observed in 

all 3 cell lines.  With this in mind we transfected 293T cells, known to be highly 

amenable to transfection, with several different shRNA-generating plasmids 

whose sequences were designed to target known components of NMD.  All of 

our shRNA plasmids were based on the commonly-used pSuper design that 

drives the production of shRNA from a H1 RNA polymerase III promoter.  Of 

the previously-discussed NMD-related genes, we chose 3 to target: UPF1, 

SMG1, and SMG-6. 

 293T cells were plated at ~50% confluency and 24 hours later were 

transfected with 1.0 µg of plasmid in serum-free DMEM and 12 hours later the 

cells were washed and serum-containing media was added.  Cells were 

harvested and processed for RNA 48 hours after the initial transfection. 

Knockdown of UPF1, the canonical mediator of NMD, with 4 separate shRNA 

constructs promoted a 3 to 5 fold upregulation of Caspase-2S mRNA (Fig. 23, 

24).  Knockdown of SMG1, the kinase responsible for phosphorylating UPF1, 

provided more varied results as one construct resulted in a 2.5 fold increase in 

Caspase-2S mRNA while another resulted in a 4.5 fold increase (Fig. 23, 24).  

Knockdown of SMG-6 provdided varied results as well (Fig. 23, 24).  One 

construct increased Caspase-2S levels by 3 fold, while the other showed no 

demonstrable increase. 

The Chemicals and shRNAs that Elicit an Increase  

in Caspase-2S mRNA Levels also Elicit a Signal 
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from a GFP-based Reporter for NMD function. 

 We sought to confirm our results by utilizing a previously published 

plasmid containing the coding sequence for GFP that is inserted into the 

middle of the initial exon of a TCR-β mini-gene.lx  This insertion creates a stop 

codon at the end of the GFP sequence that acts as a PTC, thus making the 

mRNA transcript a target of NMD.  This plasmid thus acts as a GFP reporter 

system that indicates when the NMD process is being compromised by either 

chemical means (e.g. cycloheximide) or by the inhibition of NMD components 

(e.g. knockdown of UPF1 levels). 

 We re-iterated several of our previous experiments in 293T cells in the 

context of 0.5 µg of transfected NMD GFP reporter and ran our cells through 

Fluorescence-activated Cell Sorting (FACS), which is designed to detect and 

quantify the degree of GFP signal in individual cells.  Our cells were readily 

transfectable as transfection with a separate plasmid in which GFP expression 

is driven by the MSCV promoter displayed an ~80% GFP+ by FACS (Fig. 25).  

Untransfected and untreated cells transfected with the NMD GFP reporter 

were ~99% GFP- indicating a minimal degree of inherent “leakiness” with this 

system (Figs. 26, 27).  Co-transfection of the NMD GFP reporter and either 

one of two shRNA constructs directed against UPF1 resulted in ~21% and 

~24% of the cells being GFP positive (Figs. 28, 29). Co-transfection of the 

NMD GFP reporter and either one of two shRNA constructs directed against 

SMG1 resulted in ~29% and ~25% of the cells being GFP positive (Figs. 30, 

31). Co-transfection of the NMD GFP reporter and either one of two shRNA 
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constructs directed against SMG-6 resulted in ~20% and ~22% of the cells 

being GFP positive (Figs. 32, 33).  Cycloheximide-treated cells (25 and 50 

µg/ML) transfected with the NMD GFP reporter were ~20% and 30% GFP+. 

The Chemicals that Elicit an Increase in Caspase-2S  

mRNA Levels also Elicit an Increase in the mRNA  

Levels of Other, Known NMD Targets. 

To ensure that the chemicals used to inhibit NMD were not having a 

Caspase-2S-specific effect, we performed similar RT-PCR experiments as 

described previously with the exception being that the primers were design to 

detect two other mRNA species that are known targets of NMD: SC35 

(Serine/Arginine-rich Splicing Factor 2) and PTB (Polypyrimidine-Tract-Binding 

Protein).lxi, lxii Treatment of 293T cells with 25 µg/mL cycloheximide, 5mM 

caffeine, or 5 µM wortmannin resulted in the appearance of the NMD-targeted 

mRNA species for both SC35 and PTB (Figs. 36, 37). Both of these NMD-

targeted mRNAs were undetectable in untreated cells (Figs. 36, 37). 
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Chapter 3: 

Caspase-2(S) RNA levels are sensitive to NMD-inhibiting  

Chemicals in cultured neuronal cells, refractory in neuronal tissue of the adult 

mouse. 

Given the extensive exidence that Caspase-2S is a target of NMD and 

that the murine/human brain is the only tissue type to display relatively high 

levels of the Caspase-2S mRNA relative to Caspase-2L mRNA, we proceeded 

to investigate whether there are indications that NMD is compromised in 

neuronal cells.  In order to do this we used two separate systems that would 

allow for the analysis of neuronal tissues after the application of the NMD-

inhibiting chemical cycloheximide. 

Intraperitoneal injections of cycloheximide have previously been shown 

to inhibit protein synthesis and to disrupt polyribosomal integrity in murine 

brain tissue, which suggests that intraperitoneal injections of cycloheximide 

may expose the brain to the NMD-inhibiting effects.lxiii  Our initial experiment 

involved injecting cycloheximide in solution intraperitoneally into a male mouse 

at a final concentration of 0.2 mg/kg.  As a control, an identical volume of 

saline was injected into a littermate.  The mice were sacrificed 24 hours later 

and the following organs were harvested: brain, liver, spleen, kidney, and 

intestine.  The explanted tissue was processed for RNA and then analyzed by 

RT-PCR to determine the levels of Caspase-2S mRNA in the cycloheximide-

exposed organs relative to the saline-exposed organs.  There was no 

detectable change in Caspase-2S mRNA levels in the brain, kidney, or spleen 
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(Fig. 26).  There was, however a slight, but noticeable increase in Caspase-2S 

levels in the liver and and intestine (Fig. 26).  While these data suggest that 

the elevated levels of Caspase-2S in the brain may be due to the fact that the 

cycloheximide-susceptible components of the NMD machinery are already 

inhibited by an unknown cellular entity endogenous to neuronal cells, there are 

several reasonable explanations that are related to experimental design.  The 

absence of any change in Caspase-2S mRNA levels in the brain and the 

concomitant presence of elevated levels of Caspase-2S mRNA in intestinal 

issue, located in close proximity to the injection site, and the liver, which is 

responsible for trapping toxins and eliminating them from the circulatory 

system, suggests that the injected cycloheximide might not have reached the 

brain due to systemic removal by the liver.  This is supported by evidence of a 

high degree of cycloheximide exposure in the murine liver after intraperitoneal 

injection.lxiv lxv  Another possibility is that the injected cycloheximide was 

prevented from accessing the brain by the blood brain barrier.  In the future 

both of these issues could be bypassed by directly injecting cycloheximide 

directly into the brain, which has repeatedly shown to be a viable strategy for 

exposing endogenous neuronal tissue to cycloheximide.lxvi, lxvii 

Our second experiment attempted to determine whether the levels of 

Caspase-2S mRNA, which is present at significant levels only in neuronal 

tissue and cell lines, rose as the P19 cell line was differentiated along a 

neuronal pathway and whether or not this elevation was due to neuronal 

inhibition of NMD. The P19 cell line was derived from a murine embryonal 
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carcinoma and presents as karyotypically normal.
lxviii

  P19 cells retain the 

capacity to differentiate into cells from all three germ layers (endodermal, 

ectodermal, mesodermal) and can be propagated in a primitive state until the 

addition of chemicals to the growth media forces differentiation.
lxvii

 For 

instance, treament of monolayer P19 cells with growth media and 0.5%-1% 

DMSO drives cells to differentiate into muscle cells, with cardiac muscle cells 

appearing 4-5 days after initial treatment and skeletal muscle cells appearing 

7-8 days after initial treatment.
lxix

  More relevant to our studies, however, is 

that P19 cells differentiate towards a neuronal indentity after exposure to 

retinoic acid.
lxx

 The addition of 0.2 µM – 2.0 µM retinoic acid to P19 cells in 

suspension promotes the formation of compact spheres of cells that resemble 

embryoid bodies.
lxxi

 These “neurospheres” are removed from suspension (48-

72 hours after exposure to retinoic acid) and plated onto the surface of a cell 

culture dish where, depending on the cell culture process, they can further 

differentiate to distinct neuronal identities.
lxxi 

This differentiation process is 

marked by a decrease in the expression of genes that denote a multipotential 

identity and a corresponding increase in genes that are markers of 

differentiation, especially those genes related to neuronal identity.
lxxi

  We 

differentiated the P19 cell line along a neuronal pathway by applying retinoic 

acid and extraciting RNA from cells at days 24/48/72/96120 hours (days 1-5) 

after the initiation of differentiation to look for the disappearance of 

pluripotential markers and the corresponding appearance of neuronal markers 

along with elevated levels of Caspase-2S.  Oct3/4, a marker of 
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pluripotentiality, was detectable in undifferentiated P19 cells, but completely 

absent at days 4 and 5 after significantly decreasing over days 1 and 2 (Fig. 

