ABSTRACT
HUAYTA RAMIREZ, JAVIER. Quantitative Analysis of the Effects of Environmental
Factors on Lifespan and Stress Resistance of C. elegans. (Under the direction of Dr.
Adriana San Miguel Delgadillo).

In developing countries, the number of elderly adults will continue to increase in
the near future, causing a higher impact on society. Amongst the causes for these
population tendencies is the improvement on health services experienced during the
previous decades. Consequently, this has caused a rise in lifespan, defined as the
maximum amount of time an organism in a species can live . Furthermore, elderly adults
have a higher risk of exhibiting diseases such as Alzheimer’s disease, Parkinson’s
disease, and several forms of dementia ; this underscores the relevance of performing
studies on the effect of environmental stressors and their influence in the aging process.
For that purpose, we have a powerful model organism for in C. elegans, a microscopic
nematode that has been important in elucidating genetic and environmental factors
affecting lifespan. This work would be the first of its kind to use an integrated approach
using CRISPR/Cas9, deep learning, and machine learning tools to characterize lifespan
and healthspan, while associating this metric to the spatiotemporal activity of longevity
genes. Our systems biology approach will enable the advancement of our to
understanding of the fundamental mechanisms by which genetic pathways regulate the
lifespan and stress resistance.

In Chapter 2 we modify and improve an existing CRISPR/Cas9 approach to allow
us the generation of transgenic lines. These strains will enable tracking of endogenous
levels of expression of transcription factors that regulate the stress response in C.

elegans. We will also demonstrate that DAF-16 and PHA-4 have different responses to



the same stimuli, giving insights on how a change in food source induces stress in these
animals.

In Chapter 3, we use our DAF-16 strain to explore further the response of C.
elegans to dietary restriction and its role in dietary restriction. For this purpose, we
describe the use of a custom/made MATLAB algorithm and deep learning tools to track
endogenous DAF-16. To achieve this we expose the animals to various dietary restriction
regimes and quantify the DAF-16 response and lifespan extension conveyed by its
activity. We show that by combining these metrics, we are able to account for up to 78%
of lifespan variation by using only DAF-16 activity as input. Furthermore, we describe that
the main contributors to lifespan extension are neuron and intestinal cells. Finally, we
describe a new interaction of DAF-16 in the cell nucleoli, where we observed DAF-16
migration, indicating a possible mechanism for lifespan extension in nucleolus previously
undescribed.

In Chapter 4 we describe the development of our custom-made MATLAB
algorithm and other deep learning, and machine learning tools that we sued to extract the
data in Chapter 3. This includes a new algorithm that is able to track the subtle
translocation patterns of endogenous single-copy DAF-16, a Fine Tree Classifier that
enables assessment of tissue contribution to DAF-16 activity, and a Mask R-CNN that
can see potential use to track morphological changes of C. elegans pharynx.

In Chapter 5 we develop a platform for the evaluation of combinatorial exposure
to xenobiotics and environmental factors, by using a simplex centroid design. This
experimental approach enables us to evaluate the oxidative response in C. elegans under

conditions of food limitations and heat-shock. We determined that dietary restriction



enhances the effect of ternary mixtures of naphthoquinones while heat-shock abrogates
the oxidative response to these chemicals. This puts in perspective the importance of
performing these combinatorial analyses using our approach.

In Chapter 6, we explore methods and techniques for the assessment of
healthspan and lifespan in short-lived C. elegans mutants. We describe that these metrics
are robust to indicate that the strains evaluated not only have a diminished longevity but

also have an early onset of aging phenotypes in the pharynx and their locomotion.
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Figure 6.4 Movement in liquid of C. elegans diminishes with increased protein
aggregation. Movement in liquid, measured as the thrashing frequency
shows an early decline by day 3 of adulthood in mutant animals. p < 0.01
(**), p < 0.001 (***), error bars are SEM............ccuiieiiiieeiiiiiiiccis e 120

Figure 6.5 Mutant strains have a reduction in longevity. Lifespan for the mutant
strains is diminished with strain M3 showing the shortest lifespan of the
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Chapter 1. Motivation and Introduction

1.1 Motivation for aging studies

In modern society, the number of elderly adults will continue to increase in the near
future, causing higher economic and social impacts on countries. Amongst the causes for
these population tendencies is the improvement on health services experienced during
the previous decades. Consequently, this has caused a rise in lifespan, defined as the
maximum amount of time an organism in a species can live'. Furthermore, elderly adults
have a higher risk of exhibiting diseases such as Alzheimer’s disease, Parkinson’s
disease, and several forms of dementia?; this highlights the relevance of performing aging
studies. For that purpose, we have a powerful model organism for aging research in C.
elegans, a microscopic nematode that has been important in elucidating genetic and
environmental factors affecting lifespan3. Our work would be the first of its kind to use
integrate metrics such as exposure time and concentration and to characterize lifespan,
while associating this metric to the spatiotemporal endogenous activity of a transcription
factor. Moreover, our systems biology approach will enable the prediction of lifespan by
using metrics such as gene activity and food availability. Finally, our findings and results
will help to understand the fundamental mechanisms by which these players regulate the
aging process.
1.2 C. elegans as a model organism for aging

C. elegans is a microscopic free-living nematode; it has a rapid life cycle, going
from egg to adult in 3 days at 25°C. It has a relatively short lifespan of 3 weeks, which
makes lifelong experiments possible in a timely manner. Its newly hatched larvae are

250um long and an average adult is 1mm long®. Because C. elegans has a transparent



body, individual cells and tissues are easily observed using differential interference
contrast (DIC) microscopy*. Moreover, fluorescent proteins can be used to tag proteins
or subcellular compartments to screen and track protein activity in vivo®. C. elegans is
primarily a self-fertilizing hermaphrodite, with males appearing at a rate lower than 0.2%,
this enables maintenance of isogenic populations®. Additionally, C. elegans has an
invariant number of 959 somatic cells, which has enabled researchers to map a complete
cell lineage and wiring diagram of its nervous system®. Finally, at least 38% of the C.
elegans protein-coding genes have predicted orthologs in the human genome, 60%-80%
of human genes have orthologs in the C. elegans genome, and 40% of genes known to
be associated with human diseases have clear orthologs in the C. elegans genome’&.
Using this nematode, a number of genetic factors have been shown to play an important
role in regulating the aging process. These genetic factors are related to a number of
environmental stressors, and their interplay regulates longevity in C. elegans®°. Some of
the pathways involved include insulin/insulin-like growth factor-1 signaling (11S), TOR
signaling, sirtuins, AMP-activated protein kinases, mitochondrial activity, hypoxia
inducible factor-1 (HIF-1), and a number of epigenetic mechanisms®. These
characteristics make C. elegans a powerful model organism to study the interplay
between aging-regulating genes, environmental factors, and lifespan.

C. elegans has played an important role in elucidating the function of genetics in
determining an organism’s lifespan and healthspan. Seminal work by Cynthia Kenyon
demonstrated that one mutation in the daf-2 gene was enough to double the lifespan of
these mutant nematodes?®. This was achieved because daf-2 is the upstream regulator

of the Insulin/IGF-1 signaling pathway, whose downstream regulator is daf-16, a



transcription factor that governs the Insulin/IGF-1 signaling pathway. When active, DAF-
16 translocates to cell nuclei where it enables activation of other aging-regulating and
cell-protection genes. Furthermore, studies using C. elegans have shown the beneficial
effects of hormetic stress in lifespan extension and increased resilience to stressors!!-14,
For example, exposure to various types of dietary restriction (DR), oxidative stress, and
heat-shock in low doses provides these nematodes with longer lifespan®®. Finally, similar
studies performed in other organisms indicate that these effects of stress are also present
in other organisms such as D. melanogaster, mice and primates'?1617  displaying the
relevance of performing longitudinal studies with C. elegans.

These characteristics and developments of C. elegans highlight its importance as
a model organism to quantify the effects of environmental stressors in its longevity and
stress response, while performing these longitudinal studies in a timely manner.
1.3 Challenges in the assessment of gene activity in C. elegans

Various approaches have been successfully used to assess gene expression in C.
elegans cells, tissues, and at different developmental stages, such as DNA microarrays,
real-time PCR, RNAseq, and serial analysis of gene expression (SAGE)?81,
Nevertheless, these methods are not suitable for in vivo analysis of gene expression,
since these techniques are destructive in nature, as they require extraction of DNA and
RNAZ2%-22_ Furthermore, these techniques do not provide the spatial information required
to assess nuclear translocation of cytoplasmic DAF-16 to cell nuclei, or to evaluate the
different migrating patterns of DAF-16 in various tissues.

