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Abstract 
Promyelocytic leukemia (PML) nuclear bodies act as quality control centers in the 

nucleus, participating in a plethora of nuclear functions. As such, PML bodies are a signature 

model for functional nuclear organization. PML bodies have a dynamic protein composition that 

responds to changing conditions of the cell. Many of the protein binding-partners of PML have 

been functionally characterized into a SUMO-depended post-translational modification pathway 

for proteins. However, others such as nascent mRNA and translation machinery, suggest an 

additional uncharacterized function of PML-localized translation. Growing evidence supports the 

presence of translation in the eukaryotic nucleus, yet a clear demonstration of its functional 

relevance remains to be established.  

Here we demonstrate that nuclear polypeptides synthesized localizes to PML bodies 

during cell stress. Analysis of proteotoxic stress associated with the expression of mutant Ataxin-

1 (ATXN1), a gene that causes the neurodegenerative disorder spinocerebellar ataxia type 1 

(SCA1), reveals that PML bodies couple polypeptide synthesis with mRNA surveillance and 

protein quality control. Specifically, we find repeat-expanded ATXN1 mRNA foci and protein 

aggregates localized at PML bodies where they are subject to regulation by the no-go decay 

(NGD) pathway and protein degradation. To expand upon our mechanistic study, we identify 

protein binding-partners of PML during different cell stressors using an unbiased proteomics 

approach. Our study suggests a novel PML-localized regulatory system underlying nuclear 

translation that plays a critical role in the cell stress response. 
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Chapter 1: Introduction 
 

1.1 The multiplicity of functions of nuclear bodies 

The nucleus consists of an interconnected network of chromatin and nuclear bodies that 

dynamically assemble into defined spaces to carry out diverse functions. These spaces are non-

random and represent distinct domains of the larger organelle (1). Nuclear bodies are sub-

organelles that serve as distinct locations for condensed nuclear enzymatic or otherwise 

functional processes. Unlike the compartmentalization of cytoplasmic functions into membrane-

bound organelles, nuclear bodies are non-membrane bound domains. Nuclear bodies consist of 

their signature proteins as well as associated proteins and nucleic acids. These domains 

classically represent distinct protein rich entities separate from the genome (2).  

Nuclear bodies are largely multifunctional and their components can be dynamically 

exchanged with the nucleoplasm and assembled based on functional specificity. Nuclear bodies, 

including promyelocytic leukemia (PML) bodies, nucleoli, Cajal bodies, nuclear speckles, and 

polycomb group (PcG) bodies, are largely defined by their signature protein or nucleic acid 

counterparts in both composition and function. However, nuclear bodies are highly complex 

entities in both composition and function with several protein and nucleic acid components 

dynamically interacting with each nuclear body depending on cellular conditions (3).  In fact, it 

is sometimes difficult to identify a key underlying function of a type of nuclear body due to its 

compositional diversity even within a single nucleus. Additionally, several components of a 

given nuclear body are shared with other types of nuclear bodies. Also, any component of a 

given nuclear body can initiate the assembly of the nuclear body, demonstrating that the 
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signature proteins of nuclear bodies are not the only assembly initiation factor. Lastly, some 

nuclear bodies only form in certain cell types or only during certain cellular conditions. The lack 

of membranes in nuclear bodies serve to promote this dynamic assembly and disassembly of 

functional proteins (2).  

Nuclear bodies exemplify the phenomenon of self-organization. In the cell, components 

of a non-membrane bound organelle self-assemble into functional entities (4). In the nucleus, this 

assembly has been shown to not be hierarchical or step-wise. Rather, nucleation of a nuclear 

body can be initiated by diverse components and condensed by stochastic interactions (5). Our 

laboratory uses the analogy of crowdsourcing common to the Web 2.0. This analogy involves 

any entity that seeks an answer to a problem on the internet. The seeker requests an answer to 

their problem on a crowdsourcing forum, with a myriad of diverse entities that can potentially 

solve the problem. These entities assemble according to availability, expertise, or communicating 

network and offer information until an answer is generated (6). This analogy can be applied to 

nuclear body assembly where a given cellular function is signaled to be carried out, then 

depending on proximity and functional capacity, proteins and nucleic acids self-assemble to 

carry out the function until it is complete (Fig. 1.1). This dynamic assembly is advantageous to 

the cell because it allows for quick condensation of enzymatic functions. 

Another recent analogy that describes the condensation of nuclear bodies as well as other 

membrane-less functional components of a cell that require fast enzymatic response is the liquid 

droplet model. This model postulates that proteins and nucleic acids condense according to 

hydrophobicity, proximity, binding affinity, and charge and result in liquid-liquid phase 

separation. These interactions are individually weak, allowing for the easy exchange of nuclear 
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body components with the nucleoplasm. This biophysical model can explain both 

physiologically functional entities of a cell that contain protein and RNA, as well as pathological 

formations in diseases that arise from aggregated proteins (7). Both the crowdsourcing model 

and the liquid droplet model are helpful visual representations of nuclear body composition and 

assembly. 

There is a vast body of evidence for the multifunctionality and cooperation of nuclear 

bodies and the number of functions assigned to a given nuclear body is increasing. Below are 

brief examples of the multifunctionality of nucleoli, Cajal bodies, and nuclear speckles. PML 

bodies will be discussed in depth in section 1.2. 

1.1.1 Nucleoli 

Nucleoli are the most prominent and well-studied nuclear bodies. The most 

distinguishing characteristic of this complex and large nuclear body is the capacity for ribosome 

biogenesis. Unlike most nuclear bodies, that organize around a signature protein, nucleoli are 

organized around a core of rDNA repeat arrays. This self-organization of specific genomic loci 

makes nucleoli hubs for rRNA transcription and processing, in addition ribosomal subunit 

assembly (8, 9). Nucleoli have long been used as morphological markers for cancerous cells due 

to their prominence in the nucleus and the ease of detecting their disruption. Beyond well-known 

functions and morphology, nucleoli are highly multifunctional with important regulatory roles in 

cell-cycle progression, stress response, and p53 mediated senescence (10, 11).  One focus of 

study shows that nucleoli act as stress sensors and when their formation is disrupted by UV 

irradiation or other cell stresses, levels of p53 increase and the tumor suppressor gene is 

stabilized. This response is dependent on nucleolar disruption because DNA damage alone 
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without rDNA disruption does not trigger p53 stabilization (11). The ability of nucleoli to detect 

cell stress make the nuclear body an important diagnostic tool. 

1.1.2 Cajal bodies 

Cajal bodies are classically defined as distinct NBs that serve as sites of initial processing 

and maturation of small nuclear ribonucleic particles (snRNPs) and small nucleolar ribonucleic 

particles (snoRNPs) (12).  Cajal bodies are present in most eukaryotic cells and are visualized via 

immunofluorescence of the signature protein coilin.  There is increasing interest in Cajal body 

function in telomere maintenance, as a subset of Cajal bodies interact with telomeres during S 

phase (13).  Additionally, a body of research addresses Cajal bodies’ role in supporting 

telomerase function in both stem cells and cancer cells (14).  One study indicates that telomerase 

Cajal body protein 1 (TCAB1) and coilin-dependent Cajal body formation act independently to 

recruit telomerase to telomeres.  Depletion of TCAB1 or coilin separately causes a reduction of 

telomerase recruitment, proving the requirement of Cajal bodies in telomerase function.  This 

requirement seems to be based on the ability of the NB to concentrate telomerase at telomeres 

since overexpression of telomerase in the absence of coilin rescues telomerase localization (15).  

This study illustrates the importance of nuclear NBs in concentrating components to efficiently 

carry out nuclear processes.  

1.1.3 Nuclear Speckles 

Nuclear Speckles, also known as interchromatin granules or SC-35 domains, are 

classically defined as sites of storage and post-translational modification of mRNA splicing 

factors.  There are 10-50 speckles in most mammalian cell lines with a jumbled beads-on-a-

string morphology.  Nuclear speckles are composed of SC-35 protein, snRNPs and serine-
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arginine proteins, as well as several kinases and phosphatases for the processing of post-

transcriptional machinery (16).  Interestingly, several studies show that nuclear speckles tend to 

localize with several specific actively transcribing genes and on the edges of gene rich 

chromosome territories (17, 18).  Based on their euchromatic localization, it is hypothesized that 

nuclear speckles support the structure and function of transcription factories.  Actively 

transcribing genes loop away from their respective chromosome territories and localize to 

transcription factories.  Looping of actively transcribed genes was confirmed by 3C analysis, 

RNA-TRAP and RNA-FISH (19).  This looping and coalescing into transcription factories can 

occur between separate chromosomes from large distances. Studies on nuclear speckles 

exemplify the coordination between nuclear bodies and their functional components (20).  

Several other nuclear bodies not discussed here have distinct and dynamic functions 

depending on their protein and nucleic acid composition. A central question in studying the cell 

biology of the nucleus is how numerous functions can be assigned to a given nuclear body in a 

given cellular condition. This question was central to my thesis and led me to concentrate on one 

of the most elusive and multifunctional nuclear bodies, the PML body. 
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Figure 1.1 Illustrative interpretation of NB assembly. (A) A crowdsourcing model describes a 
stochastic assembly of problem solvers called upon by someone in need of a solution. The 
problem efficiently solved through collective action. (B) The crowdsourcing model is applied to 
functional nuclear organization in which nuclear functions are condensed in spaced for efficient 
resolution. Adapted from Wood et al. 2014 (21). Illustration by Scott Holterhaus.  
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1.2 Form and function of Promyelocytic Leukemia (PML) bodies 

1.2.1 Formation of PML bodies 

A prominent group of nuclear bodies, termed PML bodies or nuclear domain 10 (ND10), 

are multifunctional sub-organelles consisting of its signature protein, PML/TRIM19, and a 

heterogeneous composition of protein binding partners as well as nucleic acids.  The PML 

protein itself is part of the tripartite motif-containing (TRIM) family of proteins that has a 

conserved TRIM region on the N terminal end, an NLS sequence, and a variable region at the C 

terminal end. The TRIM region of PML contains a ring finger domain, two B-box zinc finger 

domains, and a coiled coil domain (22). TRIM family proteins are all induced by interferons and 

play roles in cellular stress response. The variable C-terminus is responsible for at least 9 

isoforms of the PML protein, all formed by alternative splicing. PML isoform IV is the best 

studied of the PML proteins, though all of the isoforms are able to nucleate a nuclear PML body. 

It is important to distinguish between PML bodies and free PML protein, since there is a high 

percentage of non-NB associated PML protein in the cell. Some isoforms of PML shuttle 

between the cytoplasm and the nucleus, while others are mainly nuclear. One isoform is 

cytoplasmic since the NLS is removed from splicing (23).  All PML isoforms are themselves 

small ubiquitin-like modifier (SUMO) E3 ligases and have an ability to SUMOylate themselves 

as well as other proteins (24). 

PML proteins, when SUMOylated, self-associate to form a shell around its interacting 

partners, forming a PML body.  SUMOylation is necessary for PML body formation. PML 

bodies exist as 5-30 punctate structures in most mammalian cell lines and tissues (25). 

Surprisingly, however, PML bodies are not essential for cellular survival or organismal survival. 
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Among the over 200 documented PML interacting partners include those that function in tumor 

suppression, post-translational modification of proteins, immune surveillance, and apoptosis 

(26). Some of the most prominent and well-studied PML body components include Daxx, 

ATRX, and Sp100, each of which function in anti-tumor and DNA regulation. Most proteins that 

associate with PML are able to be SUMOylated (27). Additionally, PML bodies associate with 

some RNAs, though the identity of such RNAs is not yet defined and the function of RNA 

association is unclear (28). PML bodies are proposed to be important for virtually all cell 

regulatory processes due to their association with the myriad of protein binding partners. 

PML nuclear bodies were originally characterized by their involvement in acute 

promyelocytic leukemia (APL), caused by the t(15;17) translocation of PML gene locus with 

retinoic acid receptor-alpha gene (RARA). The resulting PML/RAR-α fusion protein disrupts the 

localization of PML bodies. Treatment with all trans retinoic acid or arsenic trioxide rescues 

PML body formation by restoring PML’s capacity to be SUMOylated (29). 

1.2.2 Disparate Functions of PML bodies 

Like other nuclear bodies discussed in Chapter 1.1, PML bodies are largely 

multifunctional and depend on their associated protein and nucleic acid binding partners. PML 

body composition dynamically changes depending on cell type and condition. In the current 

literature, the composition of PML bodies during varied cellular conditions is ill defined. In fact, 

the large number of PML body-associating proteins can be explained by the varying interactions 

during different conditions or even within one cell. Studies have shown PML to have functional 

capacity in DNA damage repair, transcriptional regulation, tumor suppression, senescence, 

apoptosis, antiviral response, innate immune response, and post-translational modification and 
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regulation of proteins (30). Importantly, PML bodies are important components of the cellular 

stress response. Below is a selection of PML body functions. 

PML bodies are sensitive to stressors that cause DNA damage, such as ultraviolet (UV) 

irradiation. PML bodies disperse somewhat during UV irradiation, forming smaller bodies at 

greater numbers (22). PML bodies respond to this cell stress promoting double strand break 

(DSB) repair.  Binding partners of PML bodies include ATM, ATR, MRN 

(Rad50/Mre11/NBS1), and Rad51/52 complexes, among many other repair proteins such as 

RecQ helicases WRN and BLM (31, 32).  Upon UV irradiation, PML bodies are recruited to 

damaged DNA foci, where they associate with DSB repair proteins.  Localization of PML bodies 

to damaged DNA is dependent on clustering of repair proteins, as tethering repair proteins to 

chromatin in the absence of DNA damage is sufficient to recruit a PML body (33).  A recent 

study revealed that PML bodies are important for the later stages of DSB repair, as PML knock-

down cells have 10-fold less DSB repair even with sufficient phosphorylation of H2AX (34). 

These studies highlight PML’s ability to sense and respond to UV irradiation stress. 

Several other studies indicate that PML bodies respond to a variety of stresses, such as 

oxidative stress. PML body morphology changes from several small nuclear dots to few large 

ring-like structures when exposed to oxidative stress. One main way PML responds to the 

cellular reactive oxygen species (ROS) environment is by the regulation of the ROS 

detoxification transcription factor NRF2. PML bodies sense the level of ROS toxicity by 

regulating the level of NRF2 in the nucleus. In cells with suppressed expression of PML, NRF2 

expression increases (35). These studies indicate that PML bodies can regulate the expression of 

ROS detoxifying genes through the degradation of NRF2. 
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Several studies show PML interaction with sties of active gene loci and nascent mRNA 

transcription (25). Notably, PML bodies nonrandomly interact with the major histocompatibility 

complex (MHC) locus and this interaction is strengthened upon interferon-gamma (IFN-γ) 

stimulation (36). A prominent study depicted that PML bodies co-regulate IFN-γ mediated MHC 

class II expression through stabilization of a MHC transactivator, suggesting that PML bodies 

regulate transcription at the MHC locus (37).  Another study using immuno-TRAP technology 

uncovered direct PML body interactions with the promoter regions of TP53, TFF-1, ABCA, and 

surprisingly, the PML gene loci (38). Overall, evidence suggests PML bodies regulate and 

promote transcription at certain transcriptionally active genomic loci and participate in innate 

immune protection of the cell. 

Several studies show PML bodies are essential in the anti-viral response as well as the 

general innate immune response. The largest evidence for this is the interferon response element 

in the promoter region of the PML gene (30). Additionally, PML bodies are shown to associate 

with, and regulate the growth of RNA and DNA viruses such as SV-40 and adenovirus E4-ORF3 

(39). PML bodies are shown to repress viral replication through epigenetic silencing of viral 

nucleic acid. Several viruses disrupt PML body formation, such as human cytomegalovirus 

(CMV) and herpes simplex virus (HSV), showing that disruption of PML bodies is a necessary 

evolutionary function of some viruses for survival and providing evidence for PMLs protective 

role in the innate immune system (40, 41). 

1.2.3 PML bodies in protein quality control 

Probably the most well defined function of PML bodies is the post-translational 

modification and regulation of proteins. This function relies on PML’s capacity as a SUMO E3 
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ligase and it is postulated that PML post-translational modification of proteins contributes to its 

multifunctionality. PML itself also has a SUMO-interacting motif, forming structured multimers 

through SUMOylation (29). Beyond PML protein itself, several PML binding partners function 

in acetylation, ubiquitination, and SUMOylation of proteins. Additionally, PML associates with 

proteases (42). Specifically, PML bodies are hypothesized to sequester, modify and sometimes 

degrade partner proteins (43). These functions make PML an essential component of protein 

quality control (PQC) in the nucleus. For example, PML modulates p53 activity through post-

translational modification of several proteins that stabilize p53. PML interacts with p53-ubiquitin 

ligase, MDM2 and sequesters it to the nucleolus during DNA damage, causing the stability of 

p53. PML also physically associates with p53, promoting its activation (44, 45). Because of this 

function, PML is known as a promoter of senescence and apoptosis, giving it the ability to be a 

strong tumor suppressor in these conditions. 

PML bodies are shown to regulate and degrade misfolded proteins as part of its protein 

quality control functionality. Several studies indicate that PML specifically functions in the post-

translational modification and subsequent degradation of aggregation prone proteins through 

PML-associated proteasomes. An example of this type of protein heavily sited in the literature is 

Ataxin, a family of large proteins prone to misfolding and aggregation when mutated (see section 

1.3 for a detailed description of Ataxin). PML bodies strongly associate with nuclear aggregated 

proteins such as mutated Ataxins and intrinsically contribute to their degradation (46). 

Overexpression of PML leads to the increased degradation of Ataxins while disruption of PML 

expression increases Ataxin expression (47). Additionally, induction of PML expression via the 

interferon response leads to increased degradation of Ataxins. An additional study showed that 
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increased expression of PML in vivo contributes to improved clearance of the misfolded and 

aggregated Ataxin protein (48). These studies introduced PML bodies as a site for regulation of 

dysfunctional proteins specifically localized to the nucleus. 

A comprehensive 2014 study detailed a mechanism behind PML’s function in degrading 

misfolded proteins. PML protein’s SUMO E3 ligase activity works in concert with a SUMO 

depended ubiquitin ligase, RNF4, to tag Ataxin type 1 (Atxn1) proteins for degradation. 

Specifically, PML directly tags Atxn1 with SUMOs for recognition by RNF4. Then RNF4 tags 

the SUMOylated protein and targets it for proteasomal degradation (Fig. 1.2). This mechanism 

can be applied to other misfolded proteins such as expanded mutant Huntington (Htt) (49). This 

study illustrated a unique nucleus-localized system for degrading misfolded proteins and 

highlighted the importance of the nuclear compartment for protein quality control. 

The evidence for PML in protein quality control is mounting and convincing, though the 

mechanism for PML regulation of aggregation-prone proteins like Ataxin is incomplete. 