27).  The presence of Nestin, a marker of immature neuronal identity, was 

barely detectable in undifferentiated P19 cells, but rose over days 1 and 2 to 

elevated levels at days 3, 4, and 5 (Fig. 27).  Caspase-2S mRNA was not 

detectable in undifferentiated P19 cells or during the first 2 days of 

differentiation, but was detectable at days 3, 4 and 5, after Oct 3/4, the 

pluripotential marker, had disappeared and when levels of Nestin, the 

neuronal marker, were highest (Fig. 27).  This suggests that P19 cells 

differentiated along a neuronal pathway with retinoic acid replicate the 

biological features of neuronal tissues and cell lines that result in the 

expression of Caspase-2S.  We then used qPCR to compare the levels of 

Caspase-2S mRNA in uninduced P19 cells and P19 neuronal cells at days 4 

and 5 to the levels of Caspase-2S mRNA in identical cells that had been 

treated with cycloheximide.  In the control samples Caspase-2S was elevated 

5-7 fold at days 4 and 5, relative to the Caspase-2S levels in uninduced cells 

(Fig. 28).  Caspase-2S levels in uninduced cells treated with cycloheximide 

were elevated almost 8 fold relative to uninduced control cells (Fig. 28).  The 

response in cycloheximide-treated cells at days 4 and 5 was even more 

dramatic with Caspase-2S level increasing ~30 fold at day 4 and ~50 fold at 

day 5 (Fig. 27).  These data contradict our data from the mice injected with 

cycloheximide. They suggest that the elevated levels of Caspase-2S in the 

brain may not be due inhibiton of NMD by cycloheximide-susceptible 
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components because P19 neuronal cells respond to cycloheximide treatment 

by dramatically elevating the levels of Caspase-2S.  
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Chapter 4: 

The Topoisomerase Inhibitor Etoposide does not elevate  

Caspase-2S levels through an NMD-dependent mechanism. 

A class of DNA-damaging agents known as Topoisomerase Inhibitors 

upregulate Caspase-2S mRNA levels when applied to cultured cells.xx,lxxii  The 

application of various concentrations of Topoisomerase I inhibitors (e.g. 

camptothecin) or Topoisomerase II inhibitors (e.g. etoposide and doxorubicin) 

results in an increase in Caspase-2S mRNA levels that is detectable by RT-

PCR within 3-4 hours of chemical application.xx,lxxii There is evidence that 

PKCζ (Protein Kinase Cζ) mediates the upregulation of Caspase-2S by both 

Topoisomerase I and II inhibitors.xxi The overexpression of wild-type PKCζ 

amplifies the increase of Caspase-2S mRNA after cells are exposed to 

camptothecin or etoposide, while a mutant form of PKCζ that is similarly 

expressed results in the suppression of the increase of Caspase-2S mRNA.xxi  

There is additional evidence that the Caspase-2S increase in response to 

etoposide is dependent upon Ceramide synthesis and the ensuing activation 

of PP1 (Protein Phosphatase 1) and PP2A (Protein Phosphatase 2A).lxxiii  The 

application of exogenous ceramide results in an increase in Caspase-2S 

mRNA levels which can be blocked by fumonisin B1 (an inhibitor of ceramide 

synthesis).xxii Fumonisin B1, an inhibitor of endogenous generation of 

ceramide, blocks the etoposide-mediated Caspase-2S mRNA increase.xxii  

The etoposide-mediated Caspase-2 mRNA increase is also blocked by 
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calyculin A (an inhibitor of serine/threonine phosphatases such as PP1/PP2A), 

but not by several inhibitors of P38 MAPK or JNK.xxii 

 There is no evidence to date, however, that Topoisomerase inhibitors 

such as etoposide regulate Caspase-2S by inhibiting NMD components.  To 

examine this question we used the GFP reporter for NMD inhibition that was 

used in chapter 2.  After transfecting 0.5 µg plasmid of this GFP reporter into 

293T cells and treating them with a variety of conditions, we looked for the 

presence of GFP signal by FACS.  Similar to our previous experiments 

transfection with the pMSCV GFP construct resulted in the robust expression 

of GFP (Fig. 42).  Untransfected cells displayed very little fluorescence as 

almost 99% were negative for GFP signal (Fig. 43).  Cells transfected with the 

PTC+ GFP construct and left untreated also displayed a minimal level of GFP 

fluorescence (Fig. 44).  The treatment of cells with 50 µg/ml cycloheximide for 

6 hours resulted in ~22% of cells becoming positive for GFP (Fig. 45).  The 

application of the topoisomerase inhibitor etoposide, however, only resulted in 

a marginal increase in GFP signal.  Treating the cells with etoposide at 25 µM 

for 6 hours only resulted ~6% of cells become positive for GFP signal (Fig. 

46).  Doubling the dose and treating the cells with 50 µM etoposide for 6 hours 

only resulted in ~6.5% of cells become positive for GFP signal (Fig. 47).  We 

then proceeded to check whether the degree of GFP positivity correlated to 

the level of Caspase-2S increase, i.e. do the etoposide-treated cells that 

display only a fifth of the GFP positivity of the cycloheximide-treated cells also 

display only a fifth of the Caspase-2S increase.  Examination of Caspase-2S 
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and Caspase-2L by semi-Q PCR showed that both the cycloheximide-treated 

and etoposide-treated samples displayed a similar degree of elevated 

Caspase-2 levels.      

The response of this reporter to the various stimuli that inhibit NMD and 

the subdued response upon the application of an etoposide treatment that 

induces similar levels of Caspase-2S suggests that etoposide primarily 

regulates Caspase-2S production through a mechanism that is not dependent 

upon NMD.   
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Chapter 5: 

Doxorubicin Apears to Regulate Caspase-2S Levels  

through a Biological Pathway Separate from miRNA  

Downregulation Of PTB, a Known-Negative Regulator Caspase-2S 

 Both Topoisomerase I (e.g. Camptothecin) and Topoisomerase II 

inhibitors (e.g. Doxorubicin and Etoposide) are known to induce the production 

of Caspase-2S mRNA in cultured cell lines.xx,xxi,xxii In sufficient levels 

doxorubicin (also known as Adriamycin) is toxic to cells and induces apoptosis 

through the disruption of DNA, RNA, and protein synthesis.lxxiv A recent 

publication analyzing the global miRNA response to doxorubicin showed that  

1 uM of doxorubicin applied for 24 hours to HCT116 colon cancer cells elicited 

a 6.8 fold increase in miR-1 levels and a 5.7 fold increase in miR-133 levels 

(Fig. 48).lxxv  Both miR-1 and miR-133 are notable in that they have putative 

target sites in PTB, a known negative regulator of Caspase-2S (Fig. 49).   

