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Abstract

Neurodegenerative diseases are characterized by the age-dependent failure of the
proteostasis network (PN)—a critical regulator of protein folding, trafficking, and
degradation—Ileading to an inability to maintain protein folding homeostasis (proteostasis) and
eventually resulting in accelerated loss of neurons. Huntington’s disease (HD) is a
neurodegenerative disorder caused by a mutation within the huntingtin gene, encoding an
expansion of a glutamine (polyQ) repeat. This polyQ expansion is prone to misfolding,
perturbing proteostasis. While significant advances have been achieved in understanding risk
factors for neurodegenerative diseases, the impact of air pollution on their progression represents
a novel and emerging area of concern. Despite the global prevalence of pollutant exposure, our
understanding of its effect on the progression of neurodegenerative diseases is limited. Previous
work has demonstrated that nanoparticulate matter (nPM) exacerbates proteostasis failure,
increasing polyQ protein toxicity in C. elegans. Yet, the variable composition of nPM, influenced
by factors such as collection time and geographic location, can result in inconsistent bioactivity
assessments for experimental reproduction. Therefore, we began focusing on the effect of a more
refined particle, specifically, investigating the effect of commercially available diesel particulate
matter ({PM) on proteostasis. To examine proteostasis integrity we employed a C. elegans model
expressing a polyQ sequence, fused to a yellow fluorescent protein (YFP), as a sensor of the
protein folding environment. Surprisingly, we found that dPM induces cellular toxicity in a
manner that is independent of polyQ misfolding. Identifying the effect dPM has on proteostasis
offers new insight into how nano pollutants may influence the progression of neurodegenerative

diseases.
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Introduction

Neurodegenerative diseases are characterized by the progressive loss of neurons triggered
by the accumulation of toxic misfolded proteins [1]. Huntington’s disease (HD) is an autosomal
dominant disorder that is caused by an expansion of polyglutamine (polyQ)-encoding CAG
repeats in the gene that encodes the huntingtin protein [2]. This PolyQ expansion results in
protein misfolding and aggregation, causing neurodegeneration. Likewise, Alzheimer's disease
(AD) is characterized by the deposition of amyloid beta (AP) plaques and neurofibrillary tangles
of hyperphosphorylated tau. Thus, both HD and AD are considered diseases of protein
conformations [3].

The term proteostasis refers to the maintenance of a healthy proteome. The Proteostasis
Network (PN) is composed of nearly 2,000 proteins [4]; some of which are molecular
chaperones that coordinate protein folding and other specialized proteins, such as proteases, that
are involved in protein degradation. One of the hallmarks of aging and progressive diseases is the
failure to maintain proteostasis, which occurs when protein misfolding exceeds the capacity of
the cell's molecular chaperones to properly fold proteins. This is known as the buffering capacity
and occurs both during normal aging and as a consequence of conformational diseases [5].

Air pollution is the second highest risk factor for noncommunicable diseases [6], causing
an estimated 8.34 million deaths per year worldwide [7]. Moreover, exposure to nano-sized
particulate matter (nPM), obtained from traffic-derived air pollution, increases A} aggregation in
a mouse model of AD expressing an AD-associated mutant form of the human APP gene and the
ApoE4 allele, which exacerbates the symptoms of AD [8]. Nano-sized particulate matter is a
heterogeneous mixture suspended in the atmosphere due to the burning of diesel, fossil, wood,

and gasoline [9], and samples collected at different times and locations may vary considerably in



