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Abstract

Cells experiencing misfolded protein stress can become debilitated and die, consistent
with this stress being linked to numerous diseases. When misfolded proteins accumulate in the
endoplasmic reticulum (ER), the unfolded protein response (UPR) initiates mechanisms that
resolve this stress or trigger apoptosis, dependent on the severity and/or duration of the stress.
The nascent polypeptide-associated complex (NAC) is a heterodimeric chaperone that mediates
proper protein folding and localization during translation; depletion of the NAC promotes
misfolded protein stress in the ER, resulting in the initiation of the UPR in affected cells. The
relationship between the NAC and the UPR is not well understood, nor is it known if this
relationship differs depending on cell type. Our goal is to characterize this relationship in the
model organism C. elegans, where cell lineages display variable sensitivities to misfolded
protein stress. Via RNA interference, we are depleting the NAC in worm strains expressing cell
type-specific fluorescent proteins and characterizing the nature, number and position of these
cells throughout the life of the worm. Depletion of the NAC in worms expressing neuron-
specific red fluorescent protein decreased the number of observable neurons in the ventral nerve
cord while mislocalizing a subset of the neurons that remained. Concordantly, affected worms
displayed movement defects consistent with disruption of ventral nerve cord function. The loss
and mislocalization of neurons in response to NAC depletion are consistent with previous
findings in C. elegans showing neurons more susceptible to damage and death during misfolded
protein stress relative to other cell types. Through these experiments, we hope to better
understand the role of the NAC during misfolded protein stress response and how depletion of

the NAC contributes to the debilitation of the nervous system.



Introduction

The survival of all organisms depends on their ability to manage protein
synthesis, folding, and the recuperation of misfolded proteins with precision and accuracy. The
improper folding of proteins can lead to detrimental consequences to the cell, which can, in turn,
be detrimental to the organism. This phenomenon is known as misfolded protein stress, which
can occur in all cells and may result in toxic oligomer and fibril formation'. In general, misfolded
proteins interact with each other to form aggregates that build up over time to eventually trigger
cell death®. Misfolded protein can build up anywhere it the cell where protein folding can occur,
including the endoplasmic reticulum (ER), an organelle in which 30% of all cellular proteins fold
during translation in the average cell*'. In order to avoid the build-up of these harmful aggregates
in the endoplasmic reticulum (ER), the Unfolded Protein Response (UPR) is initiated. The UPR
is an intracellular signal transduction cascade initiated from the ER that regulates gene
expression pathways engaged to mitigate misfolded protein stress. To this end, these pathways
lower the level of misfolded proteins in the cell or if the cell is past the point of saving, initiate
cell death by apoptosis’. This balance between saving the cell and killing it is tightly regulated in
order to avoid erroneous cell death while also eliminating cells that have been irreversibly
damaged by misfolded protein stress.

In most organisms, the UPR manages misfolded protein stress by coordinating three
pathways that work in concert to trigger cell-saving or cell-killing activities. These pathways are
initiated by stress sensor proteins embedded within the ER*. With regard to cell-saving activities,
these pathways mediate the proliferation of both the ER lumen and the Golgi apparatus in order
to facilitate greater protein folding capacity and decrease the likelihood that misfolded proteins

will aggregate with each other*’. They also upregulate the ubiquitination of terminally misfolded
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proteins and subsequent degradation in the cytosol by proteasomes™. This activity is often
coupled with the attenuation of translation to reduce the level of misfolded protein overall®. In
addition, the levels of chaperone proteins (proteins that aid in the folding of other proteins) build
to both increase the folding capacity of newly translated proteins while helping misfolded
proteins refold properly’. Each of these mechanisms is engaged to save the cell by mitigating
misfolded proteins levels, employing many strategies that range from the lessening of misfolded
protein via degradation to decreased protein presence via translation attenuation to the refolding
of misfolded proteins. If in the face of these rescue attempts misfolded protein stress is not
relieved in a timely fashion, the UPR also has the capability to kill the cell via apoptosis, a
genetically programmed death process that eliminates damaged cells by engaging killing
mechanisms within the damaged cell itself.

The chaperone family of proteins are responsible for protein folding and re-folding
throughout the life of the cell, and within this family is a subset of proteins essential for the
folding of nascent protein chains as they emerge from the ribosome during translation. These
translational chaperones are highly conserved throughout evolution, assisting in the formation of
functional protein domains by preventing the formation of inapt secondary structures before the
release of the nascent protein into the cytosol. In addition to protein-folding assistance,
translational chaperones may also play a role in the correct localization of nascent proteins
within the cell. Two of the first translational chaperone systems to contact the nascent
polypeptide chain in eukaryotes are the Hsp70-based Ssb network of proteins and the
heterodimeric NAC (nascent polypeptide-associated complex) which physically associates with

both nascent proteins and ribosome during translation®.