With this in mind we decided to determine whether or not doxorubicin 

elevates Caspase-2S levels by downregulating PTB levels via a miR-1 and/or 

miR-133-mediated knockdown.  HCT116 colon cancer cells were treated with 

1 µM doxorubicin for 6 or 24 hours.  In addition we treated cells with a high 

dose of doxorubicin (50 µM) for 6 hours or a dose of cycloheximide (50 µg/ml) 

for 6 hours.  RT-PCR subsequently was performed on RNA extracted from 

these cells.  Caspase-2S was virtually undetectable in the untreated control 

cells, but, as per previous experiments, all the doxorubicin and cycloheximide-

treated cells had detectable Caspase-2S levels (Fig. 50).  We then analyzed 
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the levels of miR-1 and miR-133 in our cells by realtime qPCR.  Our initial data 

appeared to show promising correlations to the previously reported alterations 

in miR-1 and miR-133 levels due to doxorubicin exposure. HCT116 colon 

cancer cells treated with 1 µM doxorubicin for 6 or 24 hours experienced an ~5 

fold increase in miR-1 levels and an ~4.5 fold increase in miR-133 levels (Figs. 

51, 52). Cells dosed with cycloheximide (50 µg/ml) for 6 hours showed a slight 

increase in miR-1 levels, ~3 fold, and miR-133 levels, ~2.5 fold (Figs. 51, 52).  

Interestingly cells treated with a high dose of doxorubicin (50 µM) for 6 hours 

displayed no increase in miR-1 or miR-133 levels (Figs. 51, 52).  While the 

increases in miR-1 and miR-133 levels may seem to lend credence to our 

hypothesis, a thorough inspection of the qPCR data suggests otherwise. 

The CT (Cycle Threshold) value of a qPCR reaction is defined as the 

number of PCR cycles needed for the reaction’s fluorescent signal to exceed 

background levels.  CT levels are inversely proportional to the amount of 

target being analyzed.  A CT value between 18-25 is indicative of significant 

amounts of target and between 25-32 is indicative of moderate levels, but 

anything between 32-40 is considered to be a weak signal.  Our untreated 

control cells had CT values of ~38 and even the strongest signal, seen in the 

cells treated with 1 µM doxorubicin, was only ~33 (Fig. 53).  It is possible that 

although we are seeing an increase in miR-1 and miR-133 levels, this increase 

does not result in significant amounts of miR-1 or miR-133.  This notion is 

supported by the data set from the previously published paper, which utilized 

assays allowing for the determination of actual copy numbers.  In that 
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publication untreated cells had 5 copies of miR-1 and 3 copies of miR-133, 

while the doxorubicin-treated cells had 34 copies of miR-1 and 17 copies of 

miR-133.
lxxv

       

All of this suggests that despite the increase in miR-1 and miR-133 

levels, they probably are not present at significant enough levels to affect a 

knockdown of PTB levels.  While additional experiments are required for 

confirmation, it seems likely that doxorubicin’s induction of Caspase-2S mRNA 

is regulated by a circuit distinct from miR-1/miR-133→PTB→Caspase-2S. 
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Chapter 6: 

Observations and Future Aims 

Like many bodies of research, the data presented in this work allows for 

several definitive conclusions, but also presents us with several interesting 

questions to be answered in the future. 

Caspase-2(S) mRNA is targeted by NMD 

The data detailed in chapter 2, relating to NMD-inhibiting-chemicals and 

siRNA-mediated knockdown of NMD components, allows us to arrive at a 

fairly definitive conclusion: The application of chemicals known to inhibit NMD 

processes (cycloheximide, wortmannin and caffeine) and the knockdown of 

canonical NMD components (UPF1, SMG1, and SMG-6) both result in an 

increase of Caspase-2S mRNA in the context of multiple cancer cell lines and, 

in the case of cycloheximide, in multiple murine tissues as well.  These data 

definitively identify Caspase-2S mRNA as a target of human and murine NMD 

regulatory systems.  However, other than showing that UPF1, SMG1, and 

SMG6 are intimately involved in suppressing Caspase-2S levels, these data 

do not address the specific cellular entities that are involved in the regulation 

of Caspase-2S.  

We are interested in identifying the particular mechanisms of NMD, 

other than UPF1, that are responsible for the targeting and destruction 

Caspase-2S.  For instance, there is evidence for the existence an “alternative 

branch of NMD”.lxxvi Previously published data has shown that when UPF1 

levels are depleted a large cohort of NMD transcripts display significant 
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increases in expression levels, however, the expression levels of the members 

of this cohort are not altered by the depletion of UPF3b or UPF3a.lxxvii This 

lends to the idea that there are certain PTC-containing transcripts that require 

only the presence and function of UPF1 for NMD-mediated suppression, while 

there are other PTC-containing transcripts that require the presence and 

function of both UPF1 and UPF3b/a for NMD-mediated suppression. This 

irrelevance of UPF3 for the suppression certain PTC-containing transcripts is 

supported by the fact that NMD can still function in the absence of UPF3 as 

long as UPF1 functionality is intact; there are published data confirming the 

persistence of NMD activity in patients with UPF3b mutations causing 

syndromic and nonsyndromic mental retardation.lxxvi,lxxvii If our own preliminary 

data is confirmed and Caspase-2S levels indeed are shown to be refractory to 

the status of UPF3, this would suggest that UPF2, acting as a bridging factor 

to enable UPF1 phosphorylation in the absence of the UPF3 proteins, 

potentially is an necessary factor for NMD’s suppression of Caspase-2S 

levels.  This supposition could be confirmed by using transfection to knock 

down the levels of UPF1, UPF3b+UPF3a, or UPF2 in cultured cells.  After 24-

48 hours, protein lysate could be extracted and used for Western blot analysis 

to confirm knockdown of the targeted protein, while RNA could be extracted 

for PCR analysis with primers directed against Caspase-2S transcript.  

Additionally we could perform RNA-binding-protein immunoprecipitation (RIP) 

using antibodies targeting UPF1, UPF2, and UPF3b/UPF3a and primers 

directed against Caspase-2S transcript to confirm that the effects of these 
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UPF proteins on Caspase-2S levels are the result of their direct, physical 

interaction with the nucleotide sequence, and not due to some tertiary effect.  

The most intriguing possibility would be the ability to do RIP analysis with 

antibodies that can differentiate between the phosphorylated and non-

phosphorylated forms of UPF1.  Given that UPF1 phosphorylation is triggered 

by the presence of a PTC, RIP analysis should show the presence of 

Caspase-2S transcript and the absence of Caspase-2L transcript on phospho-

UPF1. 

In addition to analyzing the components of the NMD system that allow 

for the targeting of transcripts with PTCs, it would also be interesting to 

elucidate the components of the NMD system that are involved in actively 

degrading the Caspase-2S transcript.  In mammals there is a significant body 

of evidence supporting the existence of two, non-exclusive pathways for the 

destruction of PTC-containing transcripts.  The first pathway involves the 

binding of phosphorylated UPF1 to SMG6, which acts as an endonucleolytic 

agent to cleave the targeted mRNA near the site of the PTC thereby creating 

uncapped, and subsequently unprotected, ends at the site of cleavage 

allowing for the exonuclease degradation in the 5’->3’ direction on one RNA 

species and in the 3’->5’ direction on the other.liv,lv,lxxviii The second pathway 

involves the binding of phosphorylated UPF1 to the binary complex of 

SMG5/SMG7.liii,lviii  In contrast to the “cutting” done inside of the transcript 

sequence by SMG6, the SMG5/SMG7 complex leaves the body of the 

transcript intact and attacts the ends.liii,lviii    SMG5/SMG7 promotes the 
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attraction of deadenylases to the poly(A) tail of the mRNA, thus removing the 

protection on the 3’ end.  SMG5/SMG7 also promotes the attraction of 

decapping enzymes to 7-methylguanosine cap on the opposite end, thus 

removing the protection of the 5’ end.  The removal of the protective 5’ and 3’ 

portions of the transcript allows for exonucleases to attack each end and 

results in the degradation of the mRNA.  In yeast and drosophila the 

endonucleolytic and the decapping/deadenylation mechanisms appear to be 

exclusive of each other due to genetic circumstances.  Saccharomyces 

cerevisiae do not possess a gene that corresponds to SMG6 and appear to 

depend on decapping and deadenylation; drosophila, on the other hand, don’t 

posses the equivalent of SMG7 and appear to depend solely upon 

endonucleolytic action for degrading abberant transcripts.lxxix,lxxx 

We have data showing that SMG6 is involved in the NMD process that 

acts upon Caspase-2S, suggesting a role for the endonucleolytic pathway, but 

this does not exclude a potential role for decapping/deadenylation destruction 

of Caspase-2S mediated by SMG5/SMG7.  The easiest way to determine if 

the SMG5/SMG7 complex has a role in degrading Caspase-2S transcript 

would be to transfect cultured cells to knockdown the levels SMG5 and SMG7 

separately or in concert, followed by isolation of protein lysates for Western 

blot analysis and RNA for PCR analysis of Caspase-2S levels.   