Additionally, how PML’s protein quality control function is incorporated into the multiplicity of 

PML bodies’ functions is unresolved. How does PML’s protein quality control function relate to 

PML’s role in regulating cell stress in general? It is PML body’s function in protein quality 

control that was a main focus of my thesis work, expanding on the function of PML bodies in 

regulation of Ataxin as well as PML’s role in the cellular response to stress. For the majority of 

my thesis work, I used the model system of Ataxin-based cell stress to define PML’s role in 

regulating cellular stress. The following section is a description of the model system. 
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Figure 1.2 PML bodies are sites of protein quality control. Accumulated misfolded Atxn1 
protein forms inclusions that colocalize with PML bodies. PML’s SUMO E3 ligase activity leads 
a SUMO-depended ubiquitin ligase RNF4 to function in the proteasomal degradation of Atxn1 
protein at PML bodies. 
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1.3 SCA1: a model system for RNA and proteotoxic stress 

Spinocerebellar Ataxia Type 1 (SCA1) is a polyglutamine (or polyQ) disease, an 

autosomal dominant genetic disorder caused by an expansion of CAG microsatellite repeats 

somewhere within the affected gene. SCA1 manifests as a neurological disorder and causes 

deterioration of neurons and Purkinje in the brain stem and cerebellum. SCA1 patients 

progressively lose control of their bodily movements and the disease is ultimately fatal (50). 

Polyglutamine diseases are also known as CAG repeat disorders. Polyglutamine diseases are in 

the family of trinucleotide repeat disorders (also termed triplicate repeat expansion disorders, 

trinucleotide repeat expansion disorders, and codon reiteration disorders). Over half of the 

known trinucleotide repeat disorders are CAG repeat expansion/polyglutamine diseases, 

including several SCAs as well as Huntington’s disease- 9 CAG repeat expansion disorders are 

clinically described (51). The other trinucleotide repeat disorders, such as fragile X syndrome or 

myotonic dystrophy are caused by other triplicate repeats. Trinucleotide-repeat disorders are rare 

and no cure or affective treatment for any of the diseases exists currently. These disorders 

collectively share several molecular and cellular pathologies with the broader list of repeat-

associated diseases, such as amyotrophic lateral sclerosis (ALS) (52). 

SCA1 specifically is caused by the expansion of CAG repeats in the coding region of the 

Ataxin-1 (ATXN1) gene. Normally, the ATXN1 gene contains about 4-30 CAG repeats. SCA1 

and other CAG repeat expansion mutations are hypothesized to be caused by error-prone 

replication machinery and/or error-causing mutations in DNA-repair machinery. Overtime and 

across generations, the number of CAGs gradually increases until a disease threshold of about 40 

CAG codons is reached. The number of repeats in patients can expand beyond 80, depending on 
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inheritance and severity. An increasing number of repeats is associated with earlier symptoms 

and a poorer disease outlook (50).  

1.3.1 SCA1 RNA toxicity 

SCA1 manifests itself in the cell by both RNA toxicity and proteotoxicity. When mutated 

ATXN1 is transcribed, the resulting mRNA contains a long stretch of CAG repeats. These 

repeats create a long, stable stem loop within the transcript. The longer the repeat is the longer 

and more stable the CAG RNA stem loop (53). Additionally, the number of non-CAG codons in 

the expanded CAG tract is inversely associated with toxicity (54). RNA cytotoxicity is a newly 

described phenotype shared by several repeat expansion disorders.  

Several gain-of-function toxicities are associated with the repeat-expanded cytotoxic 

mRNA. First, these disordered mRNAs aggregate and form aberrant nuclear foci. These foci are 

visible via microscopy in several patient cell lines as well as in vitro (55). One study suggested 

these RNA foci have liquid droplet properties. The study demonstrated that multivalent base-

pairing cause these transcripts to condense in space. Interestingly, these foci associated with 

RNA-rich nuclear speckles (56). Additionally, these foci have been shown to sequester away 

several important RNA-binding proteins from their normal functions. For example, the splicing 

factor SRSF6 binds to the CAG repeats in the expanded mutant Huntington transcript, causing 

altered splicing of the transcript (57). Disruption of normal nuclear function by protein 

sequestration may be a major source of cytotoxicity from trinucleotide repeat disorders. 

Additional forms of RNA toxicity arise from abnormal bidirectional transcription of the 

CAG tract, creating a noncanonical anti-sense RNA transcript that in turn can translate into 

repeat-containing polypeptides. Both the sense and anti-sense mRNAs can be translated through 
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a pathogenic repeat-associated non-AUG (RAN) translation. This type of translation uses the 

expanded repeat to dock the translation initiation machinery (58). RAN translation was first 

reported by Zu et al. using ATXN8 constructs with expanded CAG repeats lacking the start 

codon (59, 60). They demonstrated that long hairpin structures formed by CAG repeats induce 

RAN translation and result in the expression of poly-serine or poly-alanine tract proteins in 

addition to poly-glutamine. RAN translation has now been observed in multiple nucleotide 

repeat expansion disorders, including Huntington disease, and fragile X syndrome (61, 62). 

Though, the mechanism and required translation machinery for RAN translation, in addition to 

the toxicity of the resulting polypeptides is currently unclear. RNA toxicity is an emerging field 

of study within several neurological disorders and its implications for potential therapeutics is 

encouraging.  

1.3.2 SCA1 proteotoxicity  

In addition to RNA phenotypes, SCA1 manifests in disordered Atxn1 proteins. 

Translation, by canonical AUG-dependent or RAN mechanisms, of the ATXN1 transcripts 

creates a protein with an expanded polyglutamine tract (60). Studies hypothesize that SCA1 can 

arise from either loss-of-function of the wild-type Atxn1 protein, gain-of-function of the 

expanded mutant, or both. The function of the wild-type Atxn1 protein is still under 

investigation, though it is shown to be a transcriptional regulator of Notch signaling and may be 

involved in RNA processing (63). Some studies indicate that loss-of-function of Atxn1 protein 

contributes to disease, because Atxn1-null mice display decreased motor neuron function (64). 

However, the correlation between the number of repeats and the severity of SCA1 indicates that 

a gain-of-function of the mutant transcript and protein is the primary mode of pathogenicity (50). 
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One recent study identified that mutant Atxn1 association with its binding partner capicua (CIC) 

is the major source of the gain-of-function pathology of SCA1 (65). This study highlights the 

importance of clearance of the mutant form of Atxn1.   

The expanded protein tract in Atxn1 causes the protein to misfold and aggregate in the 

nucleus. Atxn1 aggregates are extremely difficult to degrade due to their insolubility. Overtime, 

these protein aggregates accumulate and eventually, these aggregates form large inclusion bodies 

visible by microscopy (46). In addition, RAN-translated proteins may contribute to the 

aggregates although more research is needed to confirm this (60). Neurons, post-mitotic cells 

incapable of distribution of Atxn1 protein through cell division, cannot clear the Atxn1 proteins 

faster than the rate of their accumulation, resulting in more aggregation of Atxn1 proteins in 

these specific cells (depending on relative expression in neuron cell type) (66). Protein 

aggregation is a common phenotype of most repeat expansion disorders, and research on the 

regulation and clearance of aggregates is a large area of study. However, controversy remains 

over if protein aggregation in mammalian cells causes toxicity or if it is a defense mechanism of 

the cell to sequester the misfolded proteins (67). 

ATXN1 is expressed in several tissues, most significantly in the neural tissues described, 

where pathogenic expression of the gene is of primary concern. Primary cells and tissues 

expressing repeat expanded ATXN1 contain RNA foci, but not large protein aggregates. This is 

due to the cells ability to divide and distribute the aggregated proteins. An exception of this is in 

late-stage diseased brain stem neurons, where large inclusion bodies were found in patient tissue. 

These neurons cannot distribute the aggregated proteins through cell division because they are 

post mitotic (50).  
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Figure 1.3 Expanded-mutant Atxn1 causes both mRNA foci and aggregated protein 
products. SCA1 is caused by an expansion of CAG repeats in the coding region of the ATXN1 
gene. Transcription of expanded mutant ATXN1 leads to highly structured CAG mRNAs that that 
sequester RNA binding proteins. When translated, the protein contains a long polyglutamine 
tract that causes it to misfold and aggregate. Adapted from Galka-Marciniak 2012 and Wood M 
Trends in Genetics 2009.  
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As described in section 1.2.3, studies of PML’s role in the regulation and clearance of 

Atxn1 proteins are robust. However, the role of PML or any other nuclear component in the 

regulation of ATXN1 mRNA remains limited. Since RNA toxicity is newly described as a major 

contributor to the SCA1 disease phenotype, it is crucial to understand the regulatory mechanisms 

of the cell that combat mutated mRNAs. A large goal of my thesis was to determine if there is a 

relationship between PML bodies and ATXN1 mRNA and determine if a regulatory mechanism 

exists that defines this relationship. Below are mechanisms that we hypothesize may contribute 

to the nuclear and/or PML-based regulatory function that controls mutated ATXN1 gene 

products. 

 
 
1.4 mRNA surveillance mechanisms 

A functional proteome relies on the sequence accuracy of the mRNA transcripts as well 

as the folding accuracy of the newly synthesized proteins. Misregulation of protein production 

over time can cause proteopathies including most of the major neurodegenerative disorders, as 

well as cancer and other age related diseases (66). SCA1 for example, described in detail above, 

is caused by a major defect in quality control mechanisms. For this reason, quality control 

mechanisms exist at every step of the central dogma of molecular biology, from replication of 

DNA, transcription of mRNAs, to protein synthesis and degradation. Quality control functions 

are crucial for normal protein homeostasis, and they can act as a first defense for pathologies. 

Numerous protein quality control mechanisms exist at the level of the ribosome, including 

mRNA surveillance and co-translational modification of peptides (68, 69). One study predicts 

that up to 30% of nascent polypeptides are subject to proteasomal degradation. Longer, more 
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complex proteins are more likely to be subject to regulation at the level of translation (69). These 

ribosome-based mechanisms are defined by non-canonical translation and may be a major source 

of post-transcriptional quality control. Specifically, mRNA surveillance mechanisms may 

represent a significant source of mRNA and protein regulation (70). Here I will briefly describe 

the state of the literature of mRNA surveillance mechanisms that specifically relate to 

polyglutamine disorders.  

mRNA surveillance spans the gap between RNA and protein quality control. In general, 

RNA surveillance is a group of mechanisms that monitor mRNA health at the level of 

translation. In the presence of an aberrant mRNA transcript, ribosomes stall. This causes the 

dissociation of the ribosome from the transcript and leads to the degradation of the transcript and 

the nascent polypeptide. There are three known mechanisms of mRNA surveillance; nonsense-

mediated decay (NMD), non-stop decay (NSD), and no-go decay (NGD) . NMD is the best 

studied of the mRNA surveillance mechanisms. Most studies of mRNA surveillance mechanisms 

are performed in yeast models. Only a handful of studies on NMD and even less studies on NSD 

and NGD currently exist in the literature (71). Because of these limitations in the literature, there 

are several questions yet to be answered about the specificities of mRNA surveillance. However, 

the importance of these mechanisms for the regulation of protein synthesis in higher eukaryotes 

is becoming apparent with each new study.  

Briefly, NMD occurs when an mRNA transcript contains a premature termination codon 

(PTC). This arises from either any nonsense mutation that arises from a missense, addition, or 

frameshift mutation. If the premature stop/termination codon occurs before an exon junction, 

communication occurs between the exon junction complex and the upstream terminated 
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ribosome via the protein Upf1. This signals for the cell to recycle the ribosome and degrade the 

mRNA transcript and nascent polypeptide (72). 

NSD and NGD are related in cellular recognition and potential mechanism, but are 

caused by different aberrations. NSD occurs when a mutation results in the lack of a stop codon. 

The ribosome then stalls in the poly-a tract of the transcript. NGD occurs from a range of 

mutations or defects that cause a stall of a ribosome in the coding region of mRNA. This could 

be from a defect on the growing polypeptide chain or an aberrant mRNA structural feature. The 

two proteins HBS1L and Pelota (HBS1 and Dom34 in yeast respectfully), bind to the A site of 

the stalled ribosome, causing dissociation and recycling of the ribosome. HBS1L and Pelota 

(PELO) are related to the canonical translation termination factors eRF1 and eRF3 respectfully. 

Binding of the dimer also triggers endo- and exo-nucleocytic cleavage of the mRNA as well as 

degradation of the nascent polypeptide. Though the mechanism of this action in eukaryotes 

remains unknown (71, 73). 

We became interested in NGD specifically because it is the mechanism that could be the 

basis of translation-based regulation of structured mRNAs such as those caused by triplicate 

repeat disorders. Specifically, NGD is shown to respond to abnormally stable stem-loops that 

cause ribosomal pauses (74). Since mutated ATXN1 has the hallmark phenotype of a stable 

stem-loop, we proposed to probe the possibility of NGD occurring in the nucleus and possibly at 

PML bodies. We hypothesized that NGD was part of PML bodies’ protein quality control 

function and represented a major source of regulation both during cellular homeostasis and 

during disease. The possibility of NGD occurring at PML bodies as a continuation of its protein 

quality control raises the possibility of the controversial phenomenon of nuclear translation. 
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Below is a description of the current literature that is most convincing of this unique 

phenomenon. 

 

1.5 Evidence for peptide synthesis in the nuclear compartment 

Nuclear translation has a long history of controversy. Nuclear translation was first 

described in the 1950’s and again in the 1970’s (75, 76). These studies, respectively, showed 

incorporation of radioactive amino acids into nuclear proteins and the isolation of polyribosomes 

from the nucleus. Although this evidence was compelling, most biologists dismissed nuclear 

translation altogether. In 2001, the Cook laboratory breathed new life into the contentious 

hypothesis of nuclear translation (77). However, this study garnered more controversy than 

clarity, and the findings were later attributed to contamination by cytoplasmic ribosomes (78-80).  

Despite earlier criticisms, in 2012 the Yewdell group concretely demonstrated that nuclear 

translation can be detected using the novel ribopuromycylation (RPM) method. RPM uses 

inhibitors of translation elongation to stall polyribosomes with nascent polypeptides on mRNA 

transcripts (81). RPM is followed by ELISA or immunofluorescence microscopy and can be used 

to detect the localization patterns of cytoplasmic and nuclear translation in several cell types 

(82). This research demonstrates that nuclear translation occurs in immortalized and primary cell 

lines and is enriched in the nucleolus.  

  Since the development of RPM, several independent studies have utilized the technique 

to detect active peptide synthesis both in the nucleolus (83, 84). The flagship study using the 

RPM method primarily detected protein synthesis in the nucleolus and hypothesized that 

nucleolar translation occurs to test the functionality of newly synthesized ribosomes (81).  
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Translation in the nucleolus of live cells was also observed using a highly sophisticated imaging 

technique: vibrational imaging of newly synthesized proteins by stimulated Raman scattering 

microscopy (85). However, RPM signal and actively translating ribosomes have also been 

described in the nucleoplasm in multiple studies. One such study used a variation of FRAP called 

BiFC to elegantly demonstration of the assembly of 80S polysomes within the nucleus. This 

study found the 80s ribosomes to be translationally active and localized to both the nucleolus and 

the nucleoplasm. They hypothesized the role of nuclear translation in “test-translating” nascent 

mRNA transcripts before they were exported to the cytoplasm for canonical translation (86). 

Another study reported detecting nuclear protein synthesis following protein degradation with 

pulses as short as 5 sec using 3 different labeling techniques: RPM, L-azidohomoalanine 

(detected after attaching fluors using ‘click’ chemistry), and ‘heavy’ amino acids (detected using 

secondary ion mass spectrometry) (87). This study suggested that this extremely short turnover 

of newly synthesized peptides suggests a regulatory role for nuclear translation. 

Other studies postulated regulatory roles for non-canonical nucleus-localized translation. 

The detection of nuclear translation in cells from both flies and mammals suggests this is a 

conserved regulatory process. One study demonstrated that nuclear translation as a way to 

produce antigens for the MHC class one pathway (83). They showed that scanning ribosomes 

were translating pre-spliced mRNAs in the nuclear compartment, producing small intronic 

peptides. This study highlighted a physiological role of nuclear translation in the regulation of 

newly transcribed mRNAs. Another study suggested that NMD could occur in the nuclear 

compartment (88). They found that mRNA transcripts that contained a PTC were sequestered in 



38 

the nuclear compartment and were translated by ribosomes that associated with the NMD factor 

Upf1. They suggested this as a mechanism for proofreading potentially cytotoxic mRNAs.  

My thesis work expands upon these studies, suggesting that in addition to NMD, NGD 

may be an important physiological function of the nuclear compartment. Using the model system 

of ATXN1, and expanding the possibility of translation functioning during different cell 

stressors, I will describe a novel function of PML bodies during cell stress. This work will add to 

the multiplicity of PML body function to include a novel nuclear regulatory mechanism at the 

level of peptide synthesis that prevents proteotoxicity. 
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Figure 1.4 A collection of recent reports support the possibility of peptide synthesis in the 
nucleus. These recent inquires began in 2001 with Peter Cook who proposed coupled 
transcription and translation. Then in 2012, The Yewdell group designed a method of detecting 
active translation by fluorescence microscopy. Also in 2013, the Abdullahi group found a portion 
of 80S ribosomes resided in the nucleus. Other studies proposed mechanisms for nuclear peptide 
synthesis as a way to generate peptides for the MHC class 1 pathway or as nonsense mediated 
decay. Adapted from the titles above (77, 81, 86, 88, 89). 
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1.6 Significance 

The vast majority of cellular functions are highly coordinated processes that are subject 

to many levels of regulation. This is apparent when we consider the numerous ways in which a 

cell ensures proper function, such as cell cycle check-points, pathways that degrade defective 

transcripts and proteins, and the physical separation of cellular processes by membrane bound 

organelles. This suggests that very little is left to chance within the cell, and therefore it is not 

surprising that nuclear organization, which was once thought to be relatively random due to its 

lack of membrane bound organelles, is now known to be highly structured (90, 91).  This 

organization occurs through the non-random positioning of chromatin within the nucleus and the 

formation of sub-nuclear bodies.  Many nuclear activities are detected as discrete foci or 

structures, from replication foci and transcription factories. For many of these nuclear bodies, the 

protein components are well-characterized, but their coordinated function(s) remain elusive (90, 

91).  

Ribosomal proteins and translation factors have long been known to associate with NBs.  

Indeed, ribosome biogenesis takes place in the nucleolus, a canonical nuclear body and the 

primary site of nuclear translation described in the above studies (81).  However, proteins 

involved in translation are also found outside of the nucleolus. PML bodies harbor multiple 

components of translation, including eIF4E, eIF3, and ribosomal proteins (92-96). PML bodies 

have many proposed functions, including the antiviral response, protein homeostasis, and 

apoptosis, but whether these pathways may be integrated through their PML association remains 

poorly understood (25). Multiple lines of evidence suggest that the PML NB plays a centralized 

role in the response to intrinsic and extrinsic cell stress (22, 25, 97-99). For example, PML 
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bodies co-localize with nuclear inclusions formed by proteotoxic neurodegenerative conditions 

such as SCA1 (100), and are found to function in the clearance of mutant Atxn1 proteins (101, 

102). There is a growing body of evidence suggesting that protein degradation pathways are 

often coupled with translation-based mRNA scanning mechanisms (69). Despite the evidence 

that PML bodies contain translation factors and ribosomal proteins, no studies have directly 

examined whether protein synthesis occurs at this nuclear body as part of its function in protein 

homeostasis. Our group hypothesized that PML bodies function as organizational hubs during 

cellular stress to coordinate the co-translational surveillance of structurally aberrant mRNAs 

and their encoded protein products, targeting them for degradation. 