An alternative to the previously mentioned methods is to employ a C. elegans

strain with a fluorescent tag attached to the gene of interest. Previous studies have used



said strains with fluorescently tagged DAF-16%3. However, this introduces further
problems as these strains are traditionally generated by injecting a plasmid mix in the
gonad of adult worms, inducing the formation of extrachromosomal arrays in its progeny,
carrying the fluorescent tag®?4. The strains produced in this manner can carry transgenic
arrays that typically have hundreds of copies of the gene?®, possibly introducing
overexpression effects, mosaicism, or being silenced in the C. elegans germline?>26,
Additionally, these strains could be labeling only specific isoforms or tracking the gene of
interest only in specific tissues?’.

A more recent method consists of taking advantage of the mobilization of the Mos1
transposon to insert a single copy of a transgene, named Mosl-mediated Single Copy
Insertion (MosSCI). This techniqgue avoids some of the problems of working with
extrachromosomal arrays, but it is limited to the number and location of the Mosl
transposon in the C. elegans genome, and it removes the endogenous cis- or trans-
regulatory elements associated with its genomic location?®2%, This last hurdle is overcome
by using a CRISPR/Cas9 approach, which enables targeting of almost any genomic
location30-33,

1.4 Tracking of gene activity enabled by CRISPR and machine learning

In developing countries, the nu Recent studies have developed methods for using
CRISPR/Cas9 genome editing in C. elegans3%3234_|n all cases, these require the injection
of adult worms in their gonads with a mix containing Cas9, a single-guide RNA (sgRNA),
and repair templates, usually contained in plasmids. Once delivered to the gonad, Cas9
generates breaks in the target location indicated with the sgRNA. The repair templates

contain a cassette with the fluorophore sequence, selection markers, and is flanked by



homology arms corresponding to the section of C. elegans genome that is being
targeted®3. This exploits the homology direct repair (HDR) mechanism used by cells to
repair double-strand DNA lesions®. Homologous recombination paired with
CRISPR/Cas9 thus enables introduction of a fluorescent tag at the endogenous loci of
the target gene.

Using this approach overcomes all the problems commonly found in the
assessment of gene activity with fluorescent-tagged strains developed with traditional
methods. A CRISPR/Cas9 approach enables tracking of endogenous levels of expression
by keeping single copies of the fluorophore in the endogenous loci®*. Additionally, the
flexibility in choosing the editing location provided by this approach, permits the tagging
of all the isoforms of our target genes. This is achieved by making the edit at the C-

terminus of the gene, before the stop codon, shared by all isoforms.
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Chapter 2: Generation of C. elegans strains for tracking of

endogenous spatiotemporal activity

2.1 Abstract

Traditional techniques for generation of C. elegans transgenic lines have multiple
limitations such as the introduction of multiple copies of the transgenic gene,
overexpression, mosaicism, and lacking of endogenous expression. We used a modified
CRISPR/Cas9 approach to circumvent these problems by tagging transcription factors at
their endogenous loci. In this manner, we generate endogenously tagged strains for the
transcription factors DAF-16 and PHA-4. We used these strains for evaluating the
interplay of these transcription factors under conditions of stress. Moreover, we show that
our modified pipeline can be used to generate endogenously tagged strains for other
transcription factors such as SKN-1.
2.2 Introduction

Transformation has long been used to generate arrays and to cause random
integration of transgenes into the genome. This requires the injection of DNA in the germ
line of adult animals. Afterwards, the injected DNA is transmitted to a portion of the
progeny!. Nevertheless, this method results in multi-copy transgenes, and the inability to
determine endogenous levels of gene expression?. New CRISPR/Cas9 systems have
been developed, aimed specifically for the generation of C. elegans transgenic lines with
fluorescent tags and selectable markers, while still using microinjection for primary
delivery®-2. These systems enable targeting endogenous loci to introduce single-copy,
custom-made gene-fluorophore constructs with selection markers that provide an easy to

identify phenotype for knock-in isolation. We to focus on tagging DAF-16, PHA-4, and
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SKN-1, as these transcription factors regulate the activity of many downstream longevity
genes. Moreover, all of these transcription factors have been found to show
spatiotemporal activity under dietary restriction, opening the possibility of finding novel
interactions between these proteins®19. To introduce the tag into the endogenous loci of
its respective gene we used a CRISPR/Cas9 system based on homologous
recombination of a template containing the fluorophore and a self-excising selection
cassette®. We chose the Cas9 target site by identifying a single guide RNA (sgRNA) near
the stop codon of the target gene. Targeting this region permits tagging of all possible
isoforms of the gene. Criteria such as specificity, activity, and distance to the stop codon
are considered in selecting the sgRNA. Its sequence is introduced into a Cas9-encoding
construct (pDD162, Addgene #47549) using site-directed mutagenesis. Subsequently,
500bp homology arms at each side of the stop codon are generated by PCR amplification
of genomic DNA from N2 (wildtype) animals. These fragments are isolated, purified, and
introduced in a construct containing a selection cassette (pDD282, Addgene #66823)
using Gibson assembly. An injection mix containing both plasmids is injected in the
gonads of N2 young-adult animals. These animals are transferred to NGM plates and left
to produce progeny. Hygromycin is added to the plates to kill untransformed F1 progeny.
After 7 days, animals showing the Rol phenotype are transferred to new NGM plate.
Putative knock-in animals are transferred to new plates for homozygous selection. Larvae
from homozygous plates are heat-shocked to induce excision of the selection cassette.
Wild-type adult animals lacking the Rol phenotype are picked and maintained as the strain
containing the fluorescent-tagged gene. Finally, sequencing is performed to confirm

correct introduction of the fluorescent tag. Using this approach, we have been able to
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generate one strain encoding DAF-16 tagged with GFP, another encoding PHA-4 tagged
with mKate2, and we have the groundwork to generate another strain with SKN-1 tagged
with tagBFP.

2.3 Results

2.3.1 Generation of DAF-16 and PHA-4 strains

We started generating a DAF-16 strain following the method described by
Dickinson et al® (further described in the methods section of this chapter). This method
consists in the generation of a plasmid containing a single-guide RNA and the Cas9
sequence, and another plasmid containing homology arms flanking a selection cassette.
This selection cassette is crucial for the success of this method as it contains a fluorescent
protein tag, and a self-excising drug selection gene.

We were unsuccessful in using this method directly after generating all the
plasmids necessary for injection. The original protocol called for the inclusion of three
plasmids with selection markers with the objective of using these to identify for animals
with extrachromosomal arrays®. These animals would be then selected as not desired.
We reasoned that by including these three plasmids (for a total of five plasmids) we were
increasing the likelihood of generating extrachromosomal arrays which was an income
that we wanted to minimize. Therefore, we decided to exclude these plasmids from the
injection mix. Another modification that we included was to increase the concentration of
the plasmid containing the cassette and homology arms. We found the right concentration
by trial and error; we tested multiple combinations of concentrations for both plasmids
until we were able to produce a homozygous knock-in after multiple rounds of

microinjection and transformation.
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When we proceeded to generate our PHA-4 strain, we used our modified protocol
directly. We were able to generate this strain on our first round of injection. This would
indicate that the modifications introduced to the original protocol were important to
increase the efficiency of this CRISPR/Cas9 approach. Interestingly, updates to the
original protocol by Dickinson et al have introduced some of these modifications such as
the plasmid concentration!, and other recent protocols recommend their own variations
on plasmid concentration’.

2.3.2 Changed of food environment increases DAF-16 activity but not PHA-4

With the strains generated with our CRISPR/Cas9 approach, we decided to create
a crossed strain having both transgenic genes and test if these strains can be used to
guantify gene expression. Thus, we obtained a strain that allows for the imaging of both
DAF-16 and PHA-4 concurrently in different color channels (DAF-16 in green for GFP,
PHA-4 in red for mKate2). We tested if this strain could be used to quantify activity of
these transcriptions factors under stressful conditions. An interesting type of stressor is
the type of food provided to the animals. Typically, C. elegans is grown in plates
containing bacterial lawns of E. coli O50. However, animals can also be grown in liquid
culture and with other food sources such as E. coli HB101. Our reasoning here is that it
has been shown that HB101 is considered more nutrient rich than OP50??, the bacterial
diet influences fat storage in C. elegans®3, and animals have been shown to prefer some
bacterial sources over others'4. This would indicate that we should be able to observe an
effect from having animals from the same original population under different diet sources

(Figure 2.1).
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Figure 2.1 Effect of liquid culture and different food source in C. elegans. Animals grown on plates
with OP50 were switched to liquid culture and provided with ad libitum OP50 or HB101. DAF-16 show

increased intensity under both food sources. PHA-4 did not show any significant change in intensity.