GFP Reporter for the Status of NMD 

While the data in chapter 4 involving the GFP-based NMD reporter and 

the topoisomerase inhibitor, etoposide, suggest that etoposide is not 
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upregulating Caspase-2S by interfering with the suppressive effects of NMD, 

further experimentation would be needed to arrive at a more concrete answer.  

There are two areas that would be informative if explored:  One could test a 

battery of transcripts known be targeted by NMD by examining their response 

to etoposide treatment.  An upregulation of a significant portion of the 

transcripts would lend to the notion that etoposide affects NMD, while a varied 

or absent response would suggest that etoposide is playing a role in a 

separate cellular system that regulates Caspase-2S transcript production.  

Additionally, one also could perform Western blotting on protein extracts 

derived from etoposide-treated cells and examine the levels of known NMD 

components as well as their phosphorylation status.  NMD-related proteins 

have been shown to have an intimate relationship with canonical DNA damage 

proteins and it’s possible that etoposide treatment may alter the levels of one 

or more of these NMD-related proteins.lxxxi Either one of these two general 

experimental strategies could yield data that would be contradictory or 

supportive to what is suggested by chapter 4.   

There is an interesting and larger issue, however, with the GFP reporter 

that we utilized for our experiments.  The fact that cycloheximide, an inhibitor 

of protein translation, can induce the production of GFP protein to the degree 

that it is detectable by FACS is paradoxical.   

One possibility is that there is differential timing of the effects of 

cycloheximide that cause the accumulation of NMD-targeted transcripts and 

the effects that cause protein synthesis.  In other words, it is possible that 
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cycloheximide application could result in the stabilization of the PTC-

containing GFP reporter mRNA so that it can be translated before the 

inhibitory effects of cycloheximide upon translation are initiated.  This scenario, 

however, is doubtful given the rapidity of cycloheximide’s effects on both NMD 

and protein translation.  Cycloheximide can rapidly induce the accumulation of 

NMD transcripts, as shown in the only other publication that deals with NMD 

and Caspase-2S; the application of 10 µg/ml of cycloheximide, a low 

concentration relative to those used in our experiments, was able to induce 

detectable levels of Caspase-2S within 15 minutes of initial dosage.xxiii This 

effect was maintained with constancy throughout the entire 2 hour treatment 

period as RNA analysis at 15 minute timepoints showed elevated levels of 

Caspase-2S in each case.  Cycloheximide’s effects upon protein translation 

are equally as quick.  The application of cycloheximide to cultured cells or to 

mice, via injection, causes detectable decreases in the protein levels, typically 

within 15 to 60 minutes depending on the methods being used and the protein 

being assayed.lxxxii,lxxxiii,lxxxiv,lxxxv The promptness of cycloheximide’s effects 

upon NMD and protein translation makes it unlikely for there to be a significant 

upregulation of mRNA levels during a timeframe when there was still a 

sufficient capacity for the translational machinery to produce a protein.   

Perhaps the best method to address the perplexing effects of 

cycloheximide on the NMD GFP reporter would be to use an alternate system.  

The reporter that was used in the data generated for this paper is fairly 

complex.  It includes a human beta actin promoter to drive gene expression 
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and a hemagglutinin tag is immediately 3’ of the promoter.  The promoter and 

hemagglutinin tag are followed by the murine TCR-beta sequence, which is 

encoded in two exons with the PTC located in the first exon.  TCR-beta is 

interrupted by a sequence encoding for GFP that is inserted directly into the 

middle of the first exon.  An SV40 sequence encoding a polyadenylation signal 

completes the gene.  There exists, however, another published plasmid whose 

purpose is identical to the one mentioned above, in that it detects the status of 

NMD in a cell, and it retains many of the properties, but is a bit simpler in its 

core attributes.  A manuscript published several years ago uses a plasmid that 

has Renilla luciferase and Beta Globin in place of GFP and TCR-beta.lxxxvi  

The beta-Globin sequence is divided into 3 exons with the PTC located in the 

middle exon; notably, the Renilla luciferase sequence does not interrupt any of 

the beta-Globin exons and is located immediately 5’ of the first beta-Globin 

exon.lxxxvi In addition the plasmid also uses human cytomegalovirus promoter 

and a SV40 sequence encoding a polyadenylation signal. lxxxvi The publication 

describing this NMD luciferase reporter assayed its effectiveness by using two 

common methods to impede NMD: knockdown of UPF1 and application of 

wortmannin. lxxxvi They did not, however, use cycloheximide in any of the 

experiments. lxxxvi   

Given that this alternative plasmid reliably can detect NMD activity, has 

not been used with cycloheximide, can be used in the same assays as the 

NMD GFP reporter, uses a different PTC-containing gene (Beta-Globin versus 

TCR-Beta) and uses a simpler construction (by not inserting the sequence for 
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the fluorscent molecule into the middle of a Beta-Globin exon), it would be 

illuminating to replicate many of our experiments and replace the NMD GFP 

reporter with the NMD luciferase reporter.  Garnering the same or similar 

results would indicate that our NMD GFP reporter is not providing us with 

erroneous results and that cycloheximide is not having some anomalous effect 

due to the PTC-containing gene used, TCR-beta, or the insertion of the GFP 

sequence into a TCR-beta exon, etc.  Different results, with relation to 

cycloheximide, would suggest strongly that the NMD GFP reporter does not 

accurately provide us with information regarding the state of NMD in the cells. 

NMD and Caspase-2S in the Brain 

Perhaps the most intriguing data, however, is contained in chapter 3.  

The goal of this chapter is to determine if impeded NMD in the neuronal 

landscape allows for the elevated levels of caspase-2S mRNA.  NMD is an 

integral part of the neuronal lanscape as shown by the many studies showing 

that the status of neuronal NMD has a determinative effect in terms of the 

cellular, developmental, and behavioural function of the brain.  In Drosophila 

depleting the expression of Smg1, Smg6, or Upf2 in turn compromises the 

integrity of neuronal synaptic transmission.lxxxvii Other sets of data indicate that 

the absence eIF4AIII, an integral part of the EJC, strengthens synaptic 

integrity.lxxxviii Mutations in the human Upf3b gene are associated with mental 

retardation, autism, and schizophrenia.lxxvii,lxxxix While these results indicate that 

genes like Smg1, Smg6, Upf2, eIF4III, and Upf3B merit attention, there is a 

notable paucity of data that describe the expression levels of NMD 
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components during different developmental stages of neuronal development in 

addition to the different physical areas of the developing and mature brain. 

Our system used cultured P19 neuronal cells that are sensitive to NMD-

inhibiting chemicals such as cycloheximide as evidenced by the robust 

increase of Caspase-2S mRNA seen in our experiments.  The neuronal tissue 

of mice intraperitonally injected with comparable amounts of cycloheximide, 

however, is apparently refractory to cycloheximide as no increase of Caspase-

2S mRNA was observed.   