Recent studies underscore the significance of non-canonical translation in both 

physiological and pathological conditions (103-105). For example, the co-translational nature of 

mRNA surveillance is being given greater consideration as a housekeeping mechanism for 

proteome health. Nuclear mRNA surveillance may represent another form of regulatory 

translation, testing specific transcripts that may induce proteotoxicity or cellular stress upon 

translation, and thereby linking mRNA surveillance with nuclear protein degradation pathways. 

These mechanisms, when characterized, can be harnessed through therapeutic intervention for 

several types of diseases that result in the loss of protein homeostasis. These diseases are largely 

age associated, including cancers and neurodegenerative diseases but can also include viral 

infections and other infectious diseases that manipulate PML body function or the cell’s protein 

homeostasis. For example, increasing the expression of PML through interferon treatment may 

enhance PML’s capability for Atxn1 protein regulation, thus alleviating the cell of Atxn1 protein 

accumulation (48). Additionally, characterizing different types of translation can allow us to 
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target pathological translation specifically, while leaving vital canonical translation alone. 

Importantly, diseases such as cancers, that are intrinsically associated with a disruption in protein 

homeostasis, can be targeted through translation or PML body-specific therapies. 

In the following studies, I test the hypothesis that PML bodies function as an 

organizational hub during cellular stress that coordinates the co-translational surveillance of 

structurally aberrant mRNAs and their encoded protein products, targeting them for degradation. 

I also employ proteomics techniques to identify proteins associated with PML bodies, and 

determined the dynamic changes in the composition of PML bodies as a function of stress.  Then 

I explicate a possible mechanism of co-translational mRNA surveillance and protein quality 

control in regulating expression of genes encoding nucleotide-repeat expansions. This body of 

work contributed to our understanding of an underappreciated process, nuclear translation, and 

elucidate a novel, important function of the PML nuclear body with broad implications in human 

disease, including neurodegenerative disorders, cancer, and aging.  
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Chapter 2: Materials and Methods 
 

2.1 Cell propagation and manipulation 

2.1.1 Plasmids and oligonucleotides 

pLEX-ATXN1 constructs with either 32Q-ATXN1 and 84Q-ATXN1 fused C-terminally 

to GFP in the pLEX-MCS cloning vector (Open Biosystems) were generously provided by Dr. 

Puneet Opal (Northwestern University). PMLIV and PMLV constructs in the pCDNA3.1 vector 

were generous gifts from Dr. Kun-Sang Chang (University of Texas MD Anderson Cancer 

Center). Myc-BirA-PMLIV was generated by PCR amplification of the PMLIV sequence from 

pCDNA3.1-PMLIV and insertion into pCDNA3.1 mycBioID construct (generously provided by 

Dr. Kyle Roux, Addgene #35700) between Xho1 and Not1 using standard cloning methods. 

Plasmids for expressing LacI fused human ribosomal proteins were generated by genomic DNA 

extraction of RPLP0, RPLP1, and RPLP2 from hematopoietic stem cells using DNeasy blood 

and tissue kit (Qiagen), amplification by PCR, and insertion between EcoR1 and Kpn1 of a GFP-

LacI-NLS or mCherry-LacI-NLS (C1 backbone) construct (courtesy of Dr. Sui Huang). pFLAG-

HBS1L and pFLAG-PELO constructs were a generous gift of Dr. Shinichi Hoshino (Nagoya 

City University). 

siRNAs for target genes are as follows: Hs_PML_9, CACCCGCAAGACCAACAACAT; 

Hs_PELO_5, CTGAAGAGGATTAATGATTGA; Hs_HBS1L_7, 

CGAGGCTATAACTACGATGAA (Qiagen). Allstars Negative Control siRNA (Qiagen) was 

used as a negative control in all experiments. 

2.1.2 Cell culture 
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IMR-90 normal human primary lung fibroblasts (ATCC), human Spinocerebellar Ataxia 

1 fibroblasts (GM06927, Coriell Cell Repositories) with 52 CAG repeats on the affected allele, 

and human Huntington Disease fibroblasts (GM04287, Coriell Cell Repositories) with 50 CAG 

repeats on the affected allele, were cultured in Minimum Essential Medium alpha (MEMα, 

Invitrogen) supplemented with 15% fetal bovine serum (Atlanta Biologicals), 1% 

penicillin/streptomycin (Invitrogen), and 1% L-glutamine (Invitrogen). IMR-90 hTert passage-

elongated fibroblasts, generated previously (Neems, D et al 2016), were cultured in MEMα 

supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine. 

HeLa-LacO cells with the stably integrated LacO array on chromosome 7 were kindly provided 

by Dr. Sui Huang (Northwestern University) and were cultured in DMEM (Invitrogen) 

supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% l-glutamine. 

HEK293 cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum, 

1% penicillin/streptomycin, and 1% l-glutamine. All cells were cultured at 37°C in a humid 5% 

CO2 incubator. All primary and primary-derived fibroblasts were split at 1:3 every 4-6 days. All 

transformed cell types were split 1:10 every 4-6 days. Cells were frozen in 10% DMSO in a 

liquid nitrogen tank for preservation. 

2.1.3 Transfection of cells 

DNA plasmids were transfected into cells after seeding on coverslips or plates using the 

PolyJet Transfection system (SignaGen) according to manufacturer’s instructions. Briefly, cells 

were seeded so that cells were 50-90% confluent at the time of transfection (dependent on cell 

type). Culture media was replaced with half volume of fresh complete media. Plasmids were 

mixed with media without antibiotics or serum at the equivalent of 0.8 µg DNA in 50 µL media. 
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3 µL PolyJet were mixed with 50 µL media (no serum, no antibiotics) and immediately added to 

DNA and mixed. DNA mixture was incubated for 15 min at RT then added drop-wise to cells. 

Cells were incubated in DNA mixture for 5-18 hours then replaced with the full volume of fresh 

complete media. Cells were harvested or processed 18-24 hours after transfection of plasmids 

unless otherwise specified.  

siRNAs were transfected into cells using the Pepmute Transfection System (SignaGen) 

according to the manufacturer. Culture media was replaced with half volume of fresh complete 

media. Plasmids were mixed with 100 µL Pepmute transfection buffer at the equivalent of 5 nM 

siRNA for transformed cells and 30 mM siRNA for primary fibroblasts in a 6 well format. 2.4-

3.6 µL Pepmute were mixed with siRNA mixture and incubated for 15 min at RT. The siRNAs 

were then added drop-wise to cells. Cells were harvested or processed 72 hours after siRNA 

knock-down. For co-knock down of multiple genes, equal molar ratios of each siRNA were used. 

For co-transfections of siRNA and DNA, cells were incubated in siRNA for 48 h before co-

transfection with DNA and incubated with siRNA/DNA for an additional 18-24 h. 

2.1.4 Generation of stable cell lines 

HEK293 cells stably expressing either myc-BirA* or myc-BirA*-PMLIV were generated 

by Geneticin selection following transfection (Thermo-Fisher Scientific). Briefly, HEK293 cells 

were tested for sensitivity to Geneticin before transfection of plasmids. A kill curve was 

generated by incubating HEK293 cells in normal media supplemented with 100 µM, 200 µM, 

400 µM, 600 µM, and 800 µM Geneticin for one week with a change of media every 2-3 days. 

400 µM was the optimal amount for Geneticin for selection. HEK293 cells were seeded onto 6 

well plates 24 h before transfection at 30% confluency. Then cells were transfected with BirA* 
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constructs as described in section 2.1.3. 24 h after transfection, cells were expanded onto 10cm 

plates and 400 µM Geneticin was added to media. Cells were cultured for 2-3 weeks and media 

with Geneticin was replaced every 2-3 days. Any visible colonies were harvested by washing 

once with PBS then replacing media with 0.05% trypsin in PBS. Single colonies were picked by 

manual aspiration using a pipet and careful scraping and aspiration under an inverted light 

microscope. Colonies were re-plated onto 12 cm plates. Approximately 1 week after re-plating, 

clones were split so that 1/3 of cells were seeded onto coverslips on 24 well plates and 2/3 were 

re-plated onto 12 well plates. Clones on coverslips were verified for correct localization patterns 

and ability to be biotinylated by 24 h incubation in media supplemented with 50 µM biotin 

followed by immunofluorescence analysis (see section 2.2.2). Clones with correct localization in 

all visible cells were propagated in media with 200 µM Geneticin and frozen down in liquid 

nitrogen for preservation.   

2.1.5 Extrinsic stress and drug treatment  

IMR90 cells were subjected to multiple extrinsic stresses including serum starvation in 

MEM alpha media without FBS for 24 hours, UV-C exposure for 25 minutes UV-C light in PBS, 

with 1 hour recovery, heat shock at 1 hour at 43°C followed by 30 minute recovery, and 

oxidative stress for 1 hour in 100uM H2O2 followed by 15 min recovery.  For UV-C, heat shock, 

and oxidative stress experiments cells were allowed to recover in complete MEM alpha (MEM 

alpha with 15% FBS). Interferon beta treatment was done at 100 U/mL for 48 h. 

 

2.2 Cell and molecular biology experiments 

2.2.1 Antibodies 
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The following primary antibodies were used in immunofluorescence and western 

blotting: PML (rabbit, H-238; goat A-20 Santa Cruz 1:200 IF, 1:500 western), SC35 (mouse, 

s4045 Sigma, 1:1000 IF), Nucleolin (rabbit, ab22758, 1:2000 IF), C23 (goat, sc-9893, 1:25 IF), 

RiboP (human, ImmunoVision, 1:200 IF), Daxx (rabbit, M-112 Santa Cruz, 1:100 IF, 1:200 

western), HBS1L (rabbit, HP A029729 Atlas, 1:100 IF, 1:200 western), PELO (mouse, F-8 Santa 

Cruz 1:50 IF, 1:100 western), Puromycin (mouse, MABE343 Millipore, 1:100 IF), Myc (rabbit, 

9e10 Santa Cruz, 1:500 IF, 1:500 western), FLAG (mouse, sigma F1804  1:1000 western/IF), 

GFP (mouse, ab1218 Abcam, 1:500 western), Biotin (goat 1:10,000 western), alpha-tubulin 

(1:4000 western), HSP90 Lamin A/C (mouse, generous gift from Dr. Robert Goldman and Dr. 

Stephen Adam, Northwestern University, 1:1000 Western). 

The following secondary antibodies were used for detection in immunofluorescence at 

1:250 (Invitrogen): Donkey anti-rabbit Alexa Fluor® 594, donkey anti-rabbit Alexa Fluor® 647, 

donkey anti-mouse Alexa Fluor® 488, donkey anti-mouse Alexa Fluor® 594, donkey anti-mouse 

Alexa Fluor® 647, and donkey anti-human Alexa Fluor® 594 (Jackson ImmunoResearch).  

Biotin-conjugated goat anti-rabbit or anti-mouse was used for DNA FISH. For Western blotting 

the following antibodies were used for detection at 1:2000 to 1:10,000 (Abcam): goat anti-

mouse-HRP and goat anti-rabbit-HRP and donkey anti-goat HRP. 

2.2.2 Immunofluorescence  

Cells of all types on coverslips were rinsed with PBS++ and fixed with 4% 

paraformaldehyde (PFA) in PBS for 10 minutes at room temperature. Then cells were rinsed 

with PBS++ and permeabilized for 15 minutes in 0.5% Triton X-100 in PBS++ at room 

temperature (RT). Cells were then blocked in 10% goat or donkey serum for 30 minutes at room 
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temperature before incubation in primary and secondary antibodies diluted in blocking solution 

for 1 hour each at room temperature with 3 PBST (0.1% Triton X-100 in PBS++) washes for 5 

min in between antibody incubations. Cells on the coverslips were mounted on slides in Pro-

Long Diamond Anti-Fade with DAPI (Invitrogen). Slides were cured overnight at RT before 

being sealed with clear nail polish. 

2.2.3 Nuclear Ribopuromycylation (RPM) 

Nuclear ribopuromycylation method was performed as described in (106) IMR-90, 

SCA1, HD, and HeLa-LacO cells on coverslips were incubated for 5 minutes in puromycin 

labeling media (complete MEM alpha with 45 µM emetine and 91 µM puromycin) in the 37°C 

incubator then rinsed with cold PBS.  Pre-incubation of cells with anisomycin at 10 µg/mL for 

15 min or harringtonine at 2 µg/mL for 15 min before labeling media was implemented for RPM 

controls. Other optional RPM controls were 15 m pre-incubation with emetine or a puromycin-

only labeling media control. Cells were transferred to ice very carefully. The rest of the 

following steps were done with extreme caution as the cells were fragile and not well adherent to 

the coverslips well once the cytoplasm was removed. A 1 mL pipetman and 1 mL pipette tips 

were used to slowly add and remove buffers. The plate was not tilted or moved until buffer was 

removed from the wells. Permeabilization was performed for 5 minutes in permeabilization 

buffer with NP-40 (50 mM Tris-HCl, 150 mM NaCl, protease inhibitors, and 1% NP-40/IPGAL) 

in ice and washed with permeabilization buffer without NP-40 on ice.  A no NP-40 control was 

included in all experiments. Cells were then fixed in 4% PFA at RT.  Cells were washed with 

PBS after PFA incubation. Prior to primary antibody incubation, cells were blocked in RPM 

staining buffer (0.05% saponin, 10mM glycine, 5% FBS, in PBS).  Primary and secondary 
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antibodies diluted in staining buffer were added to cells and incubated at 37°C for 1 hour or 45 

minutes, respectively. Between antibodies and after the secondary antibody, cells were carefully 

washed with PBS 3 times. All steps starting with the secondary antibody were performed in the 

dark and the wells were shielded from light using foil during all incubations. Coverslips were 

mounted onto slides in Pro-Long Diamond Anti-Fade with DAPI (Invitrogen) and cured 

overnight at RT before being sealed with clear nail polish. 

2.2.4 Immuno-RNA fluorescence in situ hybridization (FISH)  

Cells on coverslips were rinsed with DEPC treated PBS and fixed with 4% PFA for 10 

minutes at room temperature. Then cells were rinsed and permeabilized for 15 minutes in 0.5% 

TritonX-100 with 2 mM Ribonucleoside Vanadyl Complex (VRC, NEB) in DEPC-PBS at room 

temperature. Cells were rinsed with DEPC-2X SSC and incubated in 30% formamide in 2X-SSC 

for 30 minutes. The coverslips were inverted onto slides with 10 µL RNA hybridization buffer 

(30% formamide, 200 ng/ml salmon sperm DNA, 0.02% BSA, 10% dextran sulfate, 2 mM VRC, 

in 2X SSC) and 250 nM LNA oligonucleotide probe with a 5TYE563 fluorophore modification 

with the following sequence: /5TYE563/C+TGC+TGC+TGCTG+CTG+CTG+CT adapted from 

(107). Slides were sealed with rubber cement and incubated in a humid chamber at 37°C 

overnight. All steps starting on day two were performed in the dark and the wells were shielded 

from light using foil during all incubations. Cells were transferred into wells and washed with 2X 

SSC in 30% formamide two times for 10 minutes each at room temperature. Then cells were 

washed with 1X SSC for 10 minutes at room temperature. Cells were rinsed with PBS and fixed 

again in 2% paraformaldehyde for 10 minutes at room temperature. Cells were then processed 

for immunofluorescence detection of proteins as described above. For RNA FISH without 
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immunofluorescence, cells were mounted onto coverslips as described in the IF protocol after 

SSC washes on day 2. All coverslips were cured for 2-4 h at RT before sealing with clear nail 

polish. Slides were then transferred over to -20°C to prevent RNA signal fading or ideally 

imaged right away. 

2.2.5 RPM-RNA FISH  

Cells on coverslips were incubated for 5 minutes in puromycin labeling media then rinsed 

with cold DEPC-PBS on ice.  The rest of the following steps were done with extreme caution as 

the cells were fragile and not well adherent to the coverslips well once the cytoplasm was 

removed. A 1 mL pipetman and 1 mL pipette tips were used to slowly add and remove buffers. 

The plate was not tilted or moved until buffer was removed from the wells. Permeabilization was 

performed for 5 minutes in permeabilization buffer with NP-40 and VRC on ice and washed with 

permeabilization buffer without NP-40 on ice. Cells were then fixed in 4% PFA at RT. Then 

cells were washed once with PBS, then incubated in DEPC 2X SSC for 20 minutes. Cells were 

inverted onto slides with 10 µL hybridization buffer and 250 nM LNA oligonucleotide probe 

with a 5TYE563 fluorophore modification. Slides were sealed with rubber cement and incubated 

in a humid chamber at 37°C overnight. All steps starting on day two were performed in the dark 

and the wells were shielded from light using foil during all incubations. Cells were transferred 

into wells and washed with 2X SSC one time for 10 minutes and washed with 1X SSC for 10 

minutes both at room temperature. Then cells were washed with PBS and incubated for 15 

minutes in RPM staining buffer with VRC. Cells were then incubated in primary and secondary 

antibodies as described in the RPM method. As will regular RNA FISH, all coverslips were 



51 

cured for 2-4 h at RT before sealing with clear nail polish. Slides were then transferred over to -

20°C to prevent RNA signal fading or ideally imaged right away. 

2.2.6 L-homopropargylglycine Protein Synthesis Assay 

 Cells on coverslips were labeled with L-homopropargylglycine (HPG) using the Click-

iT® HPG Alexa Fluor® 594 Protein Synthesis Assay Kit (Thermo Fisher Scientific) according to 

the manufacturer’s instructions with the following modifications: cells were rinsed with PBS 

once, then incubated in methionine free media with 50 µM HPG metabolic labeling reagent for 

15 minutes. The cells were then rinsed with PBS and fixed with 4% paraformaldehyde for 15 

minutes, followed by rest of the manufacturer’s protocol. 