We observed that DAF-16 and PHA-4 have different baseline at the start of the
experiment. This is most likely because for our experimental conditions mKate2 has a
lower intensity than GFP. Interestingly, only DAF-16 shows increased intensity but not
PHA-4. This would indicate that the stress caused to animals from switching from a plate
to a liquid culture is under the influence of DAF-16. Most likely, this changes induces an
amount of food limitation and dietary restriction, which are stressors that induce DAF-16
activity'>. However, if we focus on DAF-16, we observe that the animals with HB101
showed the larger change in activity of all cases. As mentioned previously, HB101
provides higher nutrition to the animals so we would have expected it to be induce less
stress in the nematodes. Nevertheless, it has been shown that a diet if HB101 leads a

reduced fat storage and increased lifespan'®1¢ so it could be possible that HB101 is
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producing an initial amount of stress (in our short experimental time) while the animals
get accustomed to their new environment.
2.4 Discussion

In this chapter, we discussed the methods used for generating fluorescently tagged
strains to track their endogenous activity. We demonstrated that the available protocols
required modification for their successful use in the laboratory. Furthermore, we provide
a list of these madifications that will be helpful for researchers using these methods. It is
of note that we have the opportunity of discussing these concerns with other researchers
and they shared encountering similar problems when using these CRSIPR/Cas9 methods
(unpublished data).

We also tested our newly generated strains to highlight how using our approach
will help quantify how these transcription factors governed the response to stress in C.
elegans. Furthermore, we showed that switching animals from one type of media to a
different one produces stress. This is important to account for in C. elegans studies that
require using liquid culture for experiments. The use and valuable information obtained
with these strains is expanded in Chapter 4.
2.4 Materials and methods

2.4.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates
seeded with OP50 E. coli bacteria and kept at 20 °C until they started to lay eggs. Animals
were then bleached using standard protocols to obtain age-synchronized populationst’
for microinjection. Strains used in this work were N2 (C. elegans wild isolate), ASM10 daf-

16(del2[daf-16::GFP-C1"3xFlag]) I, ASM12 pha-4(del4[pha-4::mKate2"3xFlag]) V, and
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ASM13 (daf-16(del2[daf-16::GFP-C1"3xFlag]) |, pha-4(del4[pha-4::mKate2"3xFlag]) V.
OP50 E. coli was grown in LB media following standard procedures!®. Bacteria were
washed thrice with SB media, pelletized, and suspended in S-Medium at a concentration

of 100 mg/mL, corresponding to a concentration of 2 x 10%° cells/ml.

2.4.2 Generation of DAF-16 transgenic line

We used a CRISPR/Cas9 approach developed by Dickinson et al. to insert a GFP-
encoding sequence at the 3’ end of daf-16°. We chose the Cas9 target site by identifying
all possible single guide RNAs (sgRNA) in a 200bp region centered in the stop codon of
the target gene. This region was selected to permit introduction of the fluorescent tag at
the C-terminus, tagging in this manner all possible isoforms of the gene. Criteria such as
specificity, activity, and distance to the stop codon were considered in selecting the
sgRNA using the GuideScan design tool'®. This 20bp sequence was introduced into a
Cas9-encoding construct (pDD162, Addgene #47549) using a NEB Q5 Site-Directed
Mutagenesis Kit to generate plasmid pJHR1. 500-700bp long homology arms at each
side of the daf-16 stop codon were then generated by PCR amplification of genomic DNA
from N2 animals. These fragments were isolated, purified, and introduced in a construct
containing a selection cassette (pDD282, Addgene #66823) using NEBuilder HiFi DNA
Assembly Mix to generate plasmid pJHR2.

A mix containing 15ng/uL pJHR1, 50ng/uL pJHR2, and 2.5ng/pL pCFJ90
(mCherry co-injection marker) was injected in the gonads of 100 N2 young-adult animals
following standard microinjection procedures!. These animals were transferred to NGM
plates and left to produce progeny at 25 °C. Hygromycin was added to the plates to Kkill

untransformed F1 progeny. After 7 days, animals showing the Rol phenotype and lacking
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red fluorescent extrachromosomal array markers were transferred to new NGM plates
without hygromycin. Individual putative knock-in animals were transferred to new plates
for homozygous selection. Finally, L1 larvae from homozygous plates (those that
contained only animals with the Rol phenotype) were heat-shocked at 34 °C for 4 hours
to induce Cre expression, and excision of the selection cassette. Wild-type adult animals
lacking the Rol phenotype were picked and maintained as the strain containing the
fluorescent-tagged gene. PCR and Sanger sequencing were performed to confirm correct
introduction of the tag.
2.4.3 Generation of PHA-4 transgenic line

We followed the same method as for DAF-16 but with the following caveats: the
sgRNA sequence was introduced in plasmid pDD162 using a NEB g5 Sire-Directed
Mutagenesis kit to generate plasmid pJHR4. 500-700bp long homology arms at each side
of the pha-4 stop codon were then generated by PCR amplification of genomic DNA from
N2 animals. These fragments were isolated, purified, and introduced in a construct
containing a selection cassette (pDD285, Addgene #66826) using NEBuilder HiFi DNA
Assembly Mix to generate plasmid pJHR6. The injection mix contained 15ng/uL pJHR4,
and 50ng/uL pJHRG.
2.4.4 Generation of C. elegans males and crosses

Around 20 hermaphrodites at the L4 stage were heat-shocked at 34C for 4 hours.
These animals were left to recover at 20C for 3 days. The progeny was subsequently
scored for the presence of males following established procedures?°. For the generation

of crosses, five males of the first strain were put in the same plate with one hermaphrodite
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of the second strain. The progeny was separated in new plates for two generations and

scored for heterozygous animals by fluorescent microscopy.
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Chapter 3: Endogenous DAF-16 Spatiotemporal Activity Quantitatively

Predicts Lifespan Extension Induced by Dietary Restriction

3.1 Abstract

In many organisms, dietary restriction (DR) leads to lifespan extension through the
activation of cell protection and pro-longevity gene expression programs. In the nematode
C. elegans, the DAF-16 transcription factor is a key aging regulator that governs the
Insulin/IGF-1 signaling pathway and undergoes translocation from the cytoplasm to the
nucleus of cells when animals are exposed to food limitation. However, how large is the
influence of dietary restriction on DAF-16 activity, and its subsequent impact on lifespan
has not been quantitatively determined. In this chapter, we assess the endogenous
activity of DAF-16 under various DR regimes by coupling CRISPR/Cas9-enabled
fluorescent tagging of DAF-16 with quantitative image analysis and machine learning (as
explained in Chapter 2). Our results indicate that DR regimes induce strong endogenous
DAF-16 activity, although DAF-16 is less responsive in aged individuals. DAF-16 activity
is in turn a robust predictor of mean lifespan in C. elegans, accounting for 78% of its
variability under DR. Analysis of tissue-specific expression aided by a machine learning
tissue classifier reveals that, under DR, the DAF-16 influence on lifespan extension
mainly originates from the intestine and neurons. DR also drives DAF-16 activity in
unexpected locations such as the germline and intestinal nucleoli.
3.2 Introduction

C. elegans exposed to plentiful food and a stress-free environment can sustain
growth and reproduction. Under harsh environmental conditions such as food limitation,

oxidative and heat stress, and others, several genetic pathways activate to promote cell
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protection and survival in C. elegans. These pathways are governed by transcription
factors such as DAF-16, PHA-4, and SKN-11. Previous work has shown that these genetic
pathways can be manipulated to modulate gene expression and extend lifespan®.
Dietary restriction (DR) is the best-known environmental factor that can extend lifespan
in many species®®. In C. elegans, DAF-16 is a key pro-longevity transcription factor
regulates the Insulin/IGF-1 signaling pathway. Under various forms of stress, DAF-16
migrates from the cytoplasm to the nucleus where it can regulate gene expression
programs that lead to lifespan extension®1°, DAF-16 has been shown to be activated by
DR, but only under certain regimes'~13, Likewise, systems approaches that have been
used to identify and manipulate the regulatory networks of the DR response, confirm the
involvement DAF-16%4. However, how large is the influence of DR on DAF-16 activation
and its subsequent effect on lifespan extension has not been quantitatively determined.
In addition, whether the spatiotemporal activity of key aging transcription factors is
sufficient to predict the lifespan extension conveyed by their stress-induced activities is
still unclear. Elucidating the contributions of these components to C. elegans survival,
would permit interventions that target lifespan augmentation, and shed light on the relative
importance of different pathways towards longevity. With these considerations, we
analyze lifespan in C. elegans as the outcome of cumulative molecular activity of DAF-16
prompted by exposure to DR.