These data are contradictory, but there are several hypothetical 

experiments that could provide a clearer picture as to the status of NMD in the 

brain and clarify our results.  For example, during the chemically-directed 

neuronal differentiation process, P19 cell cultures contain non-neuronal cell 

types whose response to cycloheximide, in terms of Caspase-2S levels, may 

differ than that seen neuronal P19 cells.lxx,lxxi This mixed population could 

interfere with the interpretation of any results. One could use a more specific 

and rigorous cell culture system than the P19 system that we utilized.xc,xci 

Something more revealing could be found by using assays that involve 

embryonic stem cell culture systems allowing for the identification of 

homogenous and defined populations of neuronal cells by transcriptional 

profiling of known neuronal markers and immunocytochemistry to look at 

neuronal protein expression.xcii,xciii,xciv 

Being able to identify different stages of neuronal development would 

allow us to compare the mRNA levels of multiple PTC-containing transcripts 
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with the levels of different NMD components at these stages.  It would require 

only a mild reduction in the levels neuronal UPF1 to explain the elevated 

levels of Caspase-2S given that our experiments in chapter 2 demonstrated 

that the mildest insult to NMD allows for robust expression of Caspase-2S.  If 

one were able to identify an instance of reduced levels of UPF1 in a certain 

cell type, region, or even developmental stage of the brain, the next question 

would have to address the molecular cause of these reduced levels.  

Additonally, if we wanted to work with primary tissue, we could use sections of 

the brain to do immunohistochemistry against the antigens for NMD 

components (e.g. UPF1) as well as in situ hybridizations against the Caspase-

2S sequence and look for correlations. 

It is possible that infringed NMD is not the sole reason for elevated 

Caspase-2S levels in the brain.  There are published data that suggests that 

UPF1 and PTB, both negative regulators of Caspase-2S, are downregulated in 

the brain by distinct microRNAs.  As mentioned previously, neuronal cells and 

tissue downregulate the Caspase-2S-negative-regulator PTB by the 

neuronally-specific microrna miR-124.xix A recently published manuscript has 

provided additional for another neuronally-specific microRNA, miR-128, that 

targets UPF1, the master regulator of NMD, as well as MLN51, a subunit of 

the EJC and thus a component of the NMD system.xcv   The combination of 

these two microRNAs in a neuronal setting could explain the elevated levels of 

Caspase-2S mRNA present in the brain.  It is also feasible that, while both of 

the microRNAs contribute to the upregulation of Caspase-2S in the brain, one 
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of the pair may be the dominant actor depending upon the specific situation.  

In terms of neuronal development, for example, miR-124 might be the primary 

upregulator of Caspase-2S during the earlier stages as miRNA expression 

profiling of the murine brain shows that miR-124 is expressed at detectable 

levels at E13, while miR-128 is detectable more than a week later at E21.xcvi 

Caspase-2S Functionality 

 The final area that merits attention is one that we did not explore in our 

work: the functionality of the Caspase-2S protein.  It was mentioned in the 

introduction that the data concerning Caspase-2S, as a protein, are limited 

and oftentimes contradictory.  The most important thing to establish is whether 

or not Caspase-2S acts as a dominant negative to limit the efficacy of 

Caspase-2L processing and this requires the ability to immunoprecipitate 

Caspase-2S and detect whether or not it binds to Caspase-L.  There are two 

methods that would be helpful in accomplishing this.  The first method would 

be to design an antibody against the 9th exon of Caspase-2S, which is a 

sequence that does not appear in Caspase-2L.  The second method would be 

to attach a tag sequence (HA, Histidine, Myc, or FLAG) to the C-terminal of 

the Caspase-2S sequence and utilize that to immunoprecipitate Caspase-2S.  

If we were to establish that Caspase-2S binds to Caspase-2L and acts as a 

dominant negative, we could confirm our result by using the BIFC construct 

described in the introduction.x Heat shocked cells co-transfected with 

Caspase-2S along with the BIFC should show a decreased fluorescent signal 

relative to heat shocked cells transfected with just BIFC.x   
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There are several additional and interesting experiments that could 

examine the function of Caspase-2S.  While the initial Caspase-2 knockout 

studies didn’t detect any gross abnormalities or differences between knockout 

mice and control mice, subsequent studies have harvested more details. iii,iv  

Through the use of Caspase-2 -/- MEFs and Caspase-2 -/- MEFs transformed 

with the Ras and E1A oncogenes Caspase-2 was shown to be a tumor 

suppressor.xii It would be intriguing to repeat these experiments, but use 

Caspase-2+/+ MEFS that overexpress Caspase-2S.  If Caspase-2S truly can 

bind to Caspase-2L and act as a dominant negative, then it should act as an 

oncogene and promote the tumor growth observed in the assays.  It also 

would be interesting to generate Caspase-2S overexpressing mice to observe 

the effects upon aging.  The absence of Caspase-2 has been shown to 

shorten lifespan and enhance the traits seen in mice of advanced age: 

reduced body fat content, hair growth, and bone density.xcvii Again, if Caspase-

2S truly can bind to Caspase-2L and act as a dominant negative, then in 

Caspase-2 +/+ mice the overexpression of Caspase-2S should replicate the 

conditions seen in Caspase-2 -/- mice. 

Our plans for the immediate future involve several smaller 

investigations into Caspase-2S and its functionality in the brain. Whatever the 

results, Caspase-2S, NMD, their relationship in the brain, as well as the 

chemicals and molecules that regulate Caspase-2S, all make for a fertile field 

for future investigation. 
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Figure 1. The Exon/Protein Structure of Caspase-2L and Caspase-2S. 
Figure Legend. Caspase-2 (Long) RNA does not contain exon-9 and encodes 
the full-length caspase-2 protein with a complete catalytic domain of p19 and 
p12.  Caspase-2 (Short) RNA contains exon-9 and encodes a shortened 
protein with a truncated catalytic domain.    
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 2S 2L 

Adult Brain *** *** 
EmbryonicBrain **** **** 
Liver - * 
Kidney - * 
Small Intestine - *** 
Heart * * 
Skeletal Muscle * * 
Thymus * *** 
Colon - *** 
Lymph Node - *** 
Testes - *** 
Spleen * *** 
Lung - *** 
Pancreas - *** 

 
Figure 2. Tissue Expression Pattern of Caspase-2 Long (L) and Short (S) RNA 
Figure Legend. The relative levels of Caspase-2 long (L) and short (S) RNA in 
the indicated mouse tissues were compiled from data published by Wang L et 
al (Ref. 1), O'Reilly et al (Ref. 3), and Bergeron et al (Ref. 4) 
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Figure 3. Caspase-2 Activates p53-Independent Apoptosis Following DNA 
Damage 
Figure Legend. Studies performed with Zebrafish embryos and cultured 
human cells have established that caspase-2 can be activated by DNA 
damage through ATM and ATR to induce apoptosis independent of the p53 
pathway. 
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Figure 4. Proposed Mechanisms for the Inhibition of NMD by the Chemicals 
Used in This Study  
Figure Legend. NMD can be inhibited by the protein translation inhibitor 
cycloheximide because translation is required for NMD.  It is also possible that 
cycloheximide inhibits the expression of a labile protein that is required for 
NMD.  The product of the Smg-1 protein encodes a protein kinase that is 
inhibited by caffeine or wortmannin.   Smg-1 is essential for the 
phosphorylation of UPF-1, which is another essential factor in NMD.  
Therefore, caffeine and wortmannin also inhibit NMD by inhibiting UPF-1 
phosphorylation.



 

  

 
Figure 5. Cycloheximide Treatment Increased the Levels of Caspase
in HeLa Cells 
Figure Legend. The levels of Caspase

(T) and GAPDH RNA were quantitated by real time RT

specific to the indicated RNA species in HeLa cells, following treatment with 

the indicated concentrations of cycloheximide for 3 hours. 

means and standard deviations from two independent experiments and 

triplicated measurements per RNA species per experiment. 