2.2.7 3D DNA immunoFISH 

DNA probes were generated from the pLEX-GFP-84QATXN1 plasmid by nick 

translation with the Roche nick translation kit and the DIG-11-UTP conjugation for 1 hr and 15 

min. Probes were purified via the illustraTM ProbeQuantTM G-50 Micro Columns (GE 

Healthcare). Then probes were ethanol precipitated by adding 5 µL nick translated probe with 5 

µL salmon sperm DNA, 1 µL human Cot1 DNA, 1.1 µL 3 M potassium acetate, and 22.5 µL 

ethanol. The precipitate was incubated at -80°C for 30 min, spun down at 4°C at max speed for 

30 min, and speed vac’ed for 5 min. 10 µL DNA hybridization buffer per slide was added to the 

probe mixture and incubated at 37°C for 1 hr. Cells of all types on coverslips were rinsed with 

PBS++ and fixed with 4% PFA in PBS for 10 minutes at room temperature. Then cells were 

rinsed with PBS++ and permeabilized for 15 minutes in 0.5% Triton X-100 in PBS++ at room 

temperature. Cells were then blocked in 4% BSA in PBST for 10-30 min at RT. Primary 

antibody was incubated at 37°C for 1 hr and washed three times with PBST for 5 min each. 
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Biotin-conjugated secondary antibody was incubated for 45 min at 37°C and washed 2 times 

with PBST. Cells were then post-fixed in 1% PFA for 10 min at RT, then incubated in 0.1 N HCl 

for 10 min. Cells were permeabilized again in 0.5% Triton/PBS for 5 min and then incubated in 

20% glycerol in PBS++ for 45 min at RT. Then slides were frozen in liquid nitrogen and thawed 

for 4 cycles. Then cells were washed in 2X SSC for 5 min and then stored in 50% formamide in 

2X SSC for at least 24 h. DNA probes were generated from the pLEX-GFP-84QATXN1 plasmid 

by nick translation with the Roche nick translation kit and the DIG-11-UTP conjugation for 1 hr 

and 15 min. Probes were purified via the illustraTM ProbeQuantTM G-50 Micro Columns (GE 

Healthcare). Then probes were ethanol precipitated by adding 5 µL nick translated probe with 5 

µL salmon sperm DNA, 1 µL human Cot1 DNA, 1.1 µL 3 M potassium acetate, and 22.5 µL 

ethanol. The precipitate was incubated at -80°C for 30 min, spun down at 4°C at max speed for 

30 min, and speed vac’ed for 5 min. 10 µL DNA hybridization buffer per slide was added to the 

probe mixture and incubated at 37°C for 1 hr. 

2.2.8 Fluorescence microscopy and image analysis  

All images were generated using a Nikon A1R Confocal Microscope with the Nikon 

Elements software or a Leica DMI6000 fluorescence microscopewith both with a 60x objective 

lens. Z-stack images for both analysis and representative images were taken at .125 µm step sizes 

in a range of 5-10 stacks on average. Depending on the resolution required, images were taken of 

single cells or up to 10 cells per field. For analysis, normal scan rates were used. For 

representative images, 4X pixel linger was used to increase resolution of the image. 

Colocalization analysis was performed in FIJI/ImageJ using the Coloc2 plugin and the Mander’s 

correlation coefficient. First, the images were dropped into FIJI and Z-projections (max 
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projections) were made. The projections were split into color channels using the color tab. The 

DAPI channel was selected to threshold the nucleus as an ROI. DAPI was thresholded using the 

threshold toolbar. In the analyze tab, under tools, the ROI manager was used to select each 

nucleus. Using the wand tool, each nucleus was selected and added using the + button. In the 

ROI manager, all of the nuclei were selected, then in the more tab in the ROI manager, the nuclei 

were combined. The other channels were thresholded as necessary, depending on the diffuseness 

of the channel. Each channel was in 16 bit if required. Then in the analyze tab, coloc2 in the 

colocalization option was chosen. Each channel to be colocalized was selected, and the ROI 

manager was used as the ROI. Mander’s correlation was selected. The results of each nucleus 

was copied and pasted onto an excel workbook. Using the text to columns tool in the data tab, 

values of each result were separated from their titles. The values were copied and pasted using 

paste special- transpose so that cells were horizontal. The thresholded Mander’s correlation M1 

or M2, depending on the channels used, was calculated. Colocalization of PMY and 

PML/nucleolin was statistically evaluated using the average of averages of the three trials and a 

one-way analysis of variance followed by student’s t-tests. For colocalization of CAG repeat 

mRNA and nuclear bodies or PMY, 150 whole nuclei were analyzed for total percent overlap 

between channels and were binned into percent of nuclei with the indicated overlap to indicate 

variations in overlap. These analyses were statistically evaluated using chi square statistic at 0.05 

significance level.  

PMY intensity analysis was evaluated using Analyze Particles function on ImageJ using 

the maximum pixel intensity measurement of each nuclear particle. First, the images were 

dropped into FIJI and Z-projections (maximum projections) were made. The projections were 
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split into color channels using the color tab. The DAPI channel was selected to threshold the 

nucleus as an ROI. DAPI was thresholded using the threshold toolbar. In the analyze tab, under 

tools, the ROI manager was used to select each nucleus. Using the wand tool, each nucleus was 

selected and added using the + button. In the ROI manager, all of the nuclei were selected, then 

in the more tab in the ROI manager, the nuclei were combined. The other channel was 

thresholded as necessary within the ROI. Then, in the analysis tab, the analyze particles option 

was selected. The particle size limitations were selected to be between 0.1 µm and infinity. 

Atxn1 inclusion size analysis was also performed with ImageJ analyze particles function using 

area of each particle as a measurement of Atxn1 area. The maximum of signal intensity was 

recorded for each nuclei and all data from the particle analysis was transferred into excel for 

calculations. Then the average of all maximum pixel intensities of the trials was calculated and 

used for graphical comparison. The analysis was statistically evaluated using the one-way 

analysis of variance via student’s t-tests. 

For representative images, all z-stacked maximum projected channels in ImageJ were 

made into a composite and converted into RGB color images in the image-type tab. Scale bars 

and DAPI were added to composite images (bar = 5 µm) and the image was saved as a TIFF file. 

All other single channels excluding DAPI were processed as RGB colors by unchecking all 

channels but the wanted channel. No scale bars were added to single channels before saving as 

TIFF files.  

2.2.9 Super Resolution Microscopy 

RPM immunofluorescence was performed in transfected cells as described above; 

however cells were incubated in Hoescht (1:5000) for 5 minutes after secondary antibody 
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incubation and mounted in ProLong Gold (Invitrogen). Super-resolution images were acquired 

on a Nikon N-SIM microscope with a 100X 1.49 NA Plan Apo TIRF objective lens (Nikon) and 

an Andor DU-897 EMCCD camera using 405nm, 488nm, 561nm, and 640nm diode lasers. 3D-

SIM stacks were acquired using five phases and three rotations for a total of 15 wide 

field images per plane, and images were reconstructed using Nikon Elements software. 

2.2.10 RNA isolation, cDNA preparation, and qPCR  

At time of cell harvest, cells were trypsinized from 6 well plates (1-2 wells per 

condition), scraped off with a cell scraper for assurance of cell detachment, and pelleted by 

centrifugation at 1000 X g for 5 min. Cell pellets were washed once with 1X PBS++ and spun 

again. After washing, all cellular RNA was isolated with the TRIzol reagent (Thermo Fischer 

Scientific) at 1 mL of Trizol per 0.5-1 x 107 cells and mixed by pipetting. The cells were 

incubated in Trizol for 5 min at RT, then 200 µL choloform per mL of Trizol and shaken by hand 

for 15 s. Lysates were incubated for 2-3 min and then centrifuged at 12,000 x g for 15 min at 

4°C. RNA in the aqueous layer was precipitated with 0.5 mL isopropanol per mL of Trizol for 10 

min at RT, centrifuged for 10 min at 4°C and washed with 1 mL ethanol. The pellets in ethanol 

were centrifuged for 5 min at 7500 x g at 4 then resuspended in 20-44 µL water.  

RNA was measured using a nanodrop and cDNA was synthesized from the RNA using 

the SuperScriptTM IV First-Strand Synthesis System (Thermo Fischer Scientific). Briefly, DNA 

was removed with amplification grade Dnase1 (Thermo Fischer Scientific), and cDNA was 

made via the reverse transcriptase in the kit. Remaining RNA was removed with RnaseH. qPCR 

analysis was performed with the LightCycler® 480 (Roche, Basel Switzerland) using the 480 

SYBR Green 1 Master reagent (Roche). Triplicates of each condition were prepared and 
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GAPDH was used as a universal reference gene. Primer sequences for the target genes are as 

follows: ATXN1 fwd, TACAAGCACCAAGCTCCCTG; ATXN1 rev, 

TCACTATGCTCCAGTATGCTGAC; HTT fwd, CATAGCGATGCCCAGAAGTT; HTT rev, 

GCTACCAAGAAAGACCGTGTG, GAPDH fwd, GTCAGTGGTGGACCTGACCT, GAPDH 

rev, AAAGGTGGAGGAGTGGGTGT. All primers were analyzed for efficiency through 

standard curve analysis of IMR90 cDNA using triplicates of 5 serial dilutions. ATXN1 primer 

efficiency is 2.068, HTT primer efficiency is 2.343, and GAPDH primer efficiency is 2.57.  

qPCR analysis was performed on the Roche LightCycler® 480 software. On the sample editor 

tab, relative quantification was chosen. The control triplicate sample was labeled as Positive 

control/calibrator. The variable samples were labeled as unknowns. Target primer was the 

experimental primer and the reference primer was GAPDH. Efficiency was recorded for all 

primers. Then all samples were selected and auto replicates were made. In the analysis tab, basic 

relative quantification was used to determine fold changes in cDNA. Melting curves and S 

curves were checked for triplicate precision and the relative quantification of samples was 

recalculated as necessary. 

2.2.11 Cell lysis and nuclear-cytoplasmic isolation 

For whole cell lysates, at time of cell harvest, cells were trypsinized from 10cm plates 

and pelleted by centrifugation. Cell pellets were washed once with 1X PBS++ followed by lysis 

in harsh lysis buffer (50 mM Tris, 300 mM NaCl, 50 mM sodium fluoride, 1% Triton-X100, 

0.5% deoxycholic acid, 0.1% SDS). Cells were incubated in the lysis buffer on ice for 40 min 

and centrifuged at 150000 x g for 10 min. 
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For nuclear-cytoplasmic isolation, at time of cell harvest, cells were trypsinized from 

10cm plates and pelleted by centrifugation. Cell pellets were washed once with 1X PBS++ 

followed by nuclear and cytoplasmic extraction with the NE-PERTM reagents (Pierce) according 

to manufacturer’s instructions and scaled according to cell count. Briefly, cells were incubated 

on ice in CER1 for 10 min or more before addition of CER2. Then cells were vortexed and 

centrifuged at 150000 x g for 5-10 min. Soluble cytoplasmic proteins were isolated into separate 

tubes. Remaining lysates were washed with CER1 and incubated in NER for 40-120 min. Cells 

were centrifuged again for 10 min and soluble nuclear lysates were collected in separate tubes. 

Remaining pellets were saved for aggregated proteins and cellular debris. Soluble nuclear and 

cytoplasmic protein fractions were quantified by Pierce 660nm protein assay reagent (Thermo 

Fisher Scientific, Waltham, MA, USA) and nano-drop (Thermo Fisher Scientific). 

2.2.12 Western Blot 

Equal cytoplasmic and nuclear protein, or whole cell lysate concentrations were loaded 

and run on 4-12% SDS-PAGE gels (Invitrogen) for 2h at 120V. Proteins were transferred onto 

nitrocellulose membranes at 4°C for 1hr 20min at 30V. Membranes were blocked in 5% block 

(milk or BSA) in 1X TBS + 0.1% Tween-20 (TBST) while rocking/shaking. Membranes were 

incubated in primary and secondary antibodies diluted in 1% block in TBST while rotating for 

1h at RT or overnight at 4°C. Western blot signal was resolved with Super Signal West Pico 

HRP detection reagent (Thermo Fisher Scientific) and imaged using the luminescent image 

analyzer, LAS-4000 (Fujifilm, Minato, Tokyo, Japan). Membranes were stripped with 25 mL 

harsh stripping buffer (2% SDS in 62.6 mM Tris-HCl pH 6.8 with 200 µL beta-mercaptoethanol 

per 25 mL buffer added fresh) at 50°C for 30 min. After stripping, membranes were rinsed under 
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constantly running distilled water for 30-60 min then washed with TBST 3 times for 5 min each 

before incubating in the new antibody.  

Quantification of westerns was performed with ImageJ gels tool and all values were 

normalized to loading control. 

 

2.3 BioID Proteomics Analysis 

All BioID analyses were performed according to (108). Please see the publication for 

detailed protocols in BirA* fusion protein design, stable cell line generation, validation of the 

fusion protein in stable cells, immunoprecipitation and preparation of samples for BioID 

analysis. 

2.3.1 Immunoprecipitation and preparation for mass spectrometry 

HEK293 cells stably expressing the BirA* fusion proteins were seeded onto four to five 

10 cm dishes of per condition. All conditions were supplemented with 50 µM biotin (Sigma) 18-

24 h after seeding and for 24 h before lysis. UV irradiated cells were subject to irradiation at the 

beginning of biotin supplementation (see 2.1.5 for UV irradiation conditions). Proteomic stressed 

cells were transfected with 5 g per plate of 84Q-ATXN1 with a 32Q-ATXN1 control at the 

beginning of biotin supplementation. At the time of cell harvest, plates were rinsed twice with 

PBS and harvested with BioID lysis buffer (0.2% SDS, 50 mM Tris HCl pH 7.4, 500 mM NaCl, 

1X protease inhibitor (Roche), 1 mM DTT). Triton X-100 was added at 2% and lysates were 

incubated on ice. Lysates were subject to two session of sonication (Qsonica 1 s on 1 s off for 20 

s at 40-50% amp). Then lysates were diluted with 50 mM Tris HCl and subject to an addition 

sonication session. Samples were centrifuged at 16000 x g and soluble proteins were incubated 
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in magnetic streptavidin beads (MyOne DynaBeads, Life Technologies) overnight at 4°C. Then 

samples were washed with wash buffer 1 (2% SDS), Wash buffer 2 (0.1% deoxycholic acid, 1% 

Triton X-100, 1 mM EDTA, 500 mM NaCl, 50 mM HEPES, pH 7.5), and wash buffer 3 (.5% 

deoxycholic acid, 0.5% NP-40, 1 mM ETDA, 250 mM LiCl, 10 mM Tris-HCl, pH 7.4). Beads 

were finally washed with 50 mM Tris-HCl. Beads were collected via centrifugation and washed 

with 100 mM ammonium bicarbonate. Small aliquots were saved for Western blot analysis.  

Cells were then subject to on-bead trypsin digestion according to the Northwestern Proteomics 

core protocol. Briefly, proteins were reduced with 10 mM DTT in 100 mM ammonium 

bicarbonate at 50°C for 30 min, then alkylated with 100mM iodoacetamide for 30 min at RT in 

the dark. Then proteins were washed with bicarb and trypsinized overnight with 1 µg trypsin at 

37°C. Trypsin was stopped with 2% formic acid and proteins were isolated from beads and flash 

frozen in liquid nitrogen. Proteins were submitted to NU Proteomics core for mass spectrometry 

analysis on a LTQ Orbitrap and resulting spectra results were reported on Scaffold 4. 

2.3.2 Proteomics analysis 

Protein reports were exported Scaffold into excel files and each condition was separated 

into separate sheets in the workbook. Contaminating proteins were excluded from the dataset 

including endogenously biotinylated proteins, keratins, limited ribosomal proteins, histones and a 

small pool of other proteins. These proteins were identified by Roux et al. in the parent HEK293 

cell line with no fusion protein. Any proteins that overlap with our dataset were labeled as 

contaminants. However, any proteins in this pool that were known PML interaction partners 

were excluded from the contamination list. This provided stringent inclusion criteria for 

downstream analysis.  
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Resulting proteins were analyzed for overlap on Venny 2.1.0 Venn diagram calculator 

between samples as well as with the BioGRID database. In the STRING platform, the identified 

proteins in each sample were visually represented in a network. Then the following analyses 

were completed in STRING. Each condition was analyzed for gene ontology functional 

classification by protein class based on the PANTHER database. Then, proteins found 

exclusively in the stress conditions of UV irradiation and 84Q-ATXN1 expression samples were 

subject to gene ontology statistical overrepresentation test by molecular function, biological 

process, and cellular component, based on the STRING database PANTHER analysis type.  

Quantitative proteomics analysis was performed by preparation and submission of 3 trials 

of samples containing normal conditions, expression of pCDNA empty vector, 30Q-ATXN1, and 

85Q-ATXN1 overtime. A label-free intensity analysis using MaxQuant software was performed, 

followed by a pairwise test between each sample set for statistical enrichment, was performed by 

the proteomics core and the resulting analysis were visualized by volcano plots. 
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Chapter 3: Results 
 

3.1 Regulatory peptide synthesis at PML bodies during cellular stress 

3.1.1 Background 

Cellular homeostasis requires the maintenance of genomic and proteomic integrity, with 

highly coordinated and redundant quality control mechanisms existing at every step of gene 

expression. Many of these mechanisms are dynamically organized in the nuclear compartment at 

nuclear bodies (NBs), non-membranous self-organizing assemblies whose functions are largely 

determined by their four-dimensional protein composition (21). Promyelocytic leukemia (PML) 

bodies exemplify nuclear localized quality control with a centralized role in the cellular response 

to intrinsic and extrinsic stress through multiple disparate mechanisms (30). For example, PML 

bodies function in a SUMO-dependent ubiquitin degradation mechanism of misfolded proteins 

common to neurodegenerative disorders such as SCA1 (49).  

SCA1 belongs to a class of polyglutamine (polyQ) disorders associated with both 

proteotoxicity and RNA toxicity caused by the expansion of CAG repeats in the coding region of 

ATXN1 (46, 54). A growing body of evidence suggests protein degradation pathways are often 

connected with mRNA regulation mechanisms coincident with translation (109). Despite 

evidence that PML bodies associate with mRNAs as well as various factors required for protein 

synthesis, including eIF4e, eIF3, and ribosomal P proteins, an examination of the functional 

relationship between PML bodies and these particular binding partners remains unresolved (95, 

110, 111). In the current study, we demonstrate that the disparate functions attributed to PML 
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bodies are linked to an integrated response to cell stress, involving mRNA localization, 

polypeptide synthesis, and protein degradation. 

3.1.2 Results 

Expanded-mutant ATXN1 mRNA foci localize with PML bodies. It is known that proteins 

with expanded polyQ tracts can aggregate at PML bodies. Although the corresponding CAG 

repeat-expanded mRNA also form nuclear foci (56), whether they localize with PML bodies 

remains untested. We performed RNA fluorescence in situ hybridization (FISH) on normal 

human fibroblasts (IMR-90s) ectopically expressing a pathogenic form of ATXN1 with 84 CAG 

repeats (84Q-ATXN1) and a nonpathogenic 32Q-ATXN1 control. Under control conditions, CAG 

repeat RNA was predominantly localized in the cytoplasm 12 hr post transfection and largely 

degraded by 48 h. Conversely, in 84Q-ATXN1 expressing cells, CAG repeat RNA was 

significantly retained in the nucleus, forming large nuclear foci by 12 h that remained observable 

at 48 hr (Fig. 3.1). These foci demonstrated a significant overlap with PML bodies when 

compared to nucleoli (Fig. 3.2), as seen by immuno-RNA-FISH. Moreover, the colocalization 

between PML and 84Q-ATXN1 mRNA was comparable to nuclear speckles, NBs shown to 

colocalize with RNA foci (Fig. 3.3A, B) (56). However, knocking down PML in IMR-90 cells 

expressing 84Q-ATXN1 via RNAi did not change the average number or signal intensity of the 

RNA foci (Fig 3.4). Follow-up of this experiment using a higher number of cells per condition is 

required for confirmation of the result. These results demonstrate an interaction between PML 

bodies and CAG repeat-expanded mRNA foci.  