Various approaches have been successfully used to probe gene expression in C.
elegans cells, tissues, and at different developmental stages, such as DNA microarrays,
real-time PCR, RNAseq, and serial analysis of gene expression (SAGE)>1°. Since these

methods are destructive in nature, as they require extraction of DNA and RNA, they are
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not suitable to obtain the spatial information required to assess nuclear translocation of
cytoplasmic DAF-16. Previous studies have also used strains with fluorescently tagged
DAF-16, which carry transgenic arrays that typically have hundreds of copies of the
gene?® and label only specific isoforms?-23, Here, we measure endogenous activity of all
DAF-16 isoforms by tagging the daf-16 locus at the 3’ end using CRISPR/Cas9%.
Coupled with spatiotemporal quantification of nuclear fluorescence through quantitative
image analysis and machine learning, this approach enables in vivo analysis of all DAF-
16 activity in C. elegans at endogenous levels, in a tissue-specific manner. This approach
reveals that DAF-16 spatiotemporal activity (measured as lifelong total nuclear intensity)
is a strong predictor of lifespan in C. elegans populations exposed to DR in liquid culture,
accounting for 78% of DR-induced lifespan variability?>. Furthermore, we show that the
main contributors to this DAF-16 activity are neurons and intestinal cells, indicating that
the observed lifespan extension originates mainly from the translocation and activity of
DAF-16 in these cell types. Finally, we demonstrate that DAF-16 activity is observed in
unexpected locations such as germ cells and intestinal nucleoli, where DAF-16 could be
undergoing yet to be described interactions affecting the aging process.
3.3 Results
3.3.1 DR regimes modulate endogenous DAF-16 activity

To study the gquantitative link between endogenous DAF-16 activity, and lifespan,
we first aimed to analyze the response of endogenous DAF-16 to multiple DR regimes by
varying food concentration and exposure time. Using CRISPR/Cas9, we generated a
strain with the endogenous daf-16 locus labeled with GFP at the 3’ end, and measured

the response of DAF-16 using a custom image processing algorithm that quantifies
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nuclear intensity throughout the entire animal. Accurate analysis of DAF-16::GFP levels
is challenging, as single copy reporters lead to extremely dim images. Since GFP
intensities from DAF-16 were lower or similar than those from autofluorescent lipid
droplets, we performed image acquisition in the green and red channels (as explained in
Chapter 2), allowing subtraction of autofluorescence from the GFP signal. Analysis was
performed on every slice of a z-stack covering the entire animal, and four separate z-
stacks per channel were acquired per animal to cover the entire worm length. Information

from the four z-stacks were aggregated for each worm.

Il 1E10 cells/ml (ad libitum) [_]1E9 cells/ml [] 1E8 cells/ml [ O cells/ml (starvation)
Y A Y O

6
Day of adulthood

Figure 3.1 Diagram of DR regimes tested in this study. Animals were exposed to three levels of DR:
1E9, 1E8, or 0 OP50 cells/ml; for three exposure times: 6, 12, or 24 hours. After each exposure, animals
were put back in an ad libitum concentration (LE10 OP50 cells/ml). Exposure to DR was performed at days
1, 4, 7, and 10 of adulthood.

Animals were exposed to DR conditions at day 1 of adulthood and every third day
thereafter (Figure 3.1). All DR conditions induced an increase in the total nuclear intensity
of DAF-16 compared to well-fed animals used as control (Figure 3.2 A, B). To validate
that the increased DAF-16 nuclear intensity in fact represents transcriptional activity, we
analyzed the expression levels of known DAF-16 targets under a subset of DR conditions

(Figure 3.3) through RT-qgPCR. A strong increase in expression was observed for all
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tested genes, including the robust daf-16 target sod-32%. This increase in expression of
daf-16 targets was partially inhibited by daf-16 silencing using RNAI by feeding. Partial
inhibition suggests that these genes are also modulated by other transcription factors, or
that daf-16 silencing is inefficient, a likely scenario due to reduced intake of dsRNA-
expressing bacteria under DR conditions. Despite these limitations, our results clearly
indicate that the DR conditions evaluated induced DAF-16 activity in cell nuclei®’?,
Notably, milt-1 and rpn-6.1 are genes that are involved in determination of C. elegans
lifespan, while aakg-4 is involved in cellular response to glucose starvation?®. Indicating

that DAF-16 is activating genes related to response to DR and longevity.
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Figure 3.2 DR regimes modulate endogenous DAF-16 activity. A) DAF-16 total intensity as a function
of exposure time to DR for various food concentrations at day 1 of adulthood. B) DAF-16 total intensity as
a function of food concentration for various exposure times at day 1 of adulthood. C) Mean lifespan as a
function of exposure time at various food concentrations. D) Lifespan curves for populations under various
food concentrations with 12 hours of exposure to DR. E) Mean lifespan as a function of food concentration
at various exposure times. F) Lifespan curves for populations under various exposure times to DR with a
108 OP50 cells/ml food concentration. p < 0.001 (***). Error bars are SEM. All p-values were calculated
using Tukey HSD for all pairwise comparisons after one-way ANOVA (unequal variances) comparison.

Control population (pink) is ad libitum (1E210 cells/ml, O h exposure time).
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The strongest DAF-16 response, as measured by DAF-16::GFP nuclear
localization, was observed for intermediate DR exposure times, peaking at 12 hours. The
longest exposure (24 hours) showed a higher response than the control, but not as
pronounced as 6 and 12 hours. Longer DR exposures could result in malnutrition, and
lead to reduced DAF-16 responsiveness. Alternatively, DAF-16 could be translocating
from nuclei back to the cytoplasm, a phenomenon that has been previously observed
during long-term starvation®. We observed a similar pattern when varying food
concentration. While all DR concentrations induce a response in DAF-16, the maximum
DAF-16 response is observed for a mid-level concentration (108 OP50 cells/ml) (Figure
3.2 B). This non-monotonic response to food concentration has been previously
observed!'3!, and our work suggests this is also true when varying DR exposure time.
While prior work has shown that DAF-16 activity does not play a role in starvation-induced
longevity when animals are cultured in solid media®?, our results suggest that starvation
does induce DAF-16 activity in liquid media culture. This suggests that DAF-16 could be
induced under starvation when additional conditions are met which differ from solid

media, such as an increased energy consumption from swimming?33.34,
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To determine how important the magnitude of DAF-16 activity is in modulating
lifespan, we measured mean lifespan under the different DR regimes mentioned
previously. All DR regimes lead to an extension in mean lifespan when compared to the
control (Figure 3.2 C-F, Figure 3.4) as expected based on prior work3:3, In line with the
results of DAF-16 activity, the largest lifespan extension was driven by the mid-level
concentration of 108 OP50 cells/ml (Figure 3.2 C, D, Figure 3.4), and for 6 and 12 hours
regimes (Figure 3.2 E, F, Figure 3.4). The 24 hours regime also induced lifespan

extension, but not as significantly as 6 or 12 hours (Figure 3.2 F). It has been previously
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observed that long-exposure to starvation increases the likelihood of matricidal hatching,

which leads to the animals’ death®6. While we avoid this potential problem by exposing

animals to FUdR, long-exposure to starvation could be inducing deleterious effects that

are not fully abrogated by the beneficial pathways activated by DR in C. elegans.