their makeup and bioactivity. Diesel particulate matter (IPM) consists of more refined
compounds, such as elemental carbon, Polycyclic Aromatic Hydrocarbons (PAHs), and
nitro-PAHs at its core center. The core center of dPM is highly absorbing, attracting small
amounts of metals, sulfates, and nitrates at its surface, further being characterized as highly
respirable [10]. Commercially available dPM standards provide a consistent and reproducible
source of this pollutant to study its effect on protein misfolding and aggregation. Previous
research has demonstrated that dPM elevates the levels of pro-inflammatory cytokines, amyloid
beta 42 (AP42), and reactive oxygen species in the brains of mice, thereby enhancing toxicity.
[11]. To determine whether dPM disrupts the protein folding environment, we utilized the
aggregation-prone protein, PolyQ, fused to a yellow fluorescent protein (YFP), expressed in C.
elegans’ body wall muscle cells, as a sensor of the protein folding environment. At the threshold
of aggregation, polyQ35 only aggregates during aging [12] or other conditions under which the
load of misfolded proteins is elevated [13]. Because of C. elegans’ simple gene manipulation
techniques and its short life cycle and reproduction, utilizing this model served as an efficient
method of monitoring changes in the protein folding environment. Defects in the body wall
muscle cells were determined by thrashing assays. Protein aggregation was quantified by
visualizing fluorescent foci of YFP. Surprisingly we have found that while dPM is toxic, its

effects on muscle cells are independent of protein misfolding.



Methods and Materials

C. elegans Strains and Maintenance

Strains in Table 1 were obtained from the Caenorhabditis elegans Genetics Center (CGC)
at the University of Minnesota. Animals were cultured at 15°C on a nematode growth medium
(NGM) [14]. OP50 bacteria served as a food source. Animals were age-matched by performing
egg lays for 3 h. Egg lays were facilitated by placing 25-30 adult animals on an NGM plate and

incubating at 20°C for 3 h, after which the adults were removed.

Table 1. C. elegans Strains

Strain Name Genotype Reference

AM140 unc-54p::Q35::YFP::unc-54 3’-UTR Morely, Brignull et

unc-Q35::YFP (Q35::YFP) al. 2002

AM140 unc-54p::Q0::YFP::unc-54 3’-UTR (YFP) Morimoto Lab.

unc-Q0::YFP (n.d.). Retrieved
from

https://www.morimo

tolab.org/

N2 Wildtype (Bristol) Brenner et al. 1974




Acquiring diesel Particulate Matter

Diesel particulate matter (dPM) was purchased from the National Institute of Standards
and Technology (NIST). The product number is SRM 1650b. SRM 1650b was prepared from the
same bulk diesel particulate material that was issued in 1985 as SRM 1650 [15] and in 2000 as
SRM 1650a [16, 17]. Before exposure, each batch of diluted dPM was sterilized by UV-C

irradiation in a biosafety cabinet for at least 15 min.

Exposure Paradigm

C. elegans were grown to the L4 stage, followed by the exposure of 20-30 animals per
well in 96 well plates. Animals were exposed to 25 ng/ml, 75 ng/mL, and 150 ng/mL dPM. M9
medium alone was utilized as the negative control, comprising distilled H20 and essential salts.
All exposures contained 10 pg/mL cholesterol, and OP50 bacteria. Animals were incubated at
20°C in 96 well plates for 3 d with gentle rocking on a nutator to prevent animals from falling to

the bottom of the well.

Thrashing Assays

After the 72 h exposure period, animals were allowed to recover on an NGM plate for 1
h. To measure toxicity in body wall muscle cells, animals were submerged in 10-15 ul of M9 on
a glass slide. Following 30 s of recovery, the number of body bends per 30 s was quantified.
Assays were performed with a total of 30 animals (n = 30) per genotype per exposure. A total of

three biological replicates were performed.



Aggregation Counting

Aggregation was measured in live animals at day 3 of adulthood. After chronic exposure
to dPM for 72 h, starting at the L4 stage, animals recovered on an NGM plate for 1 h. After
recovery, plates were chilled on ice to limit movement during imaging. Imaging was performed
with a Leica M165FC stereomicroscope (Welzlar, Germany) fitted with an ORCA-Flash 4.0 V3
camera (Hamamatsu Photonics, Japan). The total aggregate number was determined by counting
fluorescent foci in each of the 20 animals (n = 20) per genotype per exposure. A total of three

biological replicates were performed.