To test whether PML body association with repeat-expanded ATXN1 mRNA foci can be 

observed endogenously, we performed immuno-RNA-FISH on CAG repeat RNA in SCA1 
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patient fibroblasts compared to a control cell line (IMR-90). We detected RNA foci only in 

SCA1 cells, consistent with previous reports (107), and a significant overlap between PML 

bodies and CAG repeat RNA compared to the control (Fig 3.5A, B).  Yet, we observed no 

significant difference in association between nuclear speckles and CAG repeat RNA between 

SCA1 cells and the control (Fig. 3.3C, D), while nucleoli were largely void of CAG repeat RNA 

in both cell types (Fig. 3.6). Knocking down PML expression with RNAi resulted in a significant 

increase in ATXN1 mRNA in SCA1 cells compared to the IMR-90 control (Fig. 3.5C).  

However, knocking down PML in SCA1 cells did not increase Atxn1 protein levels (this result 

will need to be further tested with an updated PML siRNA and a verified antibody for Atxn1) 

(data not shown). These results suggest repeat-expanded mRNA in ATXN1 can associate with 

PML bodies in a disease-specific manor.  

To expand upon our results beyond one repeat-expansion disorder, we analyzed an 

additional polyQ disorder—Huntington’s disease (HD). Huntington’s disease contain arises from 

a CAG repeat expansion in the Huntington (HTT) gene. Since the HTT gene and CAG expansion 

is larger, the phenotype of the RNA foci and misfolded protein are often more pronounced than 

that of mutant ATXN1. Again, we performed immuno-RNA-FISH in HD patient cells and 

observed a significant overlap between PML bodies and CAG-repeat RNA in HD cells, similar 

to that of nuclear speckles. Nucleoli were again mainly void of the RNA. When we knocked-

down PML expression with RNAi we observed a significant increase in HTT mRNA in HD cells 

compared to the IMR-90 control. These results in HD cells support our hypothesis that PML 

bodies play a larger role in the physiological response to the cellular stress caused by repeat-

expanded mRNA (Fig. 3.7).  
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Polypeptide synthesis occurs at PML bodies during proteotoxic stress. Our observation of 

PML body association with repeat-expanded ATXN1 mRNA foci coupled with their known 

association of Atxn1 protein aggregates led us to consider whether this association underlies a 

shared mechanism. It has been demonstrated that both aberrant mRNAs and misfolded proteins 

can be co-translationally regulated, and recent studies indicate aberrant mRNAs are recognized 

by translating ribosomes in the nucleus (87, 88, 112). Thus, we hypothesized that PML bodies, 

which contain multiple factors involved in translation, may represent a site of regulatory 

polypeptide synthesis. The phenomenon of nuclear translation—first described in 1954—remains 

both highly divisive and enigmatic, not least due to its unknown physiological role. However, 

several groups have now provided compelling evidence for nuclear translation using diverse 

experimental approaches (75, 81, 86, 113). Therefore, we tested the possibility of polypeptide 

synthesis at PML bodies in response to proteotoxic stress. 

In order to visualize active peptide synthesis in the nuclear compartment, we employed 

the ribopuromycylation (RPM) method. The RPM method employees two translation inhibitors, 

puromycin (PMY) and emetine. PMY incorporates into the ribosomal A site and binds the 

elongating chain, causing premature translation termination. Emetine binds the 40S ribosomal 

subunit and inhibits transpeptidation during elongation. This combination effectively freezes the 

puromycylated peptides on polyribosomes, which can be visualized in the nucleus, after 

detergent extraction of the cytoplasm, with an antibody to PMY (23). Under normal conditions 

nuclear localized polypeptide synthesis occurs in nucleoli, which may function to test the 

translational capacity of newly synthesized ribosomal proteins prior to their cytoplasmic export. 

The effect of stress on nuclear translation as visualized by RPM has not yet been resolved. 
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Figure 3.1 84Q-ATXN1 mRNA is retained in the nucleus. Confocal microscopy images of 
immuno-RNA-FISH using a CAG-repeat FISH probe on IMR-90s 12, 24, and 48 hours after 
transfection of either 32Q-ATXN1 or 84Q-ATXN1. At 12 h post transfection, 38% of 84Q-ATXN1 
mRNA was retained in the nucleus (n = 104), while only 8% of 32Q-ATXN1 mRNA was nuclear 
(n = 45). 
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Figure 3.2 84Q-ATXN1 mRNA associates with with PML bodies. (A) immuno-RNA-FISH in 
IMR-90s 18 h post-transfection of 84Q-ATXN1, stained with a CAG repeat probe and PML or 
nucleolin, quantified in (B) as percent nuclei with indicated percent overlap between NBs and 
CAG repeat RNA (n = 107 and 101 respectfully, from 3 independent experiments, chi square test 
analyzed with an unpaired t test, *** = p < .001).  
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Figure 3.3 Nuclear speckle interaction with CAG repeat RNA remains constant in SCA1. 
(A) immuno-RNA-FISH in IMR-90s transfected with 84Q-ATXN1 stained with a CAG repeat 
probe and SC35 antibody, quantified in (B) as percent nuclei with indicated percent overlap 
between nuclear bodies and CAG repeat RNA (n = 98 from 3 independent experiments). (C) 
immuno-RNA-FISH of CAG repeat RNA and SC35 in IMR-90s or SCA1 patient fibroblasts, 
quantified in (D) (n = 148 and 136 respectfully from three independent experiments, chi square 
test, analyzed with unpaired t test, ns = p > 0.05). Analysis for (D) performed by Chelsee 
Strojny-Okyere. Scale bar, 5µm. 
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Figure 3.4 Knock-down of PML does not significantly alter ATXN1 foci. Confocal images of 
IMR-90 cells expressing 84Q-ATXN1 and immunostained for PML after incubation in a PML 
siRNA or a negative control siRNA. RNA foci are quantified for average number per nuclei and 
average pixel intensity per cell in each condition. 
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Figure 3.5 CAG-Repeat mRNA significantly associated with PML bodies in SCA1 patient 
cells. (A) immuno-RNA-FISH of CAG repeat RNA and PML in IMR-90s or SCA1 patient 
fibroblasts, quantified in (B) (n = 150 per condition from 3 independent experiments, chi square 
test analyzed with an unpaired t test, * = p < .05). Scale bar, 5µm. Analysis in (C) performed by 
Chelsee Strojny-Okyere. (C) qRT-PCR analysis of endogenous ATXN1 in either IMR-90s or 
SCA1 patient fibroblasts after siRNA knock-down of PML or a negative control. Values 
normalized to GAPDH, analyzed with an unpaired t test (** = p < .01). 
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Figure 3.6 Endogenous repeat expanded ATXN1 mRNA is absent from nucleoli. (A) 
immuno-RNA-FISH of CAG repeat RNA and nucleolin in IMR-90s or SCA1 patient fibroblasts, 
quantified in (B) (n = 149 per condition from three independent experiments, chi square test, 
analyzed with unpaired t test, ns = p > 0.05). Scale bar, 5µm. 
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Figure 3.7 PML bodies interact with expanded repeat HTT mRNA foci. (A) immuno-RNA-
FISH of CAG repeat RNA and either PML, SC35, or nucleolin in HD patient fibroblasts, 
quantified in (B) (n = 150, 141, and 148 respectfully from three independent experiments, chi 
square test, analyzed with unpaired t test, *** = p < 0.001). Analysis of PML bodies and Nuclear 
Speckles in (B) performed by Chelsee Strojny-Okyere. Scale bar, 5µm. (C) qRT-PCR analysis of 
endogenous HTT in either IMR-90s or HD patient fibroblasts after siRNA knock-down of PML 
or a negative control. Values normalized to GAPDH, analyzed with an unpaired t test (** = p < 
.05). qPCR analysis in (C) performed by Alessandra Garcia. 
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We first verified the RPM technique in normal IMR-90 fibroblasts and saw nucleolar 

localization pattern of puromycin (PMY)-labeled nascent polypeptides consistent with previous 

reports in different cell types. This PMY signal was properly diminished with pretreatment of 

translation inhibitors anisomycin and harringtonine. Omission of the NP40 detergent extraction 

of the cytoplasm revealed a large cytoplasmic signal that diminished the nucleolar signal (Fig. 

3.8A).  Western blotting of cells with or without brief incubation in labeling media indicated that 

peptides were indeed labeled with puromycin. Pre-treatment of cells with harringtonine reduced 

polypeptide labeling while pre-treatment with the protease inhibitor MG132 increased the 

labeled polypeptides (Fig. 3.8B). These data verify that the RPM technique effectively visualizes 

peptide synthesis in IMR-90 cells. 

To determine the localization of ribosome-bound nascent polypeptides during proteotoxic 

stress, we performed RPM on IMR-90s expressing Atxn1 (81). In cells expressing 32Q-Atxn1, 

PMY localized similarly with nucleoli and PML bodies. However, cells expressing 84Q-Atxn1 

had significantly more PMY localized with PML bodies than nucleoli (Fig. 3.9). While the RPM 

method has proven to accurately depict ribosome-bound polypeptide synthesis, we used the L-

homopropargylglycine (HPG) ‘click chemistry’ protein synthesis assay to validate our results. 

Again, in cells expressing 84Q-Atxn1, the nascent protein synthesis signal overlapped with 

inclusions at PML bodies (Fig 3.10). These results indicate that active translation relocalizes 

from nucleoli to PML bodies during proteotoxic stress.  

To corroborate PML bodies as sites for active ribosomes, we utilized the lacO/LacI-GFP 

system to immobilize acidic ribosomal P proteins (RPLPs), at which we detected significant co-

localization with PML bodies, PMY, and 84Q-Atxn1 aggregates. The RPLP proteins form a 
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pentameric complex on 80S monosomes and polysomes that localize soluble translation factors, 

notably eEF-2, to the ribosome during translation. Previous studies demonstrated that RPLP0, -1, 

and -2 co-localize with PML bodies (9). To determine whether foci formed by GFP-LacI-RPLPs 

can localize with PML bodies, we employed the LacO repeat array system along with LacI fused 

RPLPs to immobilized RPLPs in the nucleus (24). We performed an immunofluorescence 

analysis on HeLa-LacO cells expressing the GFP tagged LacI ribosomal fusion proteins and 

found that all three of the LacI-RPLP fusions localized significantly with endogenous PML 

bodies over the LacI control. RPLP0 had the strongest association with PML bodies at 60% of 

foci localizing with a PML body (Fig. 3.11). This results suggests a strong association of PML 

bodies with Ribosomal proteins.  

To determine if the localization of PML with RPLPs is associated with peptide synthesis, 

we ectopically expressed RPLP0 and performed RPM.  We observed mostly nucleolar PMY 

signal, with a 12.1% overlap between LacI-RPLP0, PML bodies, and PMY. To test if cellular 

stress affects this localization, we subjected cells expressing LacI-RPLP0 to UV irradiation and 

performed RPM. We detected a significant increase in the amount of localization between LacI-

RPLP0, PML bodies, and PMY (Fig. 3.12A, B). To determine if PML bodies associated with 

84Q-Atxn1 can localize a LacI bound ribosomal protein, we co-expressed LacI-RPLP0 and 84Q-

Atxn1 and found a significant increase in localization with PML bodies over the LacI control 

(Fig. 3.12C, D). These data indicate that PML bodies associate with proteins involved in 

translation as well as puromycylated polypeptides significantly more during cell stress.  
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Figure 3.8 RPM technique is verified to detect nuclear translation in IMR-90 fibroblasts. 
(A) Confocal images normal RPM technique (top row) and RPM controls in IMR-90s stained 
with PML and PMY. Controls are as follows: omission of NP40 detergent extraction of 
cytoplasm (second row), anisomycin translation inhibitor treatment before labeling media (third 
row), and harringtonine translation inhibitor treatment before labeling media. Scale bar, 5µm. (B) 
Western blot of IMR-90s either treated without labeling media, with labeling media, with 
harringtonine before labeling media, or with MG132 before labeling media. Western blot in (B) 
performed by Alexis Cogswell. 
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Figure 3.9 Translation signal relocalizes to PML bodies during 84Q-Atxn1 expression. (A) 
Confocal microscopy image of RPM in IMR-90s 24 h after expressing either 32Q-Atxn1 or 84Q-
Atxn1, stained with nucleolin or PML and PMY, quantified in (B) as percent nucleolin or PML 
overlap with PMY in each condition. Values represent the average colocalization ± SD of three 
biological replicates with n ≈ 100 per replicate, analyzed with an unpaired t test, *** = p < .001). 
Analysis in (B) performed by Alexis Cogswell. 
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Figure 3.10 Active translation signal via HPG localizes with 84Q-Atxn1 inclusions. Confocal 
image of IMR-90 cell expressing 84Q-Atxn1 treated with HPG protein synthesis detection 
reagent and stained with a PML antibody. Scale bar, 5µm. Image generated by Steven Kosak. 
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Figure 3.11 Ribosomal Stalk Proteins associate with PML bodies. (A) Confocal images of 
GFP-LacI fused RPLP0, 1, or 2 expressed in HeLa-LacO cells immunofluorescently stained with 
PML indicating overlap between PML and LacI foci, quantified in (B) as average percent 
association ± SD between LacI foci and PML body from 3 independent experiments  (n ≥ 80 per 
condition in each experiment, analyzed with unpaired t test,  *** = p < 0.001, * = p < 0.05). 
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Figure 3.12 RPLP0 associates with PML bodies during cell stress. (A) Confocal images of 
GFP-LacI-RPLP0 expressed in HeLa-LacO cells with or without UV irradiation stress, 
immunofluorescently stained with PML indicating overlap between PML and LacI foci, 
quantified in (B) as average percent association ± SD between LacI foci, PMY, and PML body 
from 3 independent experiments  (n ≥ 87 per condition in each experiment, analyzed with an 
unpaired t test, ** = p < .01). (C) Confocal images of mcherry-LacI-RPLP0 or mcherry-LacI 
alone expressed in HeLa-LacO cells co-expressed with 84Q-Atxn1, immunofluorescently stained 
with PML indicating overlap between PML and LacI foci, quantified in (D) as average percent 
association ± SD between LacI foci, 84Q-Atxn1 inclusion, and PML body from 3 independent 
experiments  (n ≥ 99 per condition in each experiment, analyzed with an unpaired t test, ** = p < 
.05). Scale bar, 5µm. 
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To more accurately visualize the localization pattern of PMY-labeled nascent 

polypeptides with PML bodies and 84Q-Atxn1 inclusions, we performed structured illumination 

microscopy (SIM) following RPM. We observed PMY co-localized with the PML body shell 

(‘doughnut’) structure surrounding an 84Q-Atxn1 inclusion (Fig. 3.13). To determine if the 

puromycylated peptides localize with ATXN1 mRNA foci, we performed RPM and RNA-FISH 

in tandem on cells expressing 84Q-ATXN1 and 32Q-ATXN1. We found a significant increase in 

association between 84Q-ATXN1 mRNA and nuclear PMY compared to 32Q-ATXN1 (Fig. 3.14). 

These data demonstrate that proteotoxic stress is linked to polypeptide synthesis at PML bodies.  

To determine if the association of PML bodies with translating ATXN1 mRNA is 

associated with localization at the ATXN1 genomic locus, we performed immuno-DNA-FISH on 

SCA1 cells. We observed that PML bodies associated with the ATXN1 genomic locus in 30% of 

SCA1 cells (Data not shown). A follow-up experiment with a non-pathogenic cell line control 

will be required to test the significance of this observation.  

Modulation of PML expression disrupts peptide synthesis and mutant Atxn1 aggregates. 

We next altered PML expression to evaluate its role in polypeptide synthesis during proteotoxic 

stress. When we suppressed endogenous PML expression through RNAi, we observed a 

significant decrease of nuclear PMY signal intensity, accompanied by an increase in nuclear 

84Q-Atxn1 protein expression (Fig. 3.15A-C). This result suggests PML bodies are necessary for 

nuclear polypeptide synthesis of 84Q-Atxn1 and its synthesis is associated with its degradation. 

When we ectopically expressed PML isoforms and 84Q-Atxn1 together, we also observed a 

decrease in PMY signal intensity but now accompanied by a decrease in 84Q-Atxn1 (Fig. 3.15D-

F). Moreover, increasing expression of PML through interferon beta (Ifnβ) treatment also 
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diminished PMY staining and 84Q-Atxn1 expression (Fig. 3.16A, B). Interestingly, 32Q-Atxn1 

expression was also diminished during Ifnβ treatment (Fig. 3.16C). These results suggest PML-

localized polypeptide synthesis is concurrent with the degradation of mutant Atxn1 protein. 

Taken together, these data suggest that PML bodies link protein synthesis and degradation during 

proteotoxic stress. 

Polypeptide synthesis localizes to nucleoli and PML bodies in human IMR90 fibroblasts. 

PML bodies play a multifaceted role in the cell stress response, which alters both their structure 

and protein composition. To expand upon the characterization of puromycylated peptides in the 

nucleus beyond proteotoxic stress, we tested other stressors, including: heat shock, oxidative 

stress, serum starvation, and ultraviolet-c (UV-C) irradiation in IMR-90s. After each cellular 

insult, we observed the PMY signal colocalized with nucleoli markedly decrease, concomitant 

with a significant increase in PML bodies colocalized with PMY signal (Fig. 3.17). The shifts in 

PMY-localization are stress-dependent, with UV-C irradiation and serum starvation revealing the 

greatest changes. These results suggest PML-localized polypeptide synthesis represents an 

important component of a general stress response in the nucleus.  

ATXN1 mRNA is targeted by no-go decay in the nucleus during proteotoxic stress. mRNA 

surveillance represents a major source of post-transcriptional quality control (109).  One such 

pathway, no-go decay (NGD), is induced by stalled ribosomes caused by repetitive or otherwise 

aberrant mRNAs (68). The highly repetitive CAG tract of ATXN1 may initiate NGD, although 

NGD of repeat-expanded mRNAs in mammalian cells has not been established (114). To address 

the possibility of NGD at PML bodies, we analyzed the localization of Pelota (PELO) and 

HBS1-like protein (Hbs1L), two proteins necessary for NGD in mammals (74).  Interestingly, 
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after 12 h of 84Q-ATXN1 expression, we observed Hbs1L and PELO localized with CAG-repeat 

RNA foci (Fig. 3.18). After 24 h expression of 84Q-Atxn1 compared to controls, Hbs1L was 

mainly cytoplasmic, with some nuclear localization. Conversely, nuclear PELO localization 

increased during expression of Atxn1, forming nuclear puncta adjacent to 84Q-Atxn1 inclusions 

(Fig. 3.19). These results suggest that Hbs1L and PELO can localized to the nucleus during 

proteotoxic stress. 