A

1004

75

Percent survival

254

04

1004

75

Percent survival

25

0

50+

504

—0o—6h 0
—o—6h 1E8
—o—6h 1E9
—o—Control

0

5 10 15 20 25 30 35
Time (days)

—o—0 6h
—o—012h
—o—024h
—o— Control

0

5 10 15 20 25 30 35
Time (days)

Percent survival

Percent survival

1004

75

50

254

04

1004

754

50

25

04

—0—24h 0

—o—24h 1E8

—0—24h 1E9

—o— Control

0 5 10 15 20 25 30 35 40

Time (days)

—o—1E9 6h \§\
—o—1E9 12h R

—0o— 1E9 24h

—o— Control

0 5 10 15 20 25 30 35 40

Time (days)

Figure 3.4 Lifespan curves for various DR regimes. A) Varying food concentration with 6 hours exposure

time. B) Varying food concentration with 24 hours exposure time. C) Varying exposure time with a food

concentration of 0 OP50 cells/ml. D) Varying exposure time with a food concentration of 10° OP50 cells/ml.
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3.3.2 Cumulative lifelong DAF-16 nuclear activity determines lifespan under DR
We assessed the role of DAF-16 cumulative activity in lifespan extension by adding
the total intensity of DAF-16 for all identified nuclei per animal at days 1, 4, 7, and 10 of
adulthood, and comparing it to the corresponding mean lifespan (Figure 3.5 A). We found
that the cumulative activity of nuclear DAF-16 predicts mean lifespan with an R? of 0.78
for the DR regimes explored in this study, using a linear regression. This suggests that
lifespan extension due to DR is mostly modulated by cumulative DAF-16 lifelong
spatiotemporal activity. The remainder of lifespan variability could come from DAF-16
activity at days we did not evaluate or, more likely, from the activity of other signaling
pathways that also mediate longevity under DR, such as the target-of-rapamycin (TOR)

pathway regulated by PHA-4123738 gand the oxidative stress response regulated by SKN-

139.40
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Figure 3.5 Cumulative lifelong DAF-16 nuclear activity determines lifespan. A) Mean lifespan of C.
elegans as a function of lifelong DAF-16 total intensity under various DR regimes. B) Mortality of C. elegans
populations as a function of DAF-16 lifelong total intensity. C) DAF-16 total intensity at a 108 OP50 cells/ml
food concentration with 12 hours of exposure time compared to an ad libitum control at 1, 4, 7, and 10 days
of adulthood. D) Mean lifespan as a function of DAF-16 total intensity in individual days. E) Heat map of
DAF-16 total nuclear intensity per day under different DR regimes, in order of higher to lower lifespan (left
to right). F) Mean lifespan as a function of total food available during the first 11 days of animal adulthood.
6 hours (triangles) and 12 hours (squares) regimes are at the peak of the curve while 24 hours (circles)
regimes and the control (diamond) are at the lower ends of the curve. Error bars are SEM. p > 0.05 (n.s.),
p < 0.001 (***). All p-values were calculated using Tukey HSD for all pairwise comparisons after one-way
ANOVA (unequal variances) comparison. Linear and quadratic polynomial fits were performed in Origin

2020b.

32



We next evaluated if DAF-16 lifelong activity better quantifies other lifespan
metrics. We compared DAF-16 total intensity to mortality quantiles (Figure 3.5 B) at 50%,
75%, and 90%, which produced R? of 0.48, 0.69, and 0.68 respectively. This suggests
the DAF-16 response better captures when a C. elegans population perishes once it is
already in decline or after 75% of the population has died. Previous studies indicate that
DAF-16 has an important role in determining mortality and senescence in C. elegans®®
and D. Melanogaster*! at their late life stages. Considering this, our results would indicate
that DAF-16 activity is relevant to determine mortality in old animals but not in the case
of younger ones.

As mentioned previously, animals underwent DR repeatedly at days 1, 4, 7, and
10 of adulthood (Figure 3.1). We observed that DAF-16 nuclear activity in animals
previously exposed to DR returned to control levels after being well fed for 3 days.
However, DAF-16 responsiveness to DR diminished at each following DR exposure
(Figure 3.5 C). It has been shown that animals that have been previously exposed to DR
show increased resistance to stress*2. DAF-16 responsiveness could possibly be lower
on repeated exposure to DR because the animals have already built resilience to stress
from previous exposure. Alternatively, DAF-16 responsiveness could be reduced in aged
worms, since the ability of animals to mount a response to stress has been shown to
diminish with increasing age*>** . By day 10 of adulthood, once animals have passed
their reproductive period, no significant change in DAF-16 activity was observed (Figure
3.50).

We next analyzed the contributions of DAF-16 activity in specific days to mean

lifespan (Figure 3.5 D). Linear regressions of lifespan vs DAF-16 activity from individual
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days results in R? of 0.71, 0.63, 0.75, and 0.45 at 1, 4, 7, and 10 days respectively. This
analysis indicates that the DAF-16 response relevant for lifespan extension occurs during
days 1, 4, and 7 for the DR regimes analyzed here. Likely, this results from a lack of
responsiveness of DAF-16 at day 10. We analyzed the DAF-16 responsiveness from
each day in all DR regimes and sorted the results by their corresponding mean lifespan
(Figure 3.5 E). In all cases, DAF-16 activity is significantly reduced at day 10, which
occurs after animals stopped egg production (at days 7-8 of adulthood in our
experiments). It has been shown that reproduction and lifespan are intertwined in C.
elegans*~47. Potentially, a loss of DAF-16 responsiveness could stem from animals
turning-off prioritization of cell protection under stress after their reproductive period is
over.

The regimes that result in the longest mean lifespan show the strongest DAF-16
response (6 and 12 hours in Figure 3.5 E). Notably, the regime of 6 hours with 0 OP50
cells/ml exhibits the third longest mean lifespan but its DAF-16 response is low compared
to the rest. Brief starvation has been shown to stimulate autophagy and prolong lifespan
in D. Melanogaster*. Potentially, the lifespan extension observed in this particular regime
is influenced to a lower extent by DAF-16 while other transcription factors, such as the

autophagy modulator PHA-41237 play a larger role.
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We next analyzed if total food availability could also be a good quantitative
predictor of mean lifespan. We calculated the total amount of food available to animals
up to day 11 of adulthood (end of the last exposure to DR), in other words we measured
the areas under the curve for each DR regime in Figure 3.6. Fitting the data with a
guadratic polynomial resulted in an R? of 0.72 (Figure 3.5 F), with the highest lifespan
values corresponding to intermediate levels of food availability, as expected®. This
analysis suggests that total food availability, rather than timing or level of food restriction,
is more important in modulating lifespan. Presumably, DR regimes different than the ones
explored in Figure 3.1, but with similar areas under their curve could lead to equivalent

mean lifespans.
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3.3.3 Intestinal cells and neurons have the largest DAF-16 activity and contribution
to lifespan

Since we observe DAF-16 in a variety of tissues, we then asked which cell-type
contributes more to lifespan. Using machine learning, we developed a cell-type classifier
to quantify endogenous DAF-16 activity with tissue-specificity. When adding the total
intensity of nuclear DAF-16 of all cells of a given type, we observed that neurons and
intestinal cells exhibited the largest responses (Figure 3.7 A). Neurons reach a peak
around 12 hours, while intestinal cells rapidly peak at 6 hours and remain mostly stable
afterwards. Since we are quantifying total intensity from all nuclei of each cell type, both
the number and size of the nuclei play a role in the comparison of DAF-16 tissue-specific
activity. The higher response from neurons could stem from their higher number, with
hundreds of neurons per animal as opposed to 20 intestinal cells. To account for this, we
analyzed total intensity on a per cell basis. In this case, the largest individual contribution
comes from intestinal cells (Figure 3.7 B), albeit this result could be explained by
intestinal cells being the largest cells in C. elegans*®. This is confirmed by neurons having
a higher mean intensity than intestinal cells (Figure 3.8). From this analysis, we can
conclude that the lifespan extension exhibited by animals under the DR conditions
analyzed comes mainly from DAF-16 activity in intestinal cells and neurons. This is further
supported by the contributions of total intensity by cell type to mean lifespan (Figure 3.9),
where we obtained linear regression R? values of 0.78, 0.64, 0.47, and 0.00 for neuron,
intestinal, muscle, and hypodermal cell types respectively. Note that this low R? value for
muscle cells is likely the result of an outlier corresponding with the control experiment.

These results are in alignment with previous studies indicating that DAF-16 activity in the
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intestine of C. elegans increases the lifespans of daf-16(-) insulin/IGF-1-pathway

mutants?, and that insulin signaling in neurons is important to drive lifespan®°.
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3.3.4 DAF-16 shows activity in the germline and intestinal nucleoli

During our experimental analysis, we observed that DAF-16 migration was not
restricted to cell nuclei but also to the nucleolus in intestinal cells (Figure 3.7 C-D). We
observed that DAF-16 accumulates in 30-50% of intestinal nucleoli under the DR
conditions used (Figure 3.7 C). This phenomenon was not observed with a transgenic
strain that expresses DAF-16::GFP under the daf-16 promoter, MAH97, developed with
transgenic approaches that typically result in hundreds of copies of the reporter in a
random genomic location. In these conditions, nucleolar localization is likely hidden due
to the high brightness of such reporters, suggesting that DAF-16 activity in intestinal
nucleoli can only be observed at endogenous levels of expression. The presence of
nucleolar DAF-16 in the intestine could be an important player in the mechanisms of
lifespan extension observed under DR, as it has been shown that the nucleolus plays an
important role in lifespan extension®-°3, Similarly, we observed DAF-16 in the germline
of animals under DR (Figure 3.7 E), although at extremely dim levels. This presence of
DAF-16 was not observed in the MAH97 strain expressing DAF-16 tagged with GFP
described above, potentially due to germline silencing of transgenic DNA>*°6, Tagging
the endogenous DAF-16 locus could enable the reporter to bypass these silencing
mechanisms.
3.4 Discussion