AEMSEoE7

‘ 24 Hours ICD-1(RNAI) 48 Hours ICD-1(RNAI) 72 Hours ICD-1(RNAI) Control

the expected six ventral nerve cord neurons, 17 percent five, 78 percent six, and less than one
percent seven (Figure 1) . After 48 hours of ICD-1/beta-NAC RNAIi exposure, about ten

percent of the sample displayed four of the expected six ventral nerve cord neurons, 19 percent
five, and 81 percent six. At the final time point of 72 hours of exposure, ten percent displayed
four of the expected six ventral nerve cord neurons, 40 percent five, 50 percent six, and less than
one percent seven. All control C. elegans displayed the full six expected ventral nerve cord

neurons.
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Figure 2. C. elegans adults depleted of ICD-1/beta-NAC displaying
dimming defects and migration defects within their ventral nerve cords.
We depleted C. elegans adults of beta-NAC via RNA interference over three
days and observed the ventral nerve cord neurons in their progeny. ICD-1
(RNA1) 24 hours, ICD-1 (RNA1) 48 hours, and ICD-1 (RNA1) 72 hours are
showing different exposure lengths to RNA iterference correlating with
different levels of beta-NAC depletion. A.) Quantification of mutant
phenotypesin C. elegans adults. Light purple represents the percent of the
population that expresses migration defect, dark purple represents the percent
that expresses dimming defect. B.) Wild-type distribution and expression levels
of ventral nerve cord neuronal cells of interest. C.) Migration defect on cells of
interest. D.) Dimming defect of cells of interest. Experimental population: 24
hour time point n=150, 48 hour time point n=171, 72 hour time point n=131,
and wild type n=20. Each experiment was performed in triplicate.

Among the neurons that were detectible, many still displayed mutant phenotypes that

distinguished them from their unaffected counterparts, specifically migration defects and low
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levels of neuron-specific protein expression (“dimming”). I observed after 24 hours of ICD-1
RNALI exposure five percent of the sample displayed the dimming defect and 22 percent
displayed a migration defect (Figure 2). After 48 hours of ICD-1 RNAi exposure, about one
percent of the sample displayed the dimming defect and 35 percent displayed a migration defect.
At the final time point of 72 hours of exposure, 13 percent of the sample displayed the dimming
defect and 15 percent displayed a migration defect. At a level that was not statistically
significant, [ also saw two out of 452 experimental progeny with seven instead of the expected
six ventral nerve cord neurons and eight out of the 452 experimental progeny had the two
concurrent mutant phenotypes, dimming and migration defects. Of the control C. elegans, none
displayed dimming or migration defects.

Over the course of my experiments, the ratio of animals displaying non-wild-type ventral
nerve cords versus those displaying wild-type cords increased dramatically, and this non-wild-
type population was always in the majority at every 24 hour time point. For the full populations,
we found that after 24 hours of ICD-1 RNAi exposure 47 percent of the sample displayed the
wild-type phenotype and 53 percent displayed a non-wild-type phenotype (Figure 3). After 48
hours of ICD-1 RNAIi exposure, 37 percent of the sample displayed the wild-type phenotype and
63 percent displayed a non-wild-type phenotype. At the final time point of 72 hours of exposure,
23 percent of the sample displayed the wild-type phenotype and 77 percent displayed a non-wild-

type phenotype.
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Figure 3. A majority of C. elegans adults depleted of beta-NAC display
non-wild-type ventral nerve cord neuronal formation when compared
with controls. We depleted C. elegans adults of beta-NAC via RNA
interference over three days and observed the ventral nerve cord neurons in
their progeny. ICD-1 (RNA1) 24 hours, ICD-1 (RNA1i) 48 hours, and ICD-1
(RNAI) 72 hours are showing different exposure lengths to RNA
interference correlating with different levels of beta-NAC depletion. Light
purple represents the percent of the population that is wild-type at each
exposure length, dark purple represents non-wild-type. Phenotypes
encompassed by non-wild-type categories include missing neurons,
mislocalized neurons, poorly expressed neurons (“dimmed”), and animals
expressing more than one phenotypic abnormality. Experimental
population: 24 hour time point n=150, 48 hour time point n=171, 72 hour
time point n=131, and wild type n=20. Each experiment was performed in
triplicate.
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Discussion