Native Gel Electrophoresis

Extraction of native protein from 50-60 animals was performed by mechanical grinding
in liquid nitrogen, followed by the addition of 25 pL of ice-cold native lysis buffer. The lysis
buffer consisted of 50 mM Tris-HCI pH 7.4, 5 mM MgCl2, 0.5% Triton X-100, and 0.2 mM
PMSEF. Native samples were loaded into a 6% native polyacrylamide gel electrophoresis (PAGE).
YFP-tagged proteins were visualized in the gel using a UV light on a BioRad gel-doc imaging
system (Hercules, CA). The intensity of bands containing YFP-tagged polyQ protein were

quantified with ImageJ software.



Results

Exposure to dPM suppresses Q35::YFP aggregation

We know that nPM exacerbates the progression of Q35::YFP aggregates in the body wall
muscle cells of C. elegans [18]. Given that the nPM was collected from an interstate in
California at a specific time, its composition will naturally vary from other samples depending
on their collection time and location. Inconsistencies between batches in terms of bioactivity
make experimental reproduction difficult. To minimize this variability, we examined the effect of
commercially available dPM on proteostasis. We found that increased concentrations of dPM
significantly suppress aggregate number compared to M9 (0 ng/mL dPM). Whereas, unexposed
animals had an average of 6.66 aggregates per animal. Exposing the animals to 150 ng/mL dPM
led to a highly significant decrease in the median number of aggregates when compared to both
M9 and 25 ng/mL dPM—showing an average of 2.12 aggregates per animal. Similarly, exposure
to 75 ng/mL dPM resulted in a highly significant decrease in aggregate quantity when compared
to M9 and 25 ng/mL dPM, with an average of 3.34 aggregates per animal. Exposure to 25 ng/mL
dPM revealed an aggregate count proximate to that of M9 (no significant difference). These
findings suggest that increased concentrations of dPM suppresses polyQ aggregation, revealing a

positive effect on proteostasis (Fig. 1A and B).
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Figure 1 | Exposure to dPM suppresses Q35::YFP aggregation

C. elegans expressing Q35::YFP in body wall muscle cells were exposed for 3 d to 0 ng/mL, 25 ng/
mL, 75 ng/mL, or 150 ng/mL diesel particulate matter (dIPM), starting at the L4 stage. (A) Fluorescent
micrographs of living Q35::YFP animals on NGM plates 3 d after the onset of exposure to dPM or
control, 0 ng/mL. Arrows point to focal points of visible aggregates. (B) Box plot showing the
distribution of Q35::YFP protein aggregates in animals. Sample size (N) = 60 across all conditions.
No significant difference is represented by a lack of poc host comparisons, ‘**’ signifies a more
significant difference (P-values < 0.01), and “**** denotes a highly significant difference (P-values <
0.0001) when comparing the average number of aggregates across different dPM concentrations
between each exposure. P-values were obtained using a one-way ANOVA test followed by Tukey’s
post hoc comparison. The box delineates the 25th-75th percentile (interquartile range (IQR)), with the
median represented by the horizontal line. Whiskers extend to the most extreme data points within 1.5

times the IQR. Outliers are individual animals, denoted by triangle symbols (A).
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Exposure to dPM is not associated with changes in the amount of oligomers

To further understand how dPM affects polyQ aggregation, we utilized native gel
electrophoresis to distinguish between monomers, oligomers, and large aggregates. The toxic
oligomer hypothesis suggests that large-visible aggregates are known to be cytoprotective due to
their insoluble phase, while on the contrary, smaller, soluble oligomers are known to be the toxic
species [19]. To determine if dPM influences a distinguishable proportion of polyQ35
intermediates, we performed native gel electrophoresis. This technique allowed us to
differentiate between the ratio of larger to smaller species of polyQ35 that either resolved to the
top of the gel or the bottom of the gel, respectively. Our results show that exposure to dPM had
no significant effect on the ratio of high molecular weight species to monomers, indicating that
exposure to dPM suppresses the formation of large-visible aggregates while not affecting the
presence of polyQ intermediates (Fig. 2A and B). Since toxic, smaller intermediates were
indistinguishable between all conditions, we asked whether toxicity were also similar across

conditions.