In this work, we have utilized CRISPR/Cas9 and computer vision to quantitatively
analyze the link between the endogenous spatiotemporal activity of the main IIS regulator,
DAF-16, and longevity in C. elegans. We show that the transcription factor DAF-16

accounts by itself for 78% of the variability in lifespan observed in C. elegans under the
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DR regimes explored here. Previous studies have modulated lifespan by manipulating
food concentration or intervening on the genetic pathways governing aging®'4. Our
guantitative analysis reveals that modulation of a single transcription factor, through DR
interventions, accounts for 78% of lifespan variability. Moreover, this work shows that this
robust lifespan prediction is achieved by assessing endogenous DAF-16 spatiotemporal
activity in a longitudinal manner and is directly affected by the food abundance throughout
the animals’ life. Notably, the DAF-16 activity that is more relevant for lifespan extension
occurred during C. elegans reproductive age, highlighting the close relationship between
lifespan and reproduction observed in these animals*. We explored the activity of DAF-
16 in different cell types, showing that intestinal cells and neurons have the largest
contributions to DAF-16 activity leading to lifespan extension. This indicates that the
mechanisms that govern DAF-16-dependent longevity in C. elegans under DR mainly
take place in these cell types. This is emphasized by our finding of DAF-16 migrating into
intestinal nucleoli, where some of these lifespan-modulating phenomena could be
occurring.

Finally, our work opens the possibility of further exploration of other genetic
pathways, transcription factors, and environmental factors in a holistic manner. For
instance, it is unclear if the predictive power of endogenous DAF-16 activity holds under
other environmental or genetic perturbations that also modulate lifespan. Moreover,
determining whether the contributions of other longevity and stress signaling pathways
are additive, or if these interact in a synergistic or antagonistic manner to determine

lifespan will enable better understanding of longevity modulation in an integrative manner.
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3.5 Materials and Methods

3.5.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates
seeded with OP50 E. coli bacteria and kept at 20 °C until they started to lay eggs. Animals
were then bleached using standard protocols to obtain age-synchronized populations®”’.
This process was repeated 3 times in total to avoid transgenerational epigenetic effects
related to longevity®®. L4 animals were then transferred to a cell culture flask containing
4ml of SB media with 10%° cells/ml of OP50 bacteria and 100 pM 5-fluorodeoxyuridine
(FUdR) and kept at 20 °C for 1 day®%%°. Cultures were then used for dietary restriction
and lifespan experiments. Strains used in this work were ASM10 daf-16 (del2 [daf-
16::GFP-C1"3xFlag]) | and N2 (C. elegans wild isolate). OP50 E. coli was grown in LB
media following standard procedures®. Bacteria were washed thrice with SB media,
pelletized, and suspended in S-Medium at a concentration of 100 mg/mL, corresponding

to a concentration of 2 x 10%° cells/ml.

3.5.2 Generation of transgenic line

We used a CRISPR/Cas9 approach developed by Dickinson et al. to insert a GFP-
encoding sequence at the 3’ end of daf-16%4. We chose the Cas?9 target site by identifying
all possible single guide RNAs (sgRNA) in a 200bp region centered in the stop codon of
the target gene. This region was selected to permit introduction of the fluorescent tag at
the C-terminus, tagging in this manner all possible isoforms of the gene. Criteria such as
specificity, activity, and distance to the stop codon were considered in selecting the

sgRNA using the GuideScan design tool®. This 20bp sequence was introduced into a
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Cas9-encoding construct (pDD162, Addgene #47549) using a NEB Q5 Site-Directed
Mutagenesis Kit to generate plasmid pJHR1. 500-700bp long homology arms at each
side of the daf-16 stop codon were then generated by PCR amplification of genomic DNA
from N2 animals. These fragments were isolated, purified, and introduced in a construct
containing a selection cassette (pDD282, Addgene #66823) using NEBuilder HiFi DNA
Assembly Mix to generate plasmid pJHR2.

A mix containing 15ng/uL pJHR1, 50ng/uL pJHR2, and 2.5ng/uL pCFJ90
(mCherry co-injection marker) was injected in the gonads of 100 N2 young-adult animals
following standard microinjection procedures®. These animals were transferred to NGM
plates and left to produce progeny at 25 °C. Hygromycin was added to the plates to Kkill
untransformed F1 progeny. After 7 days, animals showing the Rol phenotype and lacking
red fluorescent extrachromosomal array markers were transferred to new NGM plates
without hygromycin. Individual putative knock-in animals were transferred to new plates
for homozygous selection. Finally, L1 larvae from homozygous plates (those that
contained only animals with the Rol phenotype) were heat-shocked at 34 °C for 4 hours
to induce Cre expression, and excision of the selection cassette. Wild-type adult animals
lacking the Rol phenotype were picked and maintained as the strain containing the
fluorescent-tagged gene. PCR and Sanger sequencing were performed to confirm correct
introduction of the tag.

3.5.3 Dietary restriction and fluorescence imaging

Approximately 200 worms in day 1 of adulthood kept in liquid culture were washed

3 times with SB media and moved to a flask containing 4ml of SB media with a reduced

food concentration to induce DR (10°, 108 or 0 OP50 cells/ml) for a fixed amount of time
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(6, 12, or 24 hours). After the DR period concluded, additional OP50 was added to raise
the concentration to an ad libitum level (10'° OP50 cells/ml). FUdR concentration was
raised to 100 uM total concentration to prevent offspring production®. Worms were then
kept at 20 °C for 3 days at ad libitum food concentration. DR exposure was repeated on
days 4, 7, and 10 of adulthood. At the start and end of each DR exposure, approximately
20-30 worms were immobilized using 10 pL of 2 mM tetramisole on dried 2% agarose
pads of approximately 1 cm diameter. Confocal fluorescence microscopy was performed
with a Leica DMi8 microscope paired with an 89 North LDI Laser Diode llluminator
coupled with a CrestOptics X-Light V2 confocal imager and an Orca-Flash 4.0 digital
CMOS camera. The exposure time and laser intensity were kept constant throughout all
experiments at 100 ms and 100%, respectively. Images containing 30 slices (Z-stacks
with 3 um spacing) were acquired with a MATLAB GUI (Graphical User Interface). Images
were acquired in the green and red channels sequentially. This enables later subtraction
of autofluorescence present in both channels with a custom MATLAB script.

3.5.4 Lifespan experiments

Approximately 200 worms per flask were kept in liquid culture in the same
conditions described in the previous section. Animal mobility was analyzed in a
stereoscope through visual inspection. Nematodes were scored as alive (active and
swimming), dead (rigid and not moving), and censored (lost to manipulation). This was
performed every third day, starting on day 1 of adulthood. Lifespan curves were
constructed using Online Application for Survival Analysis 2%° to obtain the mean lifespan

for each population.
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3.5.5 Quantitative image processing

Images were analyzed using a MATLAB script, customized to segment cell nuclei
in each slice of the z-stack. The algorithm’s most important steps are: 1) Subtraction of
red channel image from green channel image to eliminate autofluorescence present in
both images; 2) Generation of a binary mask from the subtracted image; 3) Identification
of nuclei by retaining segmented objects that: a) filled up at least 50% of their bounding
box, b) had eccentricity values under 0.85, and c) had solidity values above 0.75. The
threshold values were determined based on visual assessment of the characteristics of
nuclei. Object characteristics were extracted using “regionprops”; 4) Use of the “imopen”
function to smooth edges. 5) Deletion of objects smaller than neurons and larger than
intestinal cells using the “bwareaopen” function. These operations enable for the selection
of nuclei (ellipse or circle-like objects) while eliminating other features such as
autofluorescence, animal edges, embryos, etc. in a stepwise manner. To avoid over-
estimation, nuclei present in multiple slices were identified by comparing their centroids.
If multiple centroids with similar values in the £ 4 pixels range were identified in multiple
slices, only the object with the largest area was retained for properties extraction. The
MATLAB regionprops function was then used to quantify the total intensity in the
segmented nuclei and the data extracted was stored in a MATLAB nested structure. Total
intensity was calculated as the sum of the intensity of the pixels from all cell nuclei
extracted per worm.
3.5.6 Cell type classification and nucleolus analysis

To classify nuclei belonging to specific tissues, we used a Fine Tree multi-class

classification algorithm. A ground truth set of 600 cell nuclei and their corresponding class
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(intestine, neuron, hypodermis, or muscle) was manually generated. The Fine Tree
algorithm was trained using MATLAB Classification Learner, by using the following object
properties as features: area, eccentricity, and equivalent diameter. The generated Fine
Tree algorithm resulted in a 96.1% accuracy when predicting cell types with a validation
set.