 

ycloheximide Treatment Increased the Levels of Caspase

The levels of Caspase-2(S), Caspase-2(L), total Caspase

(T) and GAPDH RNA were quantitated by real time RT-PCR using primer sets 

specific to the indicated RNA species in HeLa cells, following treatment with 

the indicated concentrations of cycloheximide for 3 hours.  Values shown are 

means and standard deviations from two independent experiments and 

triplicated measurements per RNA species per experiment. 
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ycloheximide Treatment Increased the Levels of Caspase-2S RNA 

2(L), total Caspase-2 

PCR using primer sets 

specific to the indicated RNA species in HeLa cells, following treatment with 

Values shown are 

means and standard deviations from two independent experiments and 
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Figure 6. Effect of Cycloheximide on the Relative Levels of of Caspase-2S and 
2L RNA in HeLa Cells  
Figure Legend. The relative levels of Caspase-2(S) and (L) were shown 
following semi-quantitative RT-PCR using a primer set that amplifies both 
forms of RNA but with different size products.  The 2(S) RNA is larger than the 
2(L) RNA by 61 nt due to the alternative splicing of exon-9.  HeLa cells treated 
with the indicated concentrations of cycloheximide for 3 hours were harvested, 
total RNA extracted, and RT-PCR reactions were performed on those total 
RNA samples. 
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Figure 7. Cycloheximide Treatment Increased Caspase-2S RNA in 293T Cells 
Figure Legend. 293T cells were treated with the indicated concentrations of 
cycloheximide and the levels of the indicated RNA species measured by real 
time quantitative RT-PCR as in Figure 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

caspase-caspase-
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Figure 8. Effect of Cycloheximide on the Relative Levels of Caspase-2S and 
2L RNA in 293T Cells 
Figure Legend. 293T cells were treated with the indicated concentration of 
cycloheximide and the relative levels of Caspase-2S and 2L RNA were 
determined by semi-quantitative RT-PCR as in Figure 6. 
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Figure 9. Cycloheximide Treatment Increased the Levels of Caspase-2S RNA 
in HCT116 Cells 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
cycloheximide and the levels of the two indicated RNA species were 
determined by real time quantitative RT-PCR as in Figure 5. 
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Figure 10. Effect of Cycloheximide on the Relative Levels of Caspase-2S and 
2L RNA in HCT116 Cells  
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
cycloheximide and the relative levels of Caspase-2S and 2L RNA were 
determined as in Figure 6. 
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Figure 11. High Concentration of Caffeine Treatment Increased the Levels of 
Caspase-2S RNA in HeLa Cells  
Figure Legend. HeLa cells were treated with the indicated concentrations of 
caffeine for 3 hours and levels of the indicated RNA species were determined 
by real time quantitative RT-PCR as in Figure 5. 
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Figure 12. Effect of Caffeine on the Relative Levels of Caspase-2S and 2L 
RNA in HeLa cells 
Figure Legend. Hela cells were treated with the indicated concentrations of 
caffeine for 3 hours and the relative levels of 2(S) and 2(L) RNA determined as 
in Figure 6 
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Figure 13. High Concentration of Caffeine Increased the Levels of Caspase-
2S RNA in 293T Cells 
Figure Legend. 293T cells were treated with the indicated concentrations of 
caffeine and the levels of the four indicated RNA species were determined by 
real time quantitative RT-PCR as in Figure 5. 
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Figure 14. Effect of Caffeine on the Relative Levels of Caspase-2S and 2L 
RNA in 293T Cells 
Figure Legend. 293T cells were treated with the indicated concentrations of 
caffeine and the relative levels of Caspase-2S and 2L RNA determined by 
semi-quantitative RT-PCR as in Figure 6.  
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Figure 15. Caffeine Treatment Increased the Levels of Caspase-2S RNA in 
HCT116 Cells 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
caffeine and the levels of the two indicated RNA species were determined by 
real time quantitative RT-PCR as in Figure 6. 
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Figure 16. Effect of Caffeine on the Relative Levels of Caspase-2S and 2L 
RNA  in HCT116 Cells 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
caffeine and the relative levels of Caspase-2S and 2L RNA were determined 
as in Figure 6.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure 17. Treatment with Wortmannin Increased the Levels of Caspase
RNA in HeLa Cells 
Figure Legend. HeLa cells were treated with the indicated concentrations of 
wortmannin for 3 hours and the levels of the indicated RNA species were 
determined by real time quantitative RT
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 17. Treatment with Wortmannin Increased the Levels of Caspase

HeLa cells were treated with the indicated concentrations of 
wortmannin for 3 hours and the levels of the indicated RNA species were 
determined by real time quantitative RT-PCR as in Figure 5.  
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Figure 17. Treatment with Wortmannin Increased the Levels of Caspase-2S 

HeLa cells were treated with the indicated concentrations of 
wortmannin for 3 hours and the levels of the indicated RNA species were 
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Figure 18. Effect of Wortmannin on the Relative Levels of Caspase-2S and 2L 
RNA in HeLa Cells 
Figure Legend. HeLa cells were treated with the indicated concentrations of 
wortmannin for 3 hours and the relative levels of 2(S) and 2(L) RNA 
determined as in Figure 6.  
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Figure 19. Wortmannin Treatment Increased the Levels of Caspase-2S RNA 
in 293T Cells 
Figure Legend. 293T cells were treated with the indicated concentrations of 
wortmannin and the levels of the four indicated RNA species were determined 
by real time quantitative RT-PCR as in Figure 5.  
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Figure 20.  Effect of Wortmannin on the Relative Levels of Caspase-2S and 2L 
RNA in 293T Cells  
Figure Legend. 293T cells were treated with the indicated concentrations of 
wortmannin and the relative levels of Caspase-2S and 2L RNA measured by 
semi-quantitative RT-PCR as in Figure 6.  
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Figure 21. Wortmannin Treatment Increased the Levels of Caspase-2S RNA 
in HCT116 Cells 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
wortmannin and the levels of the two indicated RNA species were determined 
by real time quantitative RT-PCR as in Figure 5.   



 67

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Effect of Wortmannin on the Relative Levels of Caspase-2S and 2L 
RNA in HCT116 Cells  
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
wortmannin and the relative levels of Caspase-2S and 2L RNA determined by 
semi-quantitative RT-PCR as in Figure 6.  



 

  
 
 
 

Figure 23. Effect of shRNAs Targeting Three NMD Components on the 
of Caspase-2S RNA in 293T Cells
Figure Legend. 293T cells were transfected with the indicated vector or 

shRNA constructs that target each of three known components of NMD 

(hUPF1, hSmg1, hSmg6). At 48 hours following transfection, total RNA was 

extracted and the levels of 2(S), 2(L), 2(T), and GAPDH RNA were determined 

by real time quantitative RT

constructs were used to target hUPF1.  Two separate constructs were used 

for Smg1 and Smg6. 

 
 
 
 
 
 

 

 
Effect of shRNAs Targeting Three NMD Components on the 

2S RNA in 293T Cells  
293T cells were transfected with the indicated vector or 

shRNA constructs that target each of three known components of NMD 

(hUPF1, hSmg1, hSmg6). At 48 hours following transfection, total RNA was 

extracted and the levels of 2(S), 2(L), 2(T), and GAPDH RNA were determined 

by real time quantitative RT-PCR reactions as in Figure 5.  Four separate 

constructs were used to target hUPF1.  Two separate constructs were used 
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Effect of shRNAs Targeting Three NMD Components on the Levels 