To determine the role of Hbs1L and PELO in the regulation of mutant Atxn1, we altered 

their expression. When we knocked-down Hbs1L and PELO with RNAi, 84Q-Atxn1 protein 

expression increased, while 32Q-Atxn1 expression was not affected (Fig. 3.20A, B). When we 

knocked down the two proteins in SCA1 fibroblasts, we observed a significant increase in 

ATXN1 mRNA (Fig. 3.20C). Conversely, when we co-expressed 84Q-Atxn1 with Hbs1L and 

PELO, we observed Hbs1L-PELO puncta in the nucleus correlated with decreased 84Q-Atxn1. 

(Fig 3.21). Taken together, these results suggest that Hbs1L and Pelota are necessary for the 

regulation of mutant Atxn1 expression and that NGD can occur in the nuclear fraction of 

mammalian cells. 

The results presented here suggest a model in which PML bodies act as organizational 

hubs for the interface between RNA and protein quality control in the nucleus, functionally 

organizing regulatory translation of repetitive transcripts (Fig 4.1). Under normal conditions 

polypeptide synthesis occurs in the nucleolus, which may function to test the translational 

capacity of newly synthesized ribosomal proteins prior to their cytoplasmic export. Some 

researchers postulate that polypeptide synthesis in the nucleus may have additional roles in the 

response to viral infection and disease (89). We show here that the localization of protein 
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synthesis in the nucleus is altered by cell stress.  In the case of proteotoxicity, ATXN1 mRNAs 

are localized to PML bodies with associated NGD proteins. This novel finding correlates with 

our evidence for nuclear translation at the sites of PML bodies associating with 84Q-Atxn1 

inclusions.  In this way, mRNA stalling can be quickly detected and the resulting polypeptide 

can be SUMOylated by PML and ubiquitinated by RNF4 as previously described for mature 

misfolded proteins. We speculate that aberrant mRNA can be detected before export into the 

cytoplasm as a way to use special proximity to save energy on cytoplasmic PQC. The regulatory 

translational mechanism of NGD is postulated here, complementing previous reports of nuclear 

localized mRNA surveillance and providing evidence for NGD in mammalian cells (87, 88). 

This study provides novel insight into the functional significance of protein synthesis in the 

nucleus and a new perspective on the role of PML bodies in orchestrating multiple nuclear 

processes. Additionally, this study opens new therapeutic targets for diseases caused by repeat-

expansion mutations. Namely, increased expression of PML may expedite the nuclear PQC 

process and clear repeat-expanded mRNAs and protein. Further studies on the link between PML 

localized translation and mRNA degradation will expand our findings. Given that nuclear protein 

aggregates as well as mRNA foci are a common feature of polyQ disorders, we suggest that the 

novel regulatory mechanism we describe will be of broad interest for fields ranging from cellular 

stress to neurodegeneration.  
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Figure 3.13 Active translation signal associates with PML bodies and 84Q-Atxn1 
inclusions. SIM microscopy image illustrating the localization of PMY between the PML ring 
structure and the 84Q-Atxn1protein inclusion. Image generated by Arturo Gorza-Gongora. 
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Figure 3.14 Active translation signal significantly increases in association with 84Q-ATXN1 
mRNA. (A) RPM-RNA-FISH in IMR-90s 12 h post transfection with 32Q-ATXN1 or 84Q-
ATXN1, stained with CAG repeat probe and PMY, quantified in (B) as percent nuclei with 
indicated percent overlap between CAG repeat RNA and PMY (n = 149 and 150 respectfully, 
from 3 independent experiments, chi square test analyzed with an unpaired t test, * = p < .05). 
Scale bar, 5µm. Arrows highlight typical signal overlap. Image and analysis performed by 
Chelsee Strojny-Okyere. 
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Figure 3.15 Modulation of PML expression disrupts peptide synthesis and mutant Atxn1 
aggregates. (A) Confocal microscopy image of RPM in IMR-90s expressing 84Q-Atxn1 after 
siRNA interference of PML or a negative control, quantified in (D) as relative maximum pixel 
intensity of PMY particles in each condition. Values represent the average ± SD of three 
replicates, analyzed with an unpaired t test, ** = p < .01). (C) Western blot of cytoplasmic and 
nuclear extracts of IMR-90s expressing 84Q-Atxn1 alone or co-expressing with PMLIV or 
PMLV. 84Q-Atxn1 is stained with an anti-GFP antibody and PML isoforms are stained with an 
anti-PML antibody. The cytoplasm is demarked by Hsp90 and the nucleus is demarked by lamin 
A/C. (D) RPM in IMR-90s 24 h after co-expressing 84Q-Atxn1 and either an empty vector 
control or PMLIV, stained with PML and PMY, indicating PMY staining distribution quantified 
in (E) as relative maximum pixel intensity of PMY particles in each condition. Values represent 
the average ± SD of three replicates, analyzed with an unpaired t test, ** = p < .01). Scale bar, 
5µm. (F) Western blot of cytoplasmic and nuclear extracts from IMR-90s expressing 84Q-Atxn1 
after siRNA knock-down of PML compared to a negative control siRNA. 



86 

  
 
Fig. 3.16 Ifnβ treatment disrupts nuclear translation localization and 84Q-Atxn1 
expression. (A) Confocal microscopy image of ribopuromycylation on IMR-90s expressing 
84Q-Atxn1 protein with or without 48 h treatment with Ifnβ. Scale bar, 5µm. (B) Western blot of 
cytoplasmic and nuclear extracts from IMR-90s expressing 84Q-Atxn1 with or without 48 h 
treatment with Ifnβ. 
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Figure 3.17 Polypeptide synthesis localizes to nucleoli and PML bodies in human IMR90 
fibroblasts. (A) Confocal images of ribopuromycylation in IMR-90s under normal conditions, 
heat shock, oxidative stress, serum starvation, or UV irradiation, indicating localization patterns 
between PMY and C23 (nucleolar marker), quantified in (B) as average percent colocalization ± 
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SD between PMY and C23 from 3 independent experiments  (n > 100 for all conditions per 
experiment, one-way analysis of variance and Bonferroni test correction (selected pairs), *** = p 
< .001). (C) Confocal images of ribopuromycylation in IMR-90s under normal conditions, heat 
shock, oxidative stress, serum starvation, or UV irradiation, indicating localization patterns 
between PMY and PML, quantified in (D) as average percent colocalization ± SEM between 
PMY and PML from 3 independent experiments (analysis same as in B). Scale bar, 5µm. Images 
and analysis performed by Alexis Cogswell. 
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Figure 3.18 Signature No-Go decay proteins associate with 84Q-ATXN1 mRNA foci. (A, B) 
immuno-RNA-FISH in IMR-90s 12 h after expression of 84Q-ATXN1 depicting endogenous 
Hbs1L or PELO localization, respectfully. Arrows highlight typical signal overlap. 



90 

  
 
Figure 3.19 Proteotoxic stress alters the nucleo-cytoplasmic distribution of No-Go decay 
proteins. (A) Confocal microscopy images of IMR-90s 24 h after expression of either a mock 
control, GFP, 32Q-Atxn1, or 84Q-Atxn1, depicting immunofluorescence staining of endogenous 
Hbs1L and PELO localization patterns. (B) Western blot of cytoplasmic and nuclear extracts 
from IMR-90s 24 h after expression of either a mock control, GFP, 32Q-Atxn1, or 84Q-Atxn1, 
indicating Hbs1L and PELO localization. Tubulin is used to demark the cytoplasm and lamin 
A/C is used to demark the nucleus. 
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Figure 3.20 Diminished expression of Hbs1L and PELO increases mutant Atxn1 
expression. (A) Western blot of whole cells expressing 84Q-Atxn1 protein after siRNA 
interference of Hbs1L, PELO, or both compared to a negative control siRNA. (B) Western blot 
of whole cells expressing 32Q-Atxn1 protein expression after siRNA interference of Hbs1L, 
PELO, or both compared to a negative control siRNA. (C) qRT-PCR analysis of endogenous 
ATXN1 in either IMR-90s or SCA1 cells after siRNA knock-down of Hbs1L and PELO, or a 
negative control. Values normalized to GAPDH, analyzed with an unpaired t test (* = p < .05). 
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Figure 3.21 Ectopic expression of Hbs1 and PELO decreases expression of 84Q-Atxn1 and 
alters nuclear morphology. (A) Confocal images of IMR-90s 24 h after co-expression of 84Q-
Atxn1 and flag-Hbs1L, flag-PELO, or both. Cells immunofluorescently stained with either flag-
Hbs1L, flag-PELO, or both, and PML. Scale bar, 5µm. (B) Western blot of cytoplasmic and 
nuclear extracts from IMR90 cells 24 h after co-expression of 84Q-Atxn1 and flag-Hbs1L, flag-
PELO, or both compared to an empty vector control. 
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3.2 Identification of proteins conditionally associated with PML bodies 

3.2.1 Background 

The various roles attributed to PML NBs share a common feature in that they are often 

instigated by cellular stress (115). Moreover, PML bodies specifically are known to be altered 

both in structure and in protein composition by cellular stress, including UV irradiation and 

proteotoxic stress (22). These different stressors alter the formation of PML bodies in unique 

ways. For example, oxidative stress causes an increase in PML body size and a decrease in 

number of PML bodies per cell. This is due to the redox sensitive TRIM motif that causes 

multimerization of PML proteins via SUMO binding during oxidative stress (35). Alternatively, 

under UV irradiation, the number of PML bodies increases. This is linked to both the disruption 

of PML body formation from UV damage as well as PML’s role in DNA damage repair (32, 34). 

Lastly, PML bodies respond to proteotoxic stress induced by misfolded proteins by colocalizing 

with and forming ring structures around the misfolded proteins. This change in PML localization 

is linked to their role in promoting the degradation of misfolded proteins (49). All of these 

desperate responses to specific cell stressors hypothetically require spatial access to specific 

protein binding partners that perform vastly different functions.  PML protein is known to 

associate with hundreds of unrelated proteins in sum (27). However, the specific protein 

compositions of PML bodies during different cellular stress conditions have not been resolved.  

In the current study, we sought to explore PML body composition during specific cell stress 

conditions. To identify stress-specific compositions of PML, we employed the unbiased BioID 

proteomics technique that identifies proximal and dynamic interacting partners of a given protein 

of interest (116). We examined the composition of PML bodies using an unbiased high-
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throughput proteomics technique during both UV irradiation and proteotoxic stress to compare 

and contrast the composition of PML bodies in these specific conditions compared to normal 

conditions. 

3.2.2 Results 

There are several challenges that arise when assessing the composition of a PML body 

during specific cellular conditions. First, PML protein contained in a PML body is insoluble, 

thus making it notoriously difficult to immunoprecipitate. Second, many of the interacting 

proteins of PML bodies are transient or proximal, rather that covalent or long-term (25). PML 

interacting partners may not interact directly or stably with the PML protein itself, making 

standard immunoprecipitation studies difficult. Lastly, each PML body in a given nucleus can 

contain a unique composition of proteins that are unrelated to other PML bodies in the same 

nucleus (117). These factors make traditional immunoprecipitation methods unsuited for the 

proteomic study of PML bodies.  

My goal for identifying PML binding partners during specific cell stress was to employ a 

technique that would overcome the challenges of studying the protein composition of PML 

bodies. I initially tested the in vivo crosslinking immunoprecipitation method to generate PML 

body associated proteins. This method allows for temporary and spatially proximal protein 

interactions to be covalently linked together in live cells before the immunoprecipitation of the 

protein of interest. This method would overcome the transient nature of PML body composition, 

giving me a snapshot of PML body composition in specific conditions. I used the DSP 

crosslinker that has a 12 Å spacer arm to crosslink proximal proteins. After addition of 25 mM 

DSP in the growth media of HeLa cells for 30 min, I immunoprecipitated PML and 
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immunoblotted the precipitated proteins. Unfortunately, the crosslinking method did not yield 

PML protein or PML associated DAXX protein detectable by immunoblot (Fig 3.22). The in 

vivo crosslinking method did not overcome the challenge of pulling down the insoluble PML 

bodies.  

To overcome the challenge of insolubility of PML bodies as well as the transient nature 

of PML interactions, I employed the proximity-dependent biotinylation (BioID) method of 

protein identification. The BioID method employs a genetically modified, promiscuous biotin 

ligase (BirA*) that is fused to a protein of interest. When the protein is expressed in cells and 

excess biotin is added to the culture media, the BirA* will biotinylate any protein that is within 

10-20nm the fusion protein, depending on the biophysical properties of the fusion protein. Any 

protein that is biotinylated is isolated by biotin affinity capture and identified by mass 

spectrometry (108). This technique works best for immobile proteins of interest that transiently 

or conditionally interact with a low to moderate amount of proteins. 

In order to initiate the BioID study I generated N-terminally myc-tagged BirA* and C 

terminally HA-tagged BirA* fusion constructs for PML isoforms IV and V via standard 

molecular cloning. I chose these specific isoforms because PMLIV has specific reported protein 

quality control function and PMLV is deemed a scaffolding isoform of a PML body (24, 117). 

There are a few considerations that need to be addressed when using BirA*-PML fusion 

proteins. First, the fusion protein is contained in an overexpression vector. PML bodies from 

ectopic expression of an overexpression vector are extremely large and irregular in morphology. 

This would make identification of the interacting proteins of the ectopically expressed BirA*-

PML fusion proteins poorly physiologically relevant. Thus, a steady and low expression of the 
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fusion protein would be necessary to form PML bodies from the fusion protein that resemble 

normal morphology.  

Another important variable in the BioID method for PML bodies is to determine the cell 

type in which to express the fusion protein. The stably expressed protein would need to be in a 

cell type that is immortalized or transformed for long-term use. However, transformed or 

immortalized cell lines may be under oncogenic stress and thus may not have normal protein 

composition. HeLa cells and HEK293 cells were analyzed for their ability to stably express the 

protein in physiologically relevant conditions. The last consideration was the timeframe of the 

excess biotin incubation. Previous studies showed that increased time in the biotin-saturated 

media corresponded to an increased number of proteins identified by mass spectrometry. I tested 

different time points of biotin incubation to determine a reasonable timeframe for biotin labeling. 

These considerations were all done in the following validation experiments.  

To validate the localization and biotinylation capacity of the constructs, I ectopically 

expressed the mycBirA* and mycBirA*-PMLIV constructs in HeLa cells. I found that the 

constructs had similar expression and localization as non-tagged PML overexpression constructs 

in both cell types, indicating that the addition of BirA* did not disrupt PML body formation. 

Additionally, known PML binding partner, Daxx, colocalized to the myc puncta (fig. 3.23). To 

determine the timeframe for biotin incubation, I transfected mycBirA*-PMLV in HEK293 cells 

and incubated the cells in 50 µM excess biotin for 4, 8, 24, 48, and 72 h. I found that 24 h was 

sufficient for strong detection of labeled proteins without excess labeling of the fusion protein 

visible at higher time points (Fig. 3.24). After addition of 50 µM excess biotin to the growth 

media for 24 h, I found colocalization between biotin and the myc-BirA* fusion proteins. This 
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indicated that biotinylated proteins were localized within the radius of the fusion protein (fig. 

3.23). However, HeLa cells contained a highly excessive amount of a high molecular weight 

band that was troubling. Additionally, HeLa cells contain PML bodies, while HEK293 cells do 

not, allowing for the cells to act as PML knock-out cell lines for PML isoform-specific studies. 

HEK293 cells were validated next to see if they had more physiological banding patterns than 

HeLa cells. The N-terminally tagged myc-BirA* fusion was chosen for downstream 

experiments. 

Immunoblotting of HEK293 cell lysates treated with biotin showed an abundance of 

biotinylated proteins distinct from the mycBirA* control.  Additionally, biotinylated proteins 

were enriched over the non-biotinylated control. The fusion proteins were validated for the 

correct size and single banding pattern (Fig 3.25A). Streptavidin Immunoprecipitation of 

HEK293 cell lysates expressing the constructs in excess biotin conditions yielded detectable 

amounts of PML protein. Additionally, the PML binding-partner Daxx was detected in the 

immunoprecipitation (Fig 3.25B). Streptavidin immunoprecipitation of myc-BirA-PMLV-

expressing HEK293 cells subject to UV irradiation showed an ability for proteins to be 

biotinylated and showed an increase in biotinylated proteins under UV stress (Fig 3.25C). 

HEK293 cells showed a nice abundance of the fusion protein at the correct size, as well as other 

protein bands that may be different PML isoforms. Due to these findings, HEK293 cells were 

used for all further experiments. These collective results demonstrate the validity of the BioID 

method for detecting PML body associated proteins subject to cell stress.  
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Figure 3.22 In vivo crosslinking of cellular proteins do not yield PML binding partners. 
Immunoblot showing an immunoprecipitation of crosslinked proteins pulled down by a PML 
antibody compared to a control IgG antibody. Controls are uncrosslinked cells and input of all 
conditions. 
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Figure 3.23 Validation of BirA* fusion proteins in HeLa cells. (A) Confocal images of HeLa 
cells transiently transfected with mycBirA* with or without 24 h incubation with excess biotin. 
(B) Confocal images of HeLa cells transiently transfected with mycBirA*-PMLIV with or 
without 24 h incubation with excess biotin. (C, D) HeLa cells transfected with mycBirA*-
PMLIV immunostained with myc and either a PML antibody or a Daxx antibody. (E) Western 
blot of HeLa cells expressing mycBirA*-PMLIV or controls of mycBirA* or no expression after 
24 h incubation with excess biotin. Blot stained with an anti biotin antibody and an anti-myc 
antibody. 
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Figure 3.24 Timecourse of biotin incubation reveals proper incubation time for proteomics 
analysis. Western blot depicting timecourse of biotin incubation of HeLa cells ectopically 
expressing mycBirA*-PMLIV. Blot stained with an anti-biotin antibody. 
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Figure 3.25 Validation of BirA* fusion proteins in HEK293 cells. (A) Western blot depicting 
the mycBirA* fusion proteins compared to mycBirA* and untransfected control conditions. 
HEK293 cells in all conditions were incubated with or without excess biotin for 24 h. Blot was 
stained with biotin and myc, with an actin control. (B) Blot of HEK293 cells expressing 
mycBirA*-PMLIV or a mycBirA* control, with or without incubation with excess biotin that 
were immunoprecipitated with streptavidin-tagged magnetic beads. Blot was stained with either 
PML or Daxx antibodies. (C) Blot of HEK293 cells expressing mycBirA*-PMLV, incubated 
with excess biotin, with or without exposure to UV irradiation that were immunoprecipitated 
with streptavidin-tagged magnetic beads. Blot was stained with a biotin antibody. (D) Images of 
HEK293 cells ectopically expressing mycBirA*-PMLIV or mycBirA*-PMLIV, stained with 
myc and biotin antibodies. 
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Figure 3.26 Validation of mycBirA* fusion proteins stably expressed in HEK293 cells. 
Confocal images of HEK293 cells stably expressing mycBirA*, or PML fusion proteins. Cells 
are stained with myc and biotin antibodies.  
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Ectopic expression of the myc-BirA* fusion constructs produced large, sometimes 

irregular PML bodies (Fig 3.25D). To overcome the negative effects of the overexpression 

protein, I generated HEK293 cell lines stably expressing the BirA*, BirA*-PMLIV, and BirA*-

PMLV constructs at low levels. The stable cell line generation was done via Geneticin selection 

and the expression of the fusion protein was validated by immunofluorescence analysis. 

mycBirA* had predominant diffuse cytoplasmic localization. BirA*-PMLV had irregular and 

cytoplasmic PML bodies in all viable clones (Fig 3.26). BirA*-PMLIV showed normal PML 

body localization pattern of nuclear puncta with overlapping biotinylated proteins after 24 hours 

incubation in medium supplemented with 50 µM biotin (Fig 3.26). Thus, PMLIV was chosen 

over PMLV for further BioID analysis of PML interacting proteins.  