For nucleolar analysis, DAF-16-filled nucleoli in intestinal cells were counted
manually using FIJI. A nucleolus was considered “empty” when the nucleus’ center was
empty. A nucleolus was considered “filled” when the nucleus center had fluorescence due
to GFP-tagged DAF-16.

3.5.7 RNAI by feeding

Age-synchronized worms were grown from the egg stage to the L4 stage at 20 °C
in NGM plates containing HT115 bacteria. Animals were then transferred to flasks
containing HT115 bacteria with an empty vector (control) or HT115 bacteria carrying the
daf-16 RNAI vector from the Ahringer library (acquired from Source Biosciences)®, and
grown until day 1 of adulthood. Animals were then exposed to DR for 6 or 12 hours at a
food concentration of 108 HT115 cells/ml (control or daf-16 RNAIi) as previously
described.

3.5.8 RNA isolation and quantitative PCR (qPCR)

Approximately 50 animals that were previously subjected to RNAI treatment
(control or daf-16 RNAI) were transferred to Trizol (Invitrogen) and vortexed twice for 30
seconds. Total RNA was isolated using Direct-Zol RNA MicroPrep Kit (Zymo Research)
according to the manufacturer’s protocol. Quantitative PCR was performed on a CFX384

Touch Real-Time PCR Detection System (Bio-Rad Laboratories) using Luna Universal
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One-Step RT-gPCR Kit (New England BioLabs) according to the manufacturer's protocol.
RT-gPCR data was analyzed using the AACt method. Target genes were selected using
the FOXODB database of DAF-16 direct targets®’. Gene expression levels were
normalized using ama-1 as housekeeping gene.
3.5.9 Data analysis and statistics

Linear regressions were performed in Origin 2020b using the FitLinear function.
Polynomial fits were performed in Origin 2020b using the FitPolynomial function.
Significance tests such as t-Test and ANOVA were performed using the Data Analysis
Add-on in MS Excel 2016. Lifespan analysis was performed with the Online Application
for Survival Analysis 2% by using number of dead and censored animals as input;

obtaining mean lifespan with a Kaplan-Meier estimator.
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Chapter 4: Machine Learning for Tracking of Subtle Gene Expression

Patterns and Tissue Morphological Changes

4.1 Abstract

Tracking of transcription factors such as DAF-16 tagged with a fluorophore under
stressful conditions has been typically achieved by manually counting of cell nuclei
containing DAF-16 or by measuring intensity of overexpressing strains. In this chapter we
show that application of a custom-made MATLAB algorithm enables capture of subtle
changes in endogenous DAF-16 translocation from cytoplasm to cell nuclei for a single-
copy strain, while a with a Fine Tree classifier enables classification of cells into different
tissues. Additionally, we demonstrate that a machine learning approach with a Mask R-
CNN algorithm allows for the segmentation of C. elegans pharynx in bright field images,
which leads to the reduction of processing time and bias in the analysis of morphological
changes of this organ.
4.2 Introduction

C. elegans response to stress is governed by transcription factors such as DAF-
16, PHA-4, SKN-1, and HSF-1!. These proteins possess characteristic expression
patterns. For example, DAF-16 migrates from the cytoplasm of cells to their nuclei when
C. elegans are exposed to conditions of reduced insulin signaling and some forms of
dietary restriction?3. In contrast, PHA-4 is always present in the nuclei of cells located in
the animal’'s head (pharynx muscle cells and neurons), with it increasing in the same
location when the nematodes are exposed to some types of food limitation*°. Typically,
guantification of the expression patterns and activity of these transcription factors has

been performed by observation or manual counting of cells of strains containing a
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fluorescent-tag attached to the gene of interest®2. For instance, studies report the
presence of DAF-16 in cell nuclei by assessing it in 3 levels: ‘absent’, ‘present in some
nuclei’, and ‘present in all nuclei’®. Although this type of measurement provides insights
in the activity of DAF-16, it does not provide quantitative information that can be used to
elaborate predictions on the behavior of this transcription factor. Other studies have taken
advantage of image analysis tools to extract further information from fluorescent
microscopy such as intensity®1°. However, these approaches run in the issues mentioned
in Chapter 1. using strains with gene overexpression, mosaicism, silencing in the
germline, and not being able to evaluate endogenous levels of expression. With these
considerations, we used a CRISPR/Cas9 approach to generate a transgenic strain with
a green fluorescent (GFP) tag added at the endogenous locus of DAF-16, thus avoiding
the problems mentioned previously. Nevertheless, this approach comes with the new
challenge of observing subtle changes in intensity of a dim DAF-16 reporter, paired with
the observation of different expression patterns at the cellular and subcellular levels. We
decided to use a combination of custom-made MATLAB algorithms and machine learning
to overcome this problem.

Machine learning has been used to perform complex classification tasks in fields
with data-intensive methods, requiring use of computer vision, and other applications*.
Machine learning has been used in C. elegans to perform tasks such as identification of
subtle phenotypes of subcellular landmarks?!3, analysis of neuronal phenotypes induced
by stressors*, classification of the sex of C. elegans'®, or to identify and classify tissues?®.
Other algorithms have been developed to identify and count individuals such as the

WormToolbox!’. Deep learning tools such as convolutional neural networks have been
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used for segmentation and classification of C. elegans in applications such as detection,
and tracking in behavioral studies'®1, Furthermore, decision trees, a type of supervised
machine learning have been employed to differentiate between multiple categories after
training an algorithm with a ground truth set. This approach has seen use in classification
of behavioral phenotypes??, and detection of movement types and navigation patterns
in C. elegans??. We aim at taking advantage of these powerful tools to assess the
contribution of different C. elegans tissues such as neurons, intestinal, hypodermal, and
muscle cells to DAF-16 activity under dietary restriction.

Additionally, convolutional neural networks (CNN) have been used for image
segmentation in the medical field to classify different tissues in an organ?3, and in
agriculture to detect plant diseases based on how these affect the morphology of leaves?*.
This demonstrates that a deep learning approach based on CNNs can be used to
segment regions of interest such as different tissues or organs in C. elegans. For
example, neuronal phenotypes induced by aging and cold shock in these nematodes?'?,
and neuron tracing of complex dendritic trees have been both achieved recently using
CNNs?5, We decided to also use a CNN-based algorithm to identify and segment the
pharynx of C. elegans, as this approach has been used successfully for segmentation of
difficult to discern features. This is relevant to perform aging studies because
morphological changes in the C. elegans pharynx and other related metrics such as

pumping rate are extensively used to assess healthspan in these animals'6.26-28,

60



4.3 Results
4.3.1 Quantitative image processing enables segmentation of subtle features

To study the quantitative link between endogenous DAF-16 activity, and lifespan,
we first aimed to analyze the response of endogenous DAF-16 to multiple dietary
restriction regimes by varying food concentration and exposure time. Using
CRISPR/Cas9, we generated a strain with the endogenous daf-16 locus labeled with GFP
at the 3’ end (this was expanded in Chapter 2) and measured the response of DAF-16
using a custom image processing algorithm that quantifies nuclear intensity throughout
the entire animal. Accurate analysis of DAF-16::GFP levels is challenging, as single copy
reporters lead to extremely dim images. Since GFP intensities from DAF-16 were lower
or similar than those from autofluorescent lipid droplets, we performed image acquisition
in the green and red channels, allowing subtraction of autofluorescence from the GFP
signal. Four separate z-stacks per channel were acquired per animal as this is necessary
to cover the entire worm length: head, upper mid-body, lower mid-body, and tail sections.
Information from the four z-stacks were aggregated for each worm. Images were
analyzed using a custom-made MATLAB script (Figure 4.1). This script proceeds to
segment cell nuclei in each slice of the z-stack. The algorithm’s most important steps are:
1) Subtraction of red channel image from green channel image. This enables deletion of
autofluorescence present in the images due to lipid droplets. These are present in both
channels but DAF-16::GFP is present only in the green channel. Therefore, this step
allows separation of DAF-16 from lipid droplets. 2) Generation of a binary mask from the
subtracted image using neighborhood thresholding. This step enables segmentation of