293T cells were transfected with the indicated vector or 

shRNA constructs that target each of three known components of NMD 

(hUPF1, hSmg1, hSmg6). At 48 hours following transfection, total RNA was 

extracted and the levels of 2(S), 2(L), 2(T), and GAPDH RNA were determined 

Four separate 

constructs were used to target hUPF1.  Two separate constructs were used 
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Figure 24. Effect of shRNAs Targeting Three NMD Components on the 
Relative Levels of Caspase-2S and 2L RNA in 293T Cells. 
Figure Legend. The relative levels of Caspase-2S and 2J RNA in 293T cells 
transfected with the indicated shRNA constructs as in Figure 23 were 
determined as in Figure 6.  Four separate constructs were used to target 
hUPF1, while 2 separate constructs were used for hSmg1 and hSmg6. 
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Figure 25. Detection of GFP-Positive Cells by FACS  
Figure Legend. FACS plot of 293T cells transfected with pMSCV-GFP. 293T 
cells were transfected with the pMSCV-GFP expression plasmid and analyzed 
for GFP fluorescence signals by FACS at 48 hours post-tranfection using 
standard protocol. The M1 gate defines GFP-negative cells and the M2 gate 
defines GFP-positive cells.  
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Figure 26.  FACS Plot for Untransfected 293T Cells 
Figure Legend. Untransfected 293T cells were analyzed by FACS as a 
negative control to define the M1 and the M2 gates.  
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Figure 27.  FACS Plot for 293T Cells Transfected with the PTC+ GFP 
Construct.  
Figure Legend. 293T cells transfected with a GFP-expression plamid 
containing a premature termination codon (PTC) such that the expression of 
GFP can only be observed when PTC-mediated NMD is inhibited.  See Figure 
41 for a schematic of this PTC+-GFP reporter construct.  GFP expression was 
not detected in 293T cells transfected with this PTC+-GFP plasmid. 
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Figure 28. FACS Plot for 293T Cells Co-transfected with the shRNA hUPF1-I 
and PTC+GFP Constructs   
Figure Legend. 293T cells were co-transfected with the indicated constructs at 
the indicated amounts of DNA for each plasmid.  At 48 hours post-transfection, 
cells were analyzed for GFP-signal.  The M1 gate defines GFP-negative cells.  
The M2-gate defines GFP-positive cells.  
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Figure 29. FACS Plot for 293T Cells Co-transfected with the shRNA UPF1-II 
and PTC+GFP Constructs  
Figure Legend. 293T cells co-transfected with the indicated plasmid constructs 
were analyzed by FACS as in Figure 28.  
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Figure 30. FACS Plot for 293T Cells Co-transfected with the shRNA SMG1-I 
and PTC+GFP Constructs   
Figure Legend. 293T cells co-transfected with the two indicated plasmid 
constructs were analyzed for GFP signals by FACS as in Figure 28.  The M1 
gate defines GFP-negative cells and the M2 gate defines GFP-positive cells.   
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Figure 31. FACS Plot for 293T Cells Co-transfected with the shRNA SMG1-II 
and PTC+GFP Constructs 
Figure Legend. 293T cells co-transfected with the indicated two plasmids were 
analyzed for GFP signals by FACS as in Figure 28.  The M1 gate defines 
GFP-negative cells and the M2 gate defines GFP-positive cells.  
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Figure 32. FACS Plot for 293T Cells Co-transfected with the shRNA SMG6-I 
and PTC+GFP Construct  
Figure Legend. 293T cells co-transfected with the two indicated plasmids were 
analyzed for GFP-signals by FACS as in Figure 28.  The M1 gate defines 
GFP-negaitve cells and the M2 gate defines GFP-positive cells.   
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Figure 33. FACS Plot for 293T Cells Co-transfected with the shRNA SMG6-II 
and PTC+GFP Constructs  
Figure Legend. 293T cells co-transfected with the two indicated plasmids were 
analyzed for GFP-signals by FACS as in Figure 28.  The M1 gate defines 
GFP-negative cells and the M2 gate defines GFP-positive cells.   
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Figure 34. FACS Plot for 293T Cells transfected with the PTC+GFP Construct 
and Treated with Cycloheximide 
Figure Legend. 293T cells transfected with the PTC+-GFP plasmid were 
treated with 25 µg/ml cycloheximide and the GFP-signals analysed by FACS.  
The M1 gate defines GFP-negative cells and the M2 gate defines GFP-
positive cells.   
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Figure 35. FACS Plot for 293T Cells Transfected with the PTC+GFP Construct 
and Treated with Higher Concentration of Cycloheximide 
Figure Legend. 293T cells transfected with the PTC+-GFP plasmid was 
treated with 50 µg/ml cycloheximide and the GFP-signals analysed by FACS 
as in Figure 34.  
  



 81

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 36. Cycloheximide, Caffeine and Wortmannin Upregulates NMD-
Targeted PTB RNA  
Figure Legend. Semi-quantitative RT-PCR for the canonical PTB mRNA 
transcript and the NMD-targeted PTB mRNA transcript in 293T cells treated 
with 25 µg/mL cycloheximide, 5mM caffeine, and 5 µM wortmannin.  All 3 
chemicals induced the appearance of the NMD-targeted PTB mRNA 
transcript. 
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Figure 37. Upregulation of NMD-Targeted SC35 RNA in 293T Cells with 
Cycloheximide, Caffeine and Wortmannin 
Figure Legend. Semi-quantitative RT-PCR for the canonical SC35 mRNA 
transcript and the NMD-targeted SC35 mRNA transcript in 293T cells treated 
with 25 µg/mL cycloheximide, 5mM caffeine, and 5 µM wortmannin.  All 3 
chemicals induce the appearance of the NMD-targeted SC35 mRNA 
transcript. 
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Figure 38. Relative Levels of Caspase-2S and 2L RNA in Mouse Tissues After 
in vivo Exposure to Cycloheximide 
Figure Legend. Mice were injected intrapeeritoneally with 0.2 mg/kg body 
weight of cycloheximide (* lanes) or saline (- lanes).  The mice were 
euthanized 6 hours after injection and the indicated organs and tissues were 
collected.  The relative levels of Caspase-2S and 2L RNA were measured by 
semi-quantitative RT-PCR using total RNA extracted from the indicated 
tissues.   
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Figure 39. Relative Levels of Caspase-2S and 2L RNA during P19 Neuronal 
Differentiation  
Figure Legend: Murine embryonic carcinoma cells P19 were subjected to 
neuronal differentiation by treatment with retinoic acid in suspension cultures, 
followed by growth on agarose-coated plates.   At the indicated days of 
differentiation, cells were collected, total RNA prepared and the levels of 
Nestin, a marker for neruonal precursor cells, Oct3/4, a marker of pluripotent 
stem cells, GAPDH, a house-hold protein, and Caspase-2S and 2L were 
measured by semi-quantitative RT-PCR.   Day 0 denotes cells not treated with 
retinoic acid.  Days 1 and 2 indicate P19 cells grown with retinoic acid in 
suspension as neurospheres.  Days 3, 4, and 5 are P19 cells growing on 
agarose-coated plates after retinoic acid treatment. 
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Figure 40. Cycloheximide Treatment Further Increased the Levels of Caspase-
2S RNA in P19 Neuronal Cell Culture  
Figure Legend. P19 cells either uninduced for neuronal differentiation or at the 
indicated days following the induction of neuronal differentiation were either 
treated with vehicle (control) or cycloheximide (50 µg/ml) for 3 hours.  The 
levels of Caspase-2S RNA were determined by real time quantitative RT-PCR.  
Values shown are mean and standard deviation from triplicate measurements 
per RNA sample.    
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Figure 41. Schematic of the PTC+-GFP Construct  
Figure Legend. The PTC+-GFP reporter gene is transcribed from the human 
beta-actin promoter, contains three exons (indicated as the colored boxes) 
and two introns (indicated as the yellow lines), and the SV40 poly-adenylation 
site.  Due to the presence of the premature termination codon (PTC) in the 
second exon, the spliced transcript is destabilized by NMD.  Inhibition of NMD 
leads to the stabilization of the spliced RNA and the expression of the 
enhanced GFP (EGFP) protein.  HA: influenza hemagglutinin tag, ATG: 
translation start codon, TGA, translation termination codon, SalI, EcoRI, NdeI, 
BamHI, restriction enzyme sites.    
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Figure 42. FACS Plot for 293T Cells Transfected with pMSCV-GFP 
Figure Legend. 293T cells transfected with the pMSCV-GFP plasmid were 
analyzed for GFP-signals by FACS.  The M1 gate defines GFP-negative cells 
and the M2 gate defines GFP-positive cells.  
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Figure 43. FACS Plot for Untransfected 293T Cells   
Figure Legend. FACS analysis of untransfected 293T cells defines the M1 
gate.  
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Figure 44. FACS Plot for 293T Cells Transfected with the PTC+-GFP 
Construct   
Figure Legend.  293T cells transfecte with the PTC+-GFP construct shown in 
Figure 41 were analyses for GFP-signals by FACS.  The M1 gate defines 
GFP-negative cells and the M2 gate defines GFP-positive cells.  
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Figure 45. FACS Plot for 293T Cells Transfected with the PTC+-GFP 
Construct and Treated with Cycloheximide 
Figure Legend. 293T cells transfected with the PTC+-GFP construct were 
treated with 50 µg/ml cycloheximide and the GFP-signals analysed by FACS 
analysis.   
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Figure 46. FACS Plot for 293T Cells Transfected with the PTC+-GFP 
Construct and Treated with Etoposide   
Figure Legend.  293T cells transfected with the PTC+-GFP construct were 
treated with 25 µM Etoposide and the GFP-signals analysed by FACS.  The 
M1 gate defines GFP-negative cells and the M2 gate defines GFP-positive 
cells.   
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Figure 47. FACS Plot for 293T Cells Transfected with the PTC+GFP Construct 
and Treated with Higher Concentration of Etoposide 
Figure Legend. 293T cells transfected with the PTC+-GFP construct were 
treated with 50 µM of etoposide and the GFP-signal analysed by FACS.  The 
M1 gate defines GFP-negative cells and the M2 gate defines GFP-positive 
cells.  
 