To determine the pervasiveness of missing and/or mislocalized neurons in C. elegans
undergoing misfolded protein stress, I depleted animals of the beta subunit of the NAC (ICD-1)
and visualized their ventral nerve cord using neuron-specific fluorescent proteins. I found a
majority of worms undergoing misfolded protein stress in response to beta-NAC depletion
contain at least one phenotypic defects in a six-neuron cluster of cells at the posterior region of
the ventral nerve cord; these defects ranged from undetectable neurons to poorly expressing
neurons to mislocalized neurons. A very small percentage even contained an extra neuron in this
region. These results support my hypothesis that the number of abnormal neuronal phenotypes
observed in the cluster of ventral cord neurons observed increases over the course of beta-NAC
depletion until abnormal neuronal phenotypes are more common than wild-type neuronal
phenotypes in the experimental population.

The role(s) of the NAC in the viability and function of a cell has been the focus of our
and others research for some time, and questions about these putative roles remain. What appears
clear through studies in yeast and C. elegans is the role of the heterodimeric form of the NAC as
a translational chaperone '*. The NAC’s ability to bind to polypeptide chains and assist in both
the folding and localization of this nascent protein is evident in phenotypes associated with
depletion of the NAC; in both yeast and C. elegans, NAC depletion results in an increase in
misfolded protein stress in the ER *'°. In addition, the NAC is known to bind to both the
ribosome and the emerging polypeptide. This chaperone function appears to be essential for
viability in many organisms because NAC genetic knock-outs are embryonic lethal in
Drosophila, C. elegans and mice. What is less well understood are the putative roles of the NAC

subunits when not associated with each other. Both are thought to play roles as transcription
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factors when not bound together, primarily in the context of cell differentiation. Alpha-NAC
appears to contribute to bone cell differentiation, while beta-NAC may play a role in red blood

cell development >

. In both cases, there appears to be a very specific role for these subunits at
a discrete stage of cell development, but what is not well-understood is the potential roles for
these subunits during a cell’s stress response to misfolded protein. Previous work has shown that
these subunits likely dissociate as misfolded protein accumulates in a cell, but it is not know to
what end *” The outcomes observed in my experiments depleting beta-NAC from C. elegans are
designed to provide insights into the putative roles of alpha and beta-NAC as individual subunits
Initial studies of beta-NAC in C. elegans associated the function of the protein with
prevention of apoptosis in neurons. Specifically, significant depletion of beta-NAC results in a
dramatic increase in neuronal apoptosis in embryos, resulting in deformed and often inviable
progeny. Sub-lethal depletion of beta-NAC, however, results in adult worms with no obvious
morphological or gross movement defects. The state of the neurons in these surviving animals
has been assessed recently to show defects associated with the nervous system by work done in
our lab (unpublished data). Specifically, during the beta-NAC depletion experiments shown here,
I observed a decrease in the number of 7ab-3::RFP neurons in the ventral nerve cord of a
significant number of adult C. elegans relative to untreated animals, and those animals that did
contain the correct number of neurons often displayed mislocalized neurons and/or neurons
expressing weak fluorescent signal. More specifically, as the depletion of beta-NAC increased
over time (increasing the level of misfolded protein in the cells) a larger percentage of adult
worms contained non-wild type ventral nerve cords, and at all times during the experiments,

defective nerve cords were more common in the experimental populations than those worms

with wild-type nerve cords. In addition, untreated worms displayed no defective ventral nerve
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cord patterns, confirming what has been shown by others to be invariant structure and rab-3
gene-expression levels in C. elegans.

The neuronal defects associated with sub-lethal depletion of beta-NAC are all consistent
with, but do not prove, changes in gene expression in the affected neurons. Neurons missing
from the ventral nerve cord of beta-NAC depleted animals could be the result of the apoptotic
death of neurons earlier in development, but could also be the result of a loss of expression of the
neuronal specific rab-3::RFP. Neurons detected in the ventral nerve cord weakly expressing this
fluorescent protein relative to their neighboring neurons are very likely experiencing a change in
gene expression that could ultimately affect both the location and function of the neuron.
Evidence for these effects is observed in the numerous migration defects displayed in affected
animals. The development of a functional nervous system in any multicellular organism requires
accurate and precise migration of neurons to the regions of the animal that require enervation.
This migration process is dependent on neuronal-specific gene —expression that gives the cell the
ability to assess chemical gradients and interact with neighboring cells that help guide the neuron
to its proper location **. Using the decrease/loss of rab-3 expression as a proxy for effects on
other neuronal-specific genes, my results provide a potential explanation for the migration
defects observed, that is, loss of beta-NAC results in changes in gene expression that change the
nature and therefore the function of the affected neuron. In light of previous evidence that both
subunits can behave as transcription factors on their own, one interpretation of my results is the
depletion of beta-NAC results in a relative abundance of free alpha-NAC, now able to act as a
transcription factor and change neuronal gene expression patterns, resulting in migration defects