11
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Figure 2 | Exposure to dPM is not associated with changes in the amount of oligomers

C. elegans expressing Q35::YFP in body wall muscle cells were exposed for 3 d to 0 ng/mL, 25
ng/mL, 75 ng/mL, or 150 ng/mL diesel particulate matter (dPM), starting at the L4 stage. (A)
Native gel depicting in-gel Q35::YFP fluorescence with high molecular weight and low
molecular weight species. The ratio of the intensity of the two indicated bands was calculated
with Image J (B) Bar graph shows the quantification of high molecular weight species relative to
monomers as the ratio of the intensity of the two indicated bands in each lane. Bars represent
mean values of 4 biological replicates. Individual data points are represented as a circle (@)
Error bars represent the standard error of the mean. Welch's t-tests were performed to indicate
significant differences. All possible pairwise t-tests were performed and no statistically significant

differences were observed.
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Exposure to dPM increases toxicity in a manner that is independent of polyQ misfolding

Decreased aggregation is typically associated with decreased proteotoxicity [12, 20, 21].
Thus, we asked whether exposure to dPM had a positive effect on muscle function. To that end,
we chronically exposed animals expressing Q35::YFP or YFP protein to either 0 ng/mL or
increasing concentrations of dPM for 3 d. As the aggregate-prone protein, polyQ, is expressed in
the muscle cells of C. elegans, increased aggregation is correlated with decreased motility. Thus,
we examined the thrashing rate of animals—number of body bends in liquid per thirty seconds—to
changes in muscle function. Surprisingly, after exposure to dPM, motility in animals expressing
Q35::YFP was impaired, despite the observed suppression of aggregates. Specifically, an
exposure of 150 ng/mL dPM to animals expressing Q35::YFP revealed a significantly decreased
thrashing rate compared to animals exposed to 0 and 25 ng/mL dPM. To determine whether the
observed toxicity was independent of polyQ misfolding, we employed C. elegans expressing the
non-aggregated protein, YFP. Similarly to animals expressing Q35::YFP, animals expressing
YFP showed a significantly decreased thrashing rate to unexposed controls when exposed to 25,
75, and 150 ng/mL dPM. Both YFP and Q35::YFP slope showed no significant difference. (Fig
3A). To further support these finding animals expressing YFP were imaged for aggregates and
showed no visible aggregate in body wall muscle cells (Fig. 3B). Taken together, exposure to
dPM results in increased body wall muscle cell toxicity via mechanisms independent of polyQ

misfolding.

13



Kkkk
[ dokaok
sk kkk
80 - YFP
2 -=- Q35:YFP
& 0w 0%
£ 5
[7]
s % 20 |
= |
* l
0 *
0 50 100 150
ng/mL dPM

Figure 3 | Exposure to dPM increases toxicity in manner independent of polyQ misfolding

C. elegans expressing Q35::YFP or YFP in body wall muscle cells were exposed for 3 d to 0
ng/mL, 25 ng/mL, 75 ng/mL, or 150 ng/mL diesel particulate matter (dPM), starting at the L4
stage. (A) Line Graph representing the mean thrashing rate of animals expressing Q35::YFP or
YFP protein in body wall muscle cells following dPM exposure. Sample size (N) = 30 across all
conditions. P-values to measure the difference between YFP and Q35::YFP slopes were obtained
using a linear regression test and a one-way ANOVA test followed by Tukey’s post hoc
comparison to measure the difference between each condition. No significant difference is
represented by a lack of poc host comparisons, “*’ represents a significant difference (P-values <
0.05), and “****’ denotes a highly significant difference (P-values < 0.0001) between each
exposure for each genotype. Error bars represent the standard error of the mean (SEM). (B)
Fluorescent micrographs of living YFP animals on NGM plates 3 d after the onset of exposure to

dPM or control, M9.
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Discussion