 
 
 
 
 
 
 
 
 
 
 
  



 93

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 48. Summary of the Effect of Doxorubicin on miR-1 and miR-133 
Levels  
Figure Legend. Quantification of microRNA copy numbers by high-throughput 
sequencing of total cellular microRNA of untreated and doxorubicin treated 
human cancer cells have shown that miR-1 and miR-133 levels increased 
following doxorubicin treatment (Ref. 75)   
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Figure 49. Location of the Target Sites for miR-1 and miR-133 in the Human 
and Murine PTB Coding and 3’-Untranslated Region (UTR) Sequence  
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Figure 50. Relative Levels of Caspase-2S and 2L RNA in Response to 
Doxorubicin and Cycloheximide Treatment 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
doxorubicin and cycloheximide for the indicated times.  The relative levels of 
Caspase-2S and 2L RNA were determined by semi-quantitative RT-PCR as in 
Figure 6.  
 
 
  



 

 
 
 
 

 
 
Figure 51. Effects of Doxorubicin and Cycloheximide Treatments on the Levels 
of microRNA miR-1 
Figure Legend. HCT116 cells were treated with the indicated concentrations of 
doxorubicin or cycloheximide for the indicated times.  The levels of miR
total RNA samples were measured by a real time quantitative RT
human miR-1.   
 
 
 
 
 
 
 
 
 
 
 
 

Figure 51. Effects of Doxorubicin and Cycloheximide Treatments on the Levels 

HCT116 cells were treated with the indicated concentrations of 
doxorubicin or cycloheximide for the indicated times.  The levels of miR
total RNA samples were measured by a real time quantitative RT
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Figure 51. Effects of Doxorubicin and Cycloheximide Treatments on the Levels 

HCT116 cells were treated with the indicated concentrations of 
doxorubicin or cycloheximide for the indicated times.  The levels of miR-1 in 
total RNA samples were measured by a real time quantitative RT-PCR kit for 
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Figure 52. Effects of Doxorubicin and Cycloheximide on the Levels of 
microRNA miR-133 
Figure Legend. The levels of miR-133 were measured by real time quantitative 
RT-PCR using a human miR-133 specific kit in total RNA samples generated 
from HCT116 cells treated with the indicated drugs for the indicated time.  
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Figure 53. Cycle Threshold (CT) Data from qPCR Assays for miR-1 and miR-
133 
Figure Legend. The CT values from the quantitative RT-PCR assays are 
shown.  
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Materials and Methods 

Cell Culture:  293T, HCT116, and HeLa cells were grown in culture on 10 cm2 

cell culture dishes to 60-80% confluency in DMEM+10% fetal calf serum.  

Cells were washed with PBS prior to harvesting for experimentation.  

Transfections were done with LipoFectamine 2000, according to company 

protocol, in serum-free OPTI-MEM for 6-10 hours prior to changing of media.  

Plasmids used in transfections were the kind gifts of Dr. Joachim Linger and 

Dr. Oliver Muehlemann.     

 

Drug Application:  Cycloheximide was applied at concentrations of 6.25 µg/ml, 

12.5 µg/ml, 25 µg/ml, or 50 µg/ml.  Wortmannin was applied at concentrations 

of .625 µM, 1.25 µM, 2.5 µM, or 5.0 µM.  Caffeine was applied at a 

concentration of .625 mM, 1.25 mM, 2.5 mM, or 5.0 mM. Cells were treated for 

3 hours after which they were harvested for RNA purification.  In some of the 

FACS-based experiments drugs were applied for 24 hours.  Doxorubicin was 

used at 1 µM for 6 hours, 1 µM for 24 hours, or 50 µM for 6 hours.  Etoposide 

was used at 25 µM or 50 µM for 6 hours.   

 

RNA isolation:  All RNA samples were isolated through the use of the RNeasy 

Mini kit obtained from Qiagen.  Elution of RNA was done with 50 µl of RNAse-

free H2O. 

 



 100

Primer Sequences: hCasp2 SemiQ/QPCR exon 7/8 (F): 5’-CAG CTC CAA 

GAG GTT TTT CAG C-3’. hCasp2 SemiQ/QPCR exon 8/9 (R): 5’-GGA TTC 

AAT AGC ACC TCC ACG-3’. hCasp2 SemiQ/QPCR exon 8-10 (R): 5’-GAT 

CAG TCT CAT CTC CAC GGC A-3’. hCasp2 SemiQ/QPCR exon L/S (R): 5’-

CTG CGT GGT TCT TTC CAT CTT GTT-3’. hGapdh SemiQ/QPCR (F): 5’-

TGA CCG AGC GTG GCT ACA G-3’. hGapdh SemiQ/QPCR (R): 5’-CTC TTT 

GAT GTC ACG CAC GAT T-3’. mCasp2 exon 8 (F): 5’-AGC TCC AAG AGG 

TTT TTC GAC-3’. mCasp2 exon 8-9 (R): 5’-TCC AAT AGC ACT CCA CGA 

CA-3’. mCasp2 exon 8-10 (R): 5’-CCT CTA TCT GTC TCA TCT CCA CGA-3’. 

mGapdh (F): 5’-GAC CTG ACA GAC TAC CTC AT-3’. mGapdh (R): 5’-AGA 

CAG CAC TGT GTT GGC AT-3’.  All other primer sets available on request. 

 

RT PCR: The RT reaction was done with Multiscribe Reverse Transcriptase 

acquired from Applied Biosystems according to company protocol. 1 µg of 

RNA was used for the reaction and the 20 µl volume of the end-product of the 

reaction was raised to 50 µl prior to use in Semi-Quantitative PCR and Real-

Time QPCR.   

 

Semi-Quantitative PCR:  Semi-Q PCR was done with Accuprime PFX 

Polymerase according to company protocol. The PCR run was programmed 

as follows: 95 °C  2:00, 95 °C  0:15 (x30), 58 °C  0:30 (x30), 68 °C  

1:00 (x30), 68 °C  4:00.  The reaction products were run on 1.2% agarose 
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gels stained with 0.5 µg/ml ethidium bromide and 100 bp ladder from New 

England Biolabs as a standard.  

 

Real-Time QPCR:  1-2.5 µl of RT reaction product was used.  PCR for mRNAs 

was done with Power SYBR Green PCR master mix from Applied Biosystems.  

PCR for miRNAs was done with TaqMan Universal PCR Master Mix 

containing no AmpErase UNG from Applied Biosystems.  PCR was done on a 

7900 HT Real Time PCR from Applied Biosystems. The PCR run was 

programmed as follows: 95 °C  10:00, 95 °C  0:15 (x45), 60 °C  0:40 

(x45), 72 °C  1:00 (x45), 95 °C  0:15 (Dissociation Stage), 60 °C 0:15  

(Dissociation Stage).   
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