I sought to identify PML body composition during UV irradiation and SCA1-induced 

proteotoxic stress to represent distinct stress phenotypes with documented morphological 

response from PML bodies. To model proteotoxic stress, I employed a mutant version of 84Q-

ATXN1 along with a 32Q-ATXN1 control. I exposed stable HEK293 BirA*-PMLIV cell lines to 

either 25 minutes of UV irradiation or transient expression of 84Q-ATXN1 stress conditions 

with non-stressed and 32Q-ATXN1 control conditions. I also included a BirA* control. At the 

onset of stress, I incubated the cells in in medium supplemented with 50 µM biotin. 24 h after 

incubation, I isolated biotinylated proteins by biotin affinity capture and collaborated with the 

Northwestern Proteomics Core to analyze them via mass spectrometry. The resulting spectra 

were surveilled for common mass spectrometry contaminants as well as endogenously 

biotinylated proteins, some histones, and limited ribosomes. These contaminants were excluded 

from all samples. Initial mass spectrometry analysis of HEK293 BirA*-PMLIV cells in normal 
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conditions revealed several unique proteins enriched over the mycBirA* control, including 

known PML binding partners (Fig 3.27). 

159 proteins in unstressed conditions, 82 proteins in 32Q-ATXN1 expressing cells, 154 

proteins in 84Q-ATXN1 expressing cells, 148 proteins in UV irradiated cells were identified 

through BioID. (Additionally, 464 proteins were identified in the BirA* control). Only 12 

proteins in the unstressed condition and 13 proteins across all conditions were known PML 

interacting partners as found in the BioGRID database (Fig 3.28). This discrepancy may reflect 

condition-specific, PML isoform specific, or cell line specific interactions as well as the nature of 

BioID identification of both proximal and transient interactions and not necessarily direct 

protein-protein binding. Notably, well-documented binding partners DAXX ATRX, and ZFN451 

were detected in all BirA*-PMLIV conditions. The interaction with DAXX was confirmed in 

HEK293/BirA*-PMLIV cells by immunoprecipitation with streptavidin (Fig. 3.25). Noted 

proteins absent from the samples were HBS1L and PELO, although EEF1a-1, a homolog of 

HBS1L, was identified. A PANTHER database gene ontology functional classification by 

protein class of the unstressed HEK293/BirA*-PMLIV cells revealed a majority of nucleic acid-

binding proteins (Fig 3.29).  

There was a large amount of overlap between the proteins identified in the unstressed 

sample and both the proteotoxic stress sample and the UV irradiated sample (Fig 3.30). A 

Statistical overrepresentation test by molecular function of proteins exclusively found in the 

84Q-ATXN1 expressing HEK293/BirA*-PMLIV cells (and not unstressed or 32Q-ATXN1 

expressing cells) showed an enrichment of RNA-binding proteins (Fig 3.31). The same analysis 

of proteins exclusively found in UV irradiated cells (and not unstressed cells) also showed an 
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enrichment of cytoskeletal proteins and RNA binding proteins (Fig. 3.32). RNA is shown to 

associate with the periphery of PML bodies but the function of this association is unknown (28). 

Potential candidates from the GO enrichment analysis from the UV treated samples include 

DDX42, a RNA helicase important for translation initiation, and splicesome assembly and 

HNRNPU, a ribonucleoprotein that binds pre-mRNA. Several ribosomal proteins and translation 

factors were identified in all samples. 

In order to quantitatively analyze the change in protein composition between cellular 

conditions, I performed a series of three trials of BioID immunoprecipitations. For these series of 

experiments, I employed a flag-tagged ATXN1 with 85 glutamines (flag-85Q-ATXN1) to 

address the potential off target effects of a large GFP tag. In each trial, I subjected HEK293 cells 

to 24 h of 50 µM biotin incubation plus transient expression of flag-85Q-ATXN1 or sub-

pathogenic control of flag-30Q-ATXN1, as well as a pCDNA empty vector control or 

untransfected control. Then I performed biotin affinity capture and collaborated with the 

Northwestern Proteomics Core to analyze the resulting peptides via mass spectrometry and a 

label-free intensity based quantification (Fig 3.33). Unfortunately, the results from this 

quantitative analysis were too variable between trials of the same condition to reveal statistically 

significant differences between samples. The samples, submitted on different days, had too much 

variation in protein quantity, even when normalized to overall sample protein quantity. To 

overcome this technical challenge, future trials of this experiment must be set-up, performed, and 

submitted in tandem, rather on separate days. 

Overall, the BioID analysis of conditional PMLIV interacting partners revealed potential 

unique PML body compositions during specific stress conditions and revealed a potential role of 
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PML in RNA regulation during proteotoxic and UV irradiation stress. Future studies done by the 

Kosak lab will need to address the function of candidate proteins during the given cell stressors. 

Additionally, expansion of the above proteomics study to include additional stress conditions as 

well as additional PML isoforms will lead to a robust analysis of PML body composition and 

reveal new and important PML interaction partners in a environmental condition-specific manor. 
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Figure 3.27 PML binding partners are enriched in BioID analysis of PMLIV. STRING 
analysis of HEK293/mycBirA*PMLIV cells in normal conditions reveals enrichment of unique 
proteins compared to mycBirA* control. Initial STRING analysis performed by Paul Thomas of 
the Northwestern Proteomics Core. 
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Figure 3.28 Known binding partners of PML identified as a subset of interacting proteins. 
Venn diagram depicting the overlap between proteins identified by BioID mass spectrometry 
analysis of HEK293/mycBirA*-PMLIV and mycBirA* cells compared to known PML 
interacting partners in the BioGrid Database. Data organized for proteomics analysis was aided, 
in part, by Chelsee Strojny-Okyere. 
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Figure 3.29 PML interacting partners are predominantly nuclei acid binding proteins. 
Venn diagram of a PANTHER database gene ontology functional classification by protein class 
of the unstressed HEK293/BirA*-PMLIV cells.  
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Figure 3.30 Identified proteins largely overlap between cell stress conditions. Venn diagram 
of proteins identified by BioID mass spectrometry from HEK293/mycBirA*-PMLIV cells in 
normal and stress conditions.  
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Figure 3.31 RNA binding proteins are enriched at PML bodies during proteotoxic stress. 
(A) Venn diagram of proteins identified by BioID mass spectrometry from HEK293/mycBirA*-
PMLIV cells during ATXN1-mediated proteotoxic stress compared to normal and 
nonproteotoxic ATXN1 controls. (B) Statistical overrepresentation test by molecular function of 
proteins found exclusively in the 84Q-ATXN1 expressing HEK293/BirA*-PMLIV cells. 
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Figure 3.32 Cytoskeletal and RNA-binding proteins are enriched at PML bodies during UV 
irradiation stress. (A) Venn diagram of proteins identified by BioID mass spectrometry from 
HEK293/mycBirA*-PMLIV cells during UV irradiation stress compared to normal conditions. 
(B) Statistical overrepresentation test by molecular function of proteins found in the UV 
irradiated HEK293/BirA*-PMLIV cells compared to normal control. 
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Figure 3.33 Initial quantitative analysis of PML binding proteins during cell stress did not 
reveal enriched proteins. Volcano plots of quantitative analysis comparing conditions of (A) 
85Q-Atxn1 and 30Q-Atxn1 expression, (B) 85Q-Atxn1 expression and normal conditions, (C) 
30Q-Atxn1 expressing and normal conditions, and (D) normal conditions and an empty vector 
control. Quantification analysis performed by Young Ah Goo and the Northwestern Proteomics 
Core. 
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Chapter 4: Discussion and Future Studies 
4.1 Discussion 

PML bodies are exemplified by complexity. From the range of PML protein isoforms 

condensed in a PML body, to the plethora of protein interactions, to the dynamic nature of their 

assembly and localization, PML bodies are endlessly complicated. Indeed there may be no single 

PML body that encompasses a unifying function. Instead, different PML body compositions may 

arise depending on cellular conditions (22). For these reasons, assigning an overarching function 

to PML bodies is difficult. My goal was to identify key and novel organizational functions of 

PML bodies during specific cellular conditions. To achieve the goal of identifying novel PML 

body functions, I used a top down proteomics approach as well as a targeted mechanistic 

approach. These two approaches led me to an exploratory model for a novel function of PML 

bodies, while keeping the possibilities for future directions open. 

4.1.1 A model for protein synthesis as a function of PML localized quality control 

Before the study illustrated in chapter 3, evidence for PML bodies as hubs for post-

translational quality control nuclear proteins was growing (118). This function allows for PML 

bodies to play a role in several regulatory processes, from protein degradation to apoptosis. 

However, studies on the larger function of PML bodies in protein quality control were still 

lacking. In fact, studies on the role of the nucleus in protein quality control lagged far behind 

studies on the cytoplasm (115, 119, 120). Evidence for PML bodies in active-translational 

quality control of protein production did not yet exist. The idea our group had that PML bodies 

may play a role in translation-based quality control came from evidence of PML’s interactions 

with translation factors, ribosomal proteins, and mRNAs (92, 95, 110, 111). At the onset of this 
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study, nuclear localized mRNA surveillance or mRNA surveillance-like pathways had not yet 

been addressed in the literature. In fact, evidence for mRNA surveillance in higher eukaryotes 

was sparse. However, as our study progressed, evidence that translation was a significant form of 

nuclear quality control modestly grew in the literature. For example, nuclear translation was 

linked to nonsense-mediated decay and antigen generation for immune surveillance (88, 121). 

Our work provided additional evidence for the importance of nuclear translation for protein 

quality control. 

The results from chapter 3 lead to a model in which PML bodies act as organizational 

hubs for a novel pathway that links aberrant mRNA and protein quality control in the nucleus, 

functionally organizing the factors required for scanning, translating, and degradation of 

resulting polypeptides. In the case of proteotoxicity induced by polyQ disorders, mutant ATXN1 

mRNAs form nuclear foci localize to nuclear bodies including, surprisingly, PML bodies. This 

PML localization of mutant ATXN1 mRNA is linked to a redistribution of active peptide 

synthesis from nucleoli to PML bodies and Atxn1 inclusion bodies. We hypothesize that this 

redistribution of noncanonical translation localization to PML bodies occurs due to stalling of 

scanning translation machinery that are recognized by and self organized with PML bodies. In 

turn, these stalled translation machinery can be quickly detected and the resulting polypeptides 

can be SUMOylated by PML and degraded, as previous studies indicate (49). The detection of 

the stalled translation machinery, we hypothesize, is conducted by HBS1L and PELO to initiate 

the no-go decay mRNA surveillance pathway or a related quality control pathway. Finally, we 

demonstrate that this PML localized translation-based quality control pathway potentially  
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Figure 4.1 Model of regulatory translation at PML bodies in response to proteotoxic 
stressed induced by 84Q-ATXN1. When nonpathogenic 32Q-ATXN1 is expressed in cells, 
mRNA transcripts are translated exclusively in the cytoplasm and nuclear translation is localized 
at nucleoli. However, when mutant 84Q-ATXN1 is expressed, nuclear translation signal 
relocalizes to PML bodies, where ATXN1 mRNAs are subject to regulation by the no-go decay 
(NGD) pathway. 
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functions in response to several types of cell stress, indicating that this function of PML may be 

broadly important to cell health. 

Maintenance of nuclear protein homeostasis is essential under normal and stress 

conditions. Both RNA and protein quality control mechanisms function in the nucleus (122-125). 

Thus nuclear translation-based quality control can hypothetically be a logical link between these 

two systems, as it often is in the cytoplasm (126). Nuclear localization of an mRNA surveillance-

like quality control pathway may be advantageous to the cell because retaining abnormal mRNA 

in the nucleus for proofreading may prevent the mass export from the nucleus and subsequent 

mass synthesis of a misfolded protein in the cytoplasm. The cytoplasmic mRNA stress response 

is a robust field of study and evidence for cytoplasmic mRNA surveillance in higher eukaryotes 

is growing (127, 128). Nuclear mRNA surveillance can potentially be a form of biological 

redundancy to ensure the fidelity of translation proteins. Alternatively, nuclear mRNA 

surveillance can be part of a signaling pathway that activates cytoplasmic mRNA surveillance or 

other stress responses. As such, nuclear mRNA surveillance could be part of a sequential 

proofreading process that occurs through out protein synthesis. Moreover, misfolded proteins 

and highly structured RNAs common to neurodegenerative diseases are highly stable and hard to 

degrade (56, 129). Several of these mutated proteins and RNAs have a nuclear localization, 

making cytoplasmic quality control mechanisms potentially ineffective. Even in normal 

conditions, nuclear proteins have a tendency to contain more disordered regions and behave 

more dynamically in structure and localization than cytoplasmic proteins (130). Nuclear 

localized mRNA surveillance-like mechanisms may be critical to regulate nuclear protein 

homeostasis in mammals. Studies of mRNA surveillance in mammalian cells are just starting to 
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gain traction (127, 128). There remains a high level of uncertainty about the mechanism of 

mRNA surveillance in higher eukaryotes. Thus, all of these potential biological explanations for 

the purpose of my model of PML localized translation warrant further study and speculation. 

Robust nuclear localized protein quality control mechanisms are especially important for 

post-mitotic cells like neurons. As stated in section 1.3.2, post-mitotic cells do not have the 

capacity to disperse misfolded proteins through cell division (66). This in addition to the fact that 

at least 15 categories of neurodegenerative disease are characterized by nuclear localized protein 

and RNA make the nucleus a prime location for quality control (51). PML protein is able to 

solubilize highly stable misfolded proteins like mutant Atxn1 and promote their degradation 

(49). Our findings suggest PML may localize a comprehensive system that includes not only 

protein degradation, but also RNA regulation and scanning. Thus, PML bodies may be a critical 

defense to both prevent misfolded protein accumulation and degrade existing misfolded proteins 

in cells that are more susceptible to misfolded protein buildup. PML bodies may play a 

comprehensive role in protecting against neurodegeneration. However, if a PQC mechanism 

such as mRNA surveillance occurs at PML bodies, endogenous levels of this regulation are 

inadequate for the prevention of long-term adverse effects of diseases caused by mRNA and 

protein aberrations (66). I can speculate that at some point that the endogenous system is 

saturated by the accumulation of disordered gene products. By understanding the endogenous 

mechanism for PML localized regulatory translation, we can overcome this saturation though 

therapeutic intervention. 

The potential for therapeutic intervention based on PML localized protein quality control 

is emerging. For example, our study confirms other studies showing that treatment with the 
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cytokine Ifnβ clears misfolded Ataxin proteins by increasing the expression of PML protein. One 

preclinical study in SCA7 knock-in mice showed that interferon treatment increased PML 

expression in mouse tissues. This was correlated with a clearance of Atxn7 inclusions and 

improvement in motor functions (47, 48). Ifnβ-1a is currently used to treat multiple sclerosis but 

no clinical trials are currently found for the treatment of SCA-type diseases (131). Adverse 

effects of the cytokine treatment, including liver failure, indicate a need for a targeted therapy for 

SCAs (132). Additionally, information about the ability of Ifnβ-1a to cross the blood-brain 

barrier is not available to my knowledge. By understanding the mechanism behind PML 

localized PQC, clinicians can target the protein to harness or amplify its neuro-protective effects. 

Further pre-clinical studies showing the efficacy of increased PML expression on the clearance 

of other misfolded proteins should be done, given evidence for PML’s protective effects against 

several cell stressors. 

There are possible alternative explanations for our evidence. One intriguing hypothesis 

that describes PML’s association with nuclear mRNA foci is that the PML protein is interacting 

with, and SUMOylating, RNA-binding proteins that are sequestered in the repeat expanded 

mRNA (133). PML may identify these RNA-binding proteins as misregulated, tagging them for 

degradation by the RNF4-dependent ubiquitination pathway. Another alternative explanation for 

the accumulation of puromycylated peptides at PML bodies is that the short nascent RAN 

translation polypeptides freely diffuse into the nucleus and accumulate at PML bodies to be 

SUMOylated. The short timeframe in which nascent polypeptides are labeled in the 

ribopuromycylation method make this explanation implausible, yet possible (81). Additionally, 

we cannot yet rule out the possibility for documented extraribosomal functions of RPs associated 
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with PML bodies (111). We also cannot yet rule out the possibility of tRNA amino-acyl 

synthetase activity at PML bodies, although our use of translation inhibitor controls makes this 

unlikely (79). In order to rule out possible alternative explanations for our data, a better 

understanding of nuclear translation in general must be generated.  

4.1.2 Overcoming the enigma of nuclear translation 

Nuclear translation remains a controversial subject despite recent experimental 

innovations. The evidence for such a phenomenon, though building, currently suffers from a lack 

of resources, evidence, and enthusiasm. Some of the lack of enthusiasm comes from harsh 

critique, or perhaps a hesitation to update a strongly held view of the compartmentalized 

eukaryotic cell (80). Indeed introducing the idea of nuclear localized translation can be viewed as 

an update to the central dogma of eukaryotic molecular biology, where mRNA is synthesized in 

the nucleus and translated in the cytoplasm. However, our group and other groups that study 

nuclear translation rationalize that the central dogma is constantly updating with every new study 

showing the vast complexity of the cell. Every step of protein production is tightly monitored by 

redundant mechanisms in multiple locations that allow for the quick response to a sudden change 

in cellular conditions. Nucleus localized protein synthesis pathways may exist to add another 

layer of complex regulation. 