Here, we described how exposure to an air pollutant, dPM, affects proteostasis. We
showed that exposure to dPM suppressed the total number of large-visible aggregates in animals.
This study indicates that exposure to dPM has a positive effect on proteostasis. In contrast, in our
recent study of nPM’s influence on proteostasis, polyQ aggregation increased, revealing that
nPM exacerbates proteostasis failure [18]. This difference may be due to the differences in
nPM’s chemical composition. Subsequently, to understand if dPM had an influence on the
proportion of higher to smaller weight polyQ35 oligomers, we utilized native gel electrophoresis
and found that the ratio of high molecular weight to monomer species were unchanged in
response to dPM, suggesting that exposure to dPM is not associated with the increased or
decreased amount of polyQ35 oligomers.

In the native gel electrophoresis analysis, two samples at concentrations of 25 ng/mL and
150 ng/mL dPM exhibited unusual high levels of larger, high molecular weight (HW) aggregates
relative to monomers, significantly deviating from the group mean (Fig. 2B). These outliers may
be a result of an actual biological effect where a particular sample had a significantly higher ratio
of HW to oligomer species, or simply a result of errors during the electrophoresis methodology.
Furthermore, the integrity of protein aggregates and their interactions are crucial in assessing
their size and composition via native gel electrophoresis. For instance, it is conceivable that the
process of lysing the C. elegans might inadvertently promote further aggregation of polyQ
species, thus altering the native aggregation state present within the cells. However, to mitigate
these effects, the use of liquid nitrogen and ice throughout the sample preparation process acted
to retard the kinetics of protein interactions, thereby, persevering the in vivo state of the polyQ

aggregates.
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Additionally, the lysis buffer included a mild detergent designed to solubilize proteins, thereby
maintaining the native structure of proteins during analysis.

In addition, exposure to dPM exerts a generalized toxic effect on animals expressing YFP
in body wall muscle cells—as indicated by decreased muscle function via thrashing assays—
showing that its effects are independent of protein misfolding. The toxic effects of exposure to
dPM were observed to increase mortality in animals at higher concentrations. However, for the
purpose of this study, only the experimental results where the population remained consistent
throughout the exposure period were considered. This method may be selected for individuals
less susceptible to dPM-induced aggregation, as those with rapid aggregation onset was not
accounted for in experimental data due to early death.

Given that misfolded proteins cause proteotoxic stress, our findings reveal that dPM-
induced cellular toxicity is independent of polyQ misfolding. The generalized toxicity arising
from exposure to dPM could be the result of a damage not related to protein folding within the
cell. It has been shown that dPM induces increased inflammation, neuro-inflammation, DNA
damage, up-regulation of neurodegenerative disease markers, and oxidative stress in various
tissues of the rat brain, further leading to neurodegeneration [11, 22]. In fact, the presence of
these cellular stresses could induce the upregulation of molecular chaperones, which may further
increase the buffering capacity to maintain proteostasis. A crucial next step in understanding the
suppression of polyQ aggregation is to utilize qRT-PCR to investigate transcription factors
responsible for inducing more chaperone transcripts. To further investigate increased
inflammation, we can test for an increase in markers such as cytokines and/or NLR family pyrin

domain containing 3 (NLRP3), a vital protein for the induction of cellular inflammation [23].

16



Our study elucidates dPM’s positive effect on proteostasis by revealing its suppression in
polyQ aggregates. In addition, dPM’s toxicity to the cell is induced via mechanisms independent
of protein misfolding. Understanding the dynamic effect dPM induces on proteostasis may

alleviate major health risks associated with the progression of neurodegenerative diseases.
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