and low levels of neuron-specific gene expression.
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If the nature and therefore function of a neuron depleted of beta-NAC is changed due to
changes in gene expression, one might these changes to result in discernible movement defects in
the affected worm, a rational next step in these experiments. The neurons of the six-cell cluster I
focused on in my studies are primarily motor neurons responsible for movement in response to
heavy touch, and assays designed to determine the ability of affected worms to respond to such a
stimulus are planned. A potential difficulty in the interpretation of these experiments is related to
the inherent redundancy of the nervous system. While my work is focused on the effects
associated with a discrete cluster of neurons in the ventral nerve cord, many other neurons are
also affected during the depletion of beta-NAC, and yet the affected adults rarely display gross
movement or sensory defects when observed. The lack of discernible neuronal defects in these
animals may be the result of redundancy in the C. elegans nervous system, which could mask the
debilitation or loss of any specific neuron through the activity of another neuron able to
compensate for the affected neuron’s loss. In addition, interpretable results in assays focused on
changed neuronal function will require a good understanding of the expected outcome in worm
with suspected changed neurons relative to its wild type counterpart. Nonetheless, even in the
face of these caveats and potential difficulties, experiments that specifically test the functionality
of beta-NAC depleted neurons in the posterior of the ventral nerve cord will provide insights into
the putative changed nature of these cells.

My results support the model that increases in misfolded protein stress in neurons results
in not just neuronal cell death, but changes in the nature of neurons that survive this stress.
Neurons affected by the depletion of beta-NAC as a sub-lethal level are not localizing to their
proper position and/or are not expressing neuron-specific proteins at the same level as their less

affected neighboring cells. In those cases where neurons are missing, these results may represent
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the death of these neurons earlier in development or the complete loss of neuron-specific
fluorescent protein expression. In many or even all of these outcomes, the driver of these
phenotypes may not be the accumulation of misfolded protein per se, but rather changes in gene
expression associated with the resulting stress response, changing the nature of the affected
neuron. Such a neuron may decrease or even stop expressing the genes necessary for proper
migration and /or function, even after the misfolded protein stress has been resolved in the cell.
Consistent with this model is the evidence that the alpha and beta subunits of the NAC can
behave as transcription factors when not bound to each other, and that these subunits separate

during misfolded protein stress.
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Figure 4. The role of the NAC in healthy and stressed cells.
Depending on the cellular context, the role of the NAC and its
individual subunits change. A) The role of the NAC in healthy
cells is as a translational chaperone responsible for proper folding
and localization of proteins as they are being translated. B) During
misfolded protein stress, there is evidence the subunits dissociate
to become transcription factors that upregulate cell-saving gene
expression. C) Strong depletion of beta-NAC results in high levels
of misfolded protein, increases in neuronal cell death and
embryonic lethality. D) Low levels of beta-NAC depletion results
in surviving embryos that appear to express poorly functioning
cells, putatively due to a disruption of alpha/beta-NAC
stoichiometry, allowing alpha-NAC to upregulate gene expression
that changes the nature of the affected cell (figure adapted from
Gamerdinger et al).
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Understanding the pathology of neurodegeneration requires assessing the spectrum of
effects misfolded protein stress has on susceptible cell types, particularly neurons in which NAC
levels have been altered. Alpha-NAC levels are known to be depleted in Alzheimer’s patients,
while beta-NAC levels are decreased in Parkinson’s disease. Because the NAC is a translational
chaperone, significant depletion of this complex in a neuron is putatively linked to a strong
increase in misfolded protein stress resulting in apoptosis. If one of the NAC subunit is depleted
at sub-lethal levels, e.g. in both Alzheimer’s and Parkinson’s diseases, the changes in gene
expression driven by the other subunit as a transcription factor may alter neuronal gene
expression patterns enough to change the nature of the cell, even after the misfolded protein
stress is resolved (Figure 4). This outcome would phenocopy neuronal apoptosis caused by the
accumulation of overwhelming misfolded protein aggregations. Understanding the putative role
the NAC subunits play in changing gene expression in neurons undergoing misfolded protein
stress is important for the development of therapeutics for neurodegeneration; if we focus solely
on the resolution of misfolded proteins in these diseases, we may not still save the neuron from
debilitation. Elucidating all the contributors to neurodegeneration will allow us to better diagnose

and treat these diseases.
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