There are two main reasons why the phenomenon remains mysterious. The first is that a 

technology that definitively and unambiguously detects the localization patterns of nuclear 

nascent polypeptide synthesis in vivo has yet to be invented. There are a few elegant approaches 

that come close, such as ribopuromycylation, HPG click-chemistry or even Raman scattering 

microscopy, yet these experiments have drawbacks including low resolution, cytoplasmic 
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contamination, and ambiguity of the mechanism (81, 85, 86). Detecting the nuclear localization 

of active polypeptide synthesis is difficult for technical and theoretical reasons. First, if the 

method of nuclear translation is a noncanonical quality control mechanism such as mRNA 

surveillance, the resulting polypeptides and mRNA may be promptly degraded. Evidence for 

rapid proteasomal degradation of nascent polypeptides is growing (see section 1.4) (69). Thus, it 

would be difficult to detect the translation products or aberrant mRNAs. Second, nuclear 

translation could happen at such a low rate in normal, steady-state conditions that it is hard to 

detect with low-resolution techniques. This would be the case if nuclear translation is a pioneer 

round of translation or part of a stress response that decreases overall protein translation (see 

below) (84). In our study, we detect robust peptide synthesis signal as seen by microscopy, so the 

pioneer round mechanism may be unlikely. Third, isolating nuclei for classical translation 

analyses like ribosomal profiling, or enriching for nuclei in microscopy-based assays is 

technically challenging. Cytoplasmic polyribosome contamination is a major issue these 

techniques. Additionally, isolating nuclei may lead to disruption weakly interacting ribosomes 

with mRNAs. Technical challenges can be overcome through innovation. Below, in section 

4.2.3, I’ve highlighted some experiments based on recent studies that may overcome some of 

these technical challenges. 

The second reason why nuclear translation remains controversial is based on a broad 

biological question: how does nuclear translation function in a cell? This question encompasses 

all that the scientific community needs to know about nuclear translation in order for it to 

become a conventional topic. Without the technical evidence laid out above, we do not yet know 

how much translation, if any, occurs in the nucleus. Additionally, without a defined mechanism 
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or mechanisms for nuclear translation in conditions of homeostasis and pathology, we do not yet 

know the purpose of it. We currently have to resign to the possibility that even if some form of 

translation occurs in the nucleus, it could be vestigial. The question of how nuclear translation 

functions in the cell can be broken down into three more tangible questions: what is doing the 

translating, what is being translated, and what is the purpose of nuclear translation? 

What is doing the translating? In order to understand the mechanism of nuclear translation, we 

must identify the nucleus localized translation machinery. Our study suggests that at least some 

important ribosomal proteins are present at PML bodies and have the capacity for active 

translation. Additionally, other studies identified translation machinery that interacts with PML 

bodies (92, 95, 110, 111). However, we do not know if a fully functional ribosome is present at 

these sites. It is possible, and backed by a recent study, that a fully functioning 80s ribosome is 

responsible for nuclear translation (86). However, to expand upon this finding, evidence must be 

acquired that identifies a mature, fully processed ribosome identical to the classical cytoplasmic 

ribosome is present and actively translating mRNA in the nucleus. Alternatively, it is possible 

that an alternative form of translation machinery exists in the nucleus to scan, proof-read, or 

“test-translate” mRNA transcripts before export into the cytoplasm. Defining nuclear translation 

machinery through high throughput proteomics methods is a crucial first step in delineating a 

mechanism for its action. 

It is critical to identify nuclear translation machinery in vertebrate, ideally human, 

models. The majority of the evidence for the nuclear export and cytoplasmic processing of 

ribosomal subunits comes from studies in yeast (134). Although most of the trans-acting factors 

in cytoplasmic ribosomal processing are homologous between yeast and higher eukaryotes, 
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evidence for their function in vertebrates is incomplete (135). It therefore cannot be ruled out that 

vertebrates could have evolved to have nuclear localized translation events that are not present in 

yeast models. In general, identifying every step in ribosome biogenesis, function, and regulation 

in multicellular organisms such as vertebrates may possibly lead to understanding of 

noncanonical forms of translation. 

The need for a better understanding of the complexity for translation regulation in higher 

vertebrates may lead to a better understanding of the heterogeneity of ribosomes. Several 

emerging studies suggest that ribosome protein and rRNA composition can be ‘specialized’ to 

translate specific types of transcripts or in a specific location of the cell. For example, one recent 

high throughput study quantified the absolute abundances of ribosomal proteins in translating 

ribosomes and found that certain ribosomal proteins were enriched for binding to certain mRNA 

transcripts. Those ribosomal protein variants, such as RPL10A, were required to translate certain 

transcripts (136). Another study found tissue-specific translation of Hox genes that were linked 

to the presence of PRL38 (137). Accessory proteins that dock specific ribosomes to specific 

organelles or other subcellular locations have been identified. For example, the RACK1 

ribosomal scaffolding protein can bind to integrin receptors that allow it to dock to the plasma 

membrane (138). Classically seen as a “molecular machine” with a single defined purpose, a 

ribosome may be an active and heterogenic tool for gene expression regulation (139). In this 

way, the possibility for a nuclear variant of the ribosome cannot yet be ruled out. Unbiased 

proteomic experiments like the BioID studies outlined below will be critical to identify specific 

nuclear translation machinery. 
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What is being translated? The answer to this question will help us understand the significance of 

nuclear translation. Our targeted study suggests that aberrant mRNA from repeat expansion 

disorders is translated in the nucleus in a regulatory manor. We suggest this regulatory 

translation may be broadened to other cell stressors, as evidenced by our RPM analysis of UV 

irradiation, oxidative stress, etc. However, without broadening the scope of our study to include 

other types of mRNA aberrations or features, we cannot know what is being translated in broader 

stress conditions- although my speculations based on our study and others are suggested below. 

Additionally, nuclear translation may serve several different functions during normal conditions 

and cell stress. Assessing what is translated in the nucleus will help us understand the scope of 

the translation mechanisms.  

In addition to our study, recent publications present evidence that sequences with 

premature stop codons are translated in the nucleus, leading to the possibility of nucleus 

localized NMD (84, 140). Other direct aberrations like damaged or cross-linked bases, low 

complexity regions, additional stem-loop structures, and sequences lacking a stop codon should 

all be assessed for their potential to be translated in the nucleus. Additionally, recent studies 

indicated the possibility of alternative translation initiation elements besides the AUG start 

codon, especially in genes associated with cell stress (141). mRNAs with non-AUG dependent 

translation initiation elements should be assessed for nucleus-localized translation capacity. 

Additionally, sequences containing introns must be assessed for their capacity to be translated in 

the nucleus, as a recent study suggested that mRNAs containing introns were translated in the 

nucleus in order to produce peptide substrates for the MHC (83). All of these recent studies lead 
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to the question: are there sequence elements required for a transcript to be translated in the 

nucleus? 

Evidence for noncanonical translation elements is growing. For example, internal 

ribosome entry sites (IRES) allow for cap–independent translation initiation. TP53 contains an 

IRES, allowing for the activation of cellular senescence during cell stress conditions (38). 

Perhaps cap-independent translation occurs in the nucleus with modified translation machinery. 

Additionally, several studies indicate that translation can be location-specific and that cis-acting 

elements in the mRNA transcript can signal for this activity. For example, β-actin mRNA 

transcripts were found specifically at the axonal growth cone of a neuron.  β-actin contains a cis-

element in the 3’-UTR that drives this localization (142). Based on this evidence, hypothetically 

there could be an mRNA sequence element that signals for a transcript to be translated in the 

nucleus. However, we will need to know what kinds of transcripts contain these hypothetical 

sequence elements and how much of the cell’s total transcriptome has the capacity to be 

translated there. Perhaps there are stress-induced elements on a transcript that signal for its 

nuclear translation. Identifying these potential elements, as well as how they interact with unique 

elements on a ribosome, is critical for understanding nucleus-localized translation. 

What is the purpose of nuclear translation? Our model, as described above, suggests that nuclear 

translation is a protective function of the cell, namely mRNA surveillance, to regulate aberrant 

mRNAs. Thus, it acts as another level of complex control of gene expression. This type of 

regulation may indeed occur in the nucleus. However, we cannot rule out other explanations for 

the function of nuclear translation. For example, one study mentioned in this thesis suggests that 

nucleolar localized translation during normal conditions functions to either aid in the rapid 
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synthesis of ribosomal proteins or test their translational capacity (81). This hypothesis is based 

on RPM data showing robust peptide synthesis signal in nucleoli in normal cells. Another study 

mentioned above suggests that some nuclear translation exists in the nucleoplasm to produce 

peptide for the MHC complex (83). We cannot treat different types of nuclear translation as 

mutually exclusive. Indeed several functions of nuclear translation may occur in a single nucleus. 

In order to determine the significance of nuclear translation, the percentage of total translation 

that occurs during specific cellular conditions in the nucleus must be calculated. Several recent 

studies, including one that detected nuclear translation, indicated that a high percentage of 

nascent polypeptides are degraded promptly after synthesis (69). The purpose of this seemingly 

metabolically wasteful phenomenon must be determined. 

Nuclear translation can be a part of a housekeeping function of the cell. One possible 

housekeeping function may be the pioneer round of translation. This involves docking and 

scanning of a ribosome by the cap-binding protein heterodimer (CBC) before loading of eIF4E. 

Pioneer round, or CBC-dependent translation, has been shown to be preferred over eIF4E-

dependent translation during certain cell stress conditions, such as heat shock (143). As such, 

some hypothesize that the pioneer round of translation is linked to NMD so that newly mature 

mRNAs do not mass-produce truncated proteins. This is evidenced by studies showing the 

exclusive interaction of the exon junction complex (EJC) and NMD factor UPF1 with CBC-

bound mRNA and not eIF4E-bound mRNA (144). This combined with studies indicating NMD 

can occur in the nucleus suggests that the pioneer round of translation may function in the 

nuclear compartment (84, 140). Although, a study using a microscopy-based method of detecting 

the localization of the pioneer round of translation of single mRNAs in human cells (TRICK 



127 

assay) did not detect translation activity in the nuclear compartment for their reporter (145). A 

similar study that probes other types of mRNAs including those with premature stop codons and 

other aberrations will required to determine if NMD and pioneer round translation events occur 

in human nuclei (146). This study will build evidence for nuclear translation as a protective 

housekeeping function of the cell. 

Alternatively, translation in the nucleus may be a pathological function of proteotoxic 

stressors. Namely, RAN translation could occur in the nucleus of cells expressing expanded 

repeat mRNAs. RAN translation, introduced in section 1.3.1, produces repetitive polypeptides 

that contribute to proteotoxicity (61). RAN translation may occur in the nuclear compartment, 

where several repeat expanded mRNAs are retained in foci. Indeed we hypothesize that during 

SCA1, saturation of regulatory nuclear translation may lead to an increase in pathological forms 

of nuclear translation like RAN translation. Overall, identifying both the nuclear translation 

machinery and the translated transcripts will aid in the development of potential functions of this 

phenomenon. 

 

4.2 Future Studies 

4.2.1 Identify the PML isoform-specific interactome  

Identifying key functional binding partners of PML bodies is nearly impossible without 

first identifying isoform-specific interactions. The C-terminus of the PML mRNA is alternatively 

spliced at a high rate, between nine exons, creating several isoforms of the protein that have 

unique structural and localization domains. Although all isoforms are able to nucleate a PML 

body due to their TRIM motif, they potentially can have vastly different functions. The isoforms 
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are present at different abundances in the cell. PMLI is the most abundant isoform in the cell, yet 

it is one of the most poorly understood. This is in spite the fact that it has both a nuclear import 

and nuclear export signal, giving it the ability to shuttle between the nucleus and the cytoplasm. 

PML isoform IV is the most widely studied, due to its ability to interact with diverse and 

important proteins through exon 8. PMLIV has relatively low abundance in the cell, but its 

exclusive capacity to mediate viral resistance makes it fascinating to microbiologists and 

immunologists. PML isoform V is quite unique as it may mediate the stability of a PML body 

and act as a scaffolding isoform (117).  

As the above isoforms represent, the characterization of the function of each isoform as 

well as the evolutionary significance of the high number of PML isoforms is critical to 

understand. Yet, little is known about how each isoform interacts within a given PML body 

during a given condition. In order to begin to answer these questions, a proteomics study of the 

individual PML isoforms is desperately needed. However, proteomics studies of PML bodies 

have been problematic due to the insolubility of the body’s doughnut structure and the dynamic 

nature of their protein-protein interactions. BioID or some updated variation thereof can be the 

tool most qualified for these much needed studies, as it can turn the problems of insolubility and 

weak interactions into advantages. Fusing BirA* to all of the major PML isoforms of PML, and 

expressing each fusion protein in PML knockdown cells for their specific BioID analyses will 

generate a comprehensive proteomics analysis for isoform-specific PML interactions. 

4.2.2 Quantitative proteomics analysis of PMLIV during cell stress conditions 

There are many obvious questions about nuclear translation to be addressed, most 

importantly: what is the basic biological significance of this process in normal and pathologic 
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states? A fist step in addressing this question is to identify and characterize the components that 

participate in nuclear translation during different stress conditions. Namely, we must identify the 

translation machinery and the transcripts present at PML bodies during different conditions. 

A comprehensive, quantitative proteomics analysis of PML bodies during several specific 

cell stress conditions may lead to the identification of translation machinery specific to the 

nuclear compartment during cell stress. Repetition of the quantitative analysis attempted in 

section 3.2.2, accounting for the variability of the results by submitting equivalent total protein 

concentrations in all samples, will sufficiently generate the quantitative data necessary for 

proteomics analysis. The potential stress conditions we would benefit from analyzing are heat 

shock, UV irradiation, serum starvation, oxidative stress, viral infection, cellular transformation 

and 84Q-ATXN1 proteotoxicity. Additionally, we would benefit from analyzing additional 

repeat expansion disorders such as other SCAs, HD and ALS. The cell type used in all of these 

analyses must be carefully chosen, as the cell type used may contribute to or change the stress 

conditions outlined above. For example, transformed cell types such as HeLas may not represent 

canonical PML body interactions and may represent instead a cell stress type. 

Once compiled, our group will identify the classes of proteins through GO analysis using 

the PANTHER database. Additionally, we will determine the change in expression levels using a 

label-free intensity analysis. The top 50 differentially expressed proteins will be ranked by 

positive and negative expression changes. If possible, the SUMOylation status of the identified 

proteins will be determined, as most proteins that interact with PML are SUMOylated (147). 

However, identifying SUMOylated proteins will present technical challenges such as identifying 

the SUMO sequence tag via mass spectrometry.  
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Using the data generated by this proteomics analysis, we will be able to identify key 

proteins that are upregulated during specific cell stressors. We will be especially interested in 

differential expression of ribosomal proteins and translation factors during different cell stress 

conditions. Ribosomes and translation factors are often omitted from BioID screens due to the 

ability of the BirA* fusion protein to biotinylate proteins shortly after translation, while the 

protein is still near the ribosome. However, since we are analyzing PML’s role in translation, we 

will be interested in identifying PML body-interacting ribosomes and translation factors. A 

quantitative analysis will decrease the background level of ribosomal protein detection and 

potentially detect a significant change in interaction between PML bodies and translation 

machinery during cell stress. 

The key candidate proteins will be subject to further characterization as outlined below. 

Once a list of candidates is generated, we should determine the necessity of each candidate 

protein for PML localized translation through siRNA interference. We will also need to 

determine the effect of the ablated proteins on stress-induced, PML-localized translation through 

RPM analysis and PML immunofluorescence. Conversely, we will need to asses the effects of 

silencing PML to ablate stress induced PML localized translation on the expression and activity 

of the candidate proteins. To study the functionality of the candidate proteins, we will need to 

determine the effect of increased expression of the candidates on the accumulation of 84Q-Atxn1 

aggregates. Conversely, we will need to determine the necessity of the candidate proteins for the 

clearance of ATXN1 mRNA and 84Q-Atxn1 protein through siRNA interference analysis of the 

candidates. These analyses will characterize the sufficiency and necessity of each protein to carry 

out PML localized nuclear translation. Ideally, these results will allow us to determine the 
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translation machinery necessary to formulate a defined mechanism for PML localized 

translation. 

4.2.3 Characterization of transcripts translated at PML bodies during cell stress 

In section 3.2.2, I show that PML bodies significantly associate with expanded mutant 

ATXN1 mRNA. I hypothesize that this interaction is linked to a regulatory translation pathway. 

An important and necessary step in elucidating the mechanism of PML localized translation is to 

identify the transcripts actively translated in the nucleus during stressed and unstressed 

conditions. 

To begin to characterize the repeat expansion transcripts that are actively translated by 

PML bodies, we need to determine whether the secondary structure formed by repeat-containing 

transcripts is required for co-localization with PML and sites active translation, through targeted 

mutation in the stem-loop to disrupt formation of secondary structures, as previously described 

(114, 148, 149).  We will next need to define the role of RNA structure. Namely, we will need to 

test the minimum number of repeats required to observe protein synthesis at PML bodies. 

Additionally, we would need to test the necessity of a start codon, correct reading frame, and 

presence of a stop codon for synthesis at PML bodies. To determine if there is a direct binding 

between PML and the transcripts, we can perform RNA immunoprecipitations (RIPs) on nuclear 

isolates from fibroblasts subject to expanded ATXN1 ectopic expression. 

In order to expand the scope of PML localized translation beyond the proteotoxic stress 

model and into other stress conditions, we must employ high-throughput analysis to identify 

actively translated transcripts in the nucleus during different stress conditions. To specifically 

identify and quantify the nascent polypeptides, puromycin-associated nascent chain proteomics 
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(PUNCH-P), or other updated methods of this protocol can be used (150). This method is 

currently advantageous to use over other conventional methods of identifying nascent peptides 

(such as SILAC) because it can readily be used during different cell conditions. Isolating the 

nuclei will be necessary for nucleus-specific nascent polypeptide identification. Mass 

spectrometry analysis of the nuclear nascent polypeptides during different cell stress conditions 

will determine the fluctuation of newly synthesized peptides in the nucleus during stressed and 

unstressed conditions. These peptides can be analyzed for aberrations such as low complexity 

motifs or expanded repeats. In tandem, these peptides can be assessed in a GO classification to 

determine if proteins translated in the nucleus during stress conditions are important for the stress 

response. Identified peptides can be followed up with RPM and immunofluorescence assays for 

proximity to PML bodies. 

An important and related approach to identifying the translated transcripts is to identify 

the mRNAs bound to nuclear ribosomes. This complimentary approach to nascent polypeptide 

identification is necessary to confirm that nascent peptides come from transcripts translated in 

the nucleus and not in the cytoplasm. To define which transcripts are being translated in the 

nucleus under normal and stressed conditions, an adapted form of ribosome profiling of isolated 

nuclei from different stress conditions will be the quintessential experiment. Technical 

considerations such as the quantity of starting material and accession of the purity of nuclear 

extracts will make this a challenging experiment. This analysis can generate a list of the relative 

abundances of mRNAs that are actively translated in the nucleus during stress compared to 

normal conditions. Ideally, transcripts associated with nuclear ribosomes under conditions of 

stress will be related to the specific type of cellular stress and the stress response. Transcripts 
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identified by ribosome profiling must be verified using RPM followed by RNA-FISH to 

determine the localization of these transcripts within the nucleus, interrogate whether these 

transcripts are found at PML bodies or other sub-nuclear structures, and address if these 

transcripts have altered localization following cell stress. In total, these studies will allow us to 

gain insight into the functional significance of nuclear protein synthesis, investigate the role of 

the PML body in this process, and uncover novel regulatory mechanism governing gene 

expression.   
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