cell nuclei and other features such as animal edges but does not keep undesirable
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features such as bacteria and other debris that could be present in the original image. 3)
Identification of nuclei by retaining segmented objects that: a) filled up at least 50% of
their bounding box, as nuclei have a circle-like it would be expected that a perfect circle
would occupy ~79% of its bounding box. Using 50% accounts for those nuclei that could
have a ellipse-like shape. b) had eccentricity values under 0.85 to eliminate objects such
as animals’ edges with eccentricities near 1.0 (a line), and instead selecting for circle-
liked objects that have an eccentricity closer to 0.0 (a circle). And c) had solidity values
above 0.75, with this parameter taking into account features that could have passed the
previous filters but would have an empty ellipse-like shape (for example, a developing
embryo). These threshold values were determined based on visual assessment of the
characteristics of nuclei. Object characteristics from the original raw image were extracted
using the “regionprops” function. 4) Use of the “imopen” function to smooth edges of all
nuclei because the previous steps provide features with rough edges but cell nuclei have
smooth edges, this step corrects this. 5) Deletion of objects smaller than neurons and
larger than intestinal cells using the “bwareaopen” function, these objects were usually
bacteria present in liquid culture were the animals are maintained. As seen above, these
operations as a whole enable for the selection of nuclei (ellipse or circle-like objects) while
eliminating other features such as autofluorescence, animal edges, embryos, etc. in a
stepwise manner. To avoid over-estimation, nuclei present in multiple slices were
identified by comparing their centroids. If multiple centroids with similar values in the + 4
pixels range were identified in multiple slices, only the object with the largest area was
retained for properties extraction. The MATLAB regionprops function was then used to

guantify the total intensity in the segmented nuclei and the data extracted was stored in
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a MATLAB nested structure. Total intensity was calculated as the sum of the intensity of

the pixels from all cell nuclei extracted per worm.
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Figure 4.1 Quantitative analysis of endogenous DAF-16 under dietary restriction regimes. Four Z-
stacks of 30 slices are taken of each animal. Each slice in the green channel has a corresponding red
channel slice. Both are converted to binary images and subtracted from each other to eliminate
autofluorescence. The resulting image is treated with morphological functions and objects are filtered based
on extent, solidity, and eccentricity. An image containing only cell nuclei is obtained, and largest nuclei are
retained if they appear in several slices. Pixel-based intensity is then aggregated to obtain total DAF-16

intensity in all of the animal’s identified nuclei.

4.3.2 Machine learning enables cell type classification

Previous DAF-16 studies have demonstrated that its activity is tissue-dependent
and that certain DAF-16 isoforms are active in specific tissues?®. Furthermore, issue
interactions and tissues functioning as signaling centers affect DAF-16 activity and its
influence in lifespan’. These contributions have not been previously quantified to assess

the relevance of specific tissues in DAF-16 activity. We decided to evaluate the
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contributions of different cell types to DAF-16 total intensity. To achieve this, we used a
Fine Tree multi-class classification algorithm generated using the Classification Learner
Tool in MATLAB. A ground truth set of 600 cell nuclei and their corresponding class
(intestine, neuron, hypodermis, or muscle) was manually generated by visual inspection
by a trained observer. The original raw images were loaded on ImageJ for evaluation,
cell nuclei were identified, and classification and assignation to the four classes was
based on their spatial location, shape, and size (Figure 4.2). The Fine Tree algorithm
was trained using the MATLAB Classification Learner, by using the following object
properties as features: 1) Area, as intestinal cells are much larger than any other type
while neurons are the smallest, hypodermal and muscle cells fall in the middle-sized
range. 2) Eccentricity, as muscle and intestinal nuclei tends to be more elliptical-shaped,
both neurons and hypodermal cells are closer to a circular shape. And 3) Equivalent
diameter, this parameter also evaluates subtle differences between ellipses and circles.
The generated Fine Tree algorithm resulted in a 96.1% accuracy when predicting cell
types with a validation set (Figure 4.2). We used the data thus extracted to evaluate

individual contributions to DAF-16 activity in Chapter 3.
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Neurons Hypodermis

Muscle Intestine

Figure 4.2 Four different cell type classes. These are the cell types evaluated for their contributions to
DAF-16 activity. Neurons are more numerous in the head (top left) and tend to be smaller than other cell
types. Intestinal cells are the largest (bottom right) and are found along the body, from the end of the head

to the tail. Scale bars 50uM
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Figure 4.3 Prediction model for Fine Tree classifier. Graphic representation of classification accuracy
of prediction model using a Fine Tree classifier with 96.6% accuracy. Four different cell types represented
with their true classes: Neurons (blue), muscle (yellow), hypodermal (orange), and intestinal (purple). ‘X’

indicates a cell that was misclassified with respect to the ground truth.

4.3.3 Segmentation of C. elegans pharynx to track morphological changes

The C. elegans pharynx goes through morphological changes related to aging. To
keep track of these changes, researchers take advantage of the animal’s transparent
body to observe the pharynx with bright field microscopy. While it is possible to use this
method to identify the pharynx from the rest of the animal’s body, this does not allow
automated analysis. We reasoned that a deep learning algorithm would be useful to
detect the pharynx. This approach would require generation of a training set with labeled

pharynxes; this step would be time-consuming, and observer-biased. To circumvent this
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step, we hypothesized that using segmentation from fluorescently labeled pharynxes
would be useful to generate the training set.

We proceeded to generate a strain with such a label. We microinjected the gonad
of C. elegans with plasmid pCFJ90 containing a red mCherry tag added to the myo-2
gene®', present in the pharynx. We selected for progeny with extrachromosomal arrays
by looking for bright red fluorescence in the pharynx area (Figure 4.4). Selected animals
were propagated to generate more animals with the array. We performed imaging of an
age-synchronized population of these animals on day 1 of adulthood. We focus on the
pharynx area acquiring one bright field image and one red fluorescence channel image
per worm. A MATLAB-based segmentation algorithm was developed to generate binary
masks from the red channel fluorescent images. This was performed by using the
‘imbinarize’ function. These masks with their corresponding bright field images were used
to train a Mask R-CNN-based algorithm for segmentation. The images tested gave
Jaccard scores of over 0.85 for all cases (Figure 4.4), with a score of 1.00 indicating
100% similarity between the prediction and the ground truth3l. These results indicate the

Mask R-CNN model is robust at segmenting pharynxes from bright field images.
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Figure 4.4 Pharynx segmentation with a Mask R-CNN algorithm. Bright field image of an animal’s
pharynx (left )with its corresponding fluorescent microscopy image (center) with a myo-2::mCherry marker
highlighting the pharynx. On the right, superimposed image of the Mask R-CNN prediction (red line) over

the original bright field image. Scale bar 25uM.

4.4 Discussion

In this chapter we have indicated a number of challenges related to typical image
acquisition and processing in C. elegans aging research. One is the capture of subtle
changes in the activity of DAF-16 that we solved by creating a custom-made MATLAB
algorithm that enables segmentation of C. elegans cell nuclei even in conditions of low
intensity. Allowing to measure how stressful conditions affect DAF-16. Furthermore, we
were able to use this nuclei information to segregate DAF-16 by tissue type taking
advantage of a Fine Tree algorithm. The combination of these two enables extracting
DAF-16 activity data (measured as total intensity) in a high-throughput manner. The
conclusions from the information thus acquired were discussed in Chapter 3.

Additionally, we developed a Mask R-CNN-based algorithm that allows for
segmentation of C. elegans pharynx in bright field image. This opens the possibility of
tracking a high volume of images avoiding time-consuming and biased manual
segmentation of these images. The application of this approach is in the commonly used
method of evaluating pharynx morphological changes to evaluate healthspan in C.

elegans.
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4.5 Materials and Methods
4.5.1 Strains, media, and culture

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates
seeded with OP50 E. coli bacteria and kept at 20 °C until they started to lay eggs. Animals
were then bleached using standard protocols to obtain age-synchronized populations32.
This process was repeated 3 times in total to avoid transgenerational epigenetic effects
related to longevity®3. L4 animals were then transferred to a cell culture flask containing
4ml of SB media with 10%° cells/ml of OP50 bacteria and 100 pM 5-fluorodeoxyuridine
(FUdR) and kept at 20 °C for 1 day343. Cultures were then used for dietary restriction
and lifespan experiments. Strains used in this work were ASM10 daf-16 (del2 [daf-
16::GFP-C1"3xFlag]) I, ASM6 delEx1[sur-5p::Dpnl::GFP + (pCFJ90) myo-2p::mCherry],
and N2 (C. elegans wild isolate). OP50 E. coli was grown in LB media following standard
procedures®®. Bacteria were washed thrice with SB media, pelletized, and suspended in
S-Medium at a concentration of 100 mg/mL, corresponding to a concentration of 2 x 100
cells/ml.
4.5.2 Dietary restriction and fluorescence imaging

Approximately 20-30 worms were immobilized using 10 pL of 2 mM tetramisole
on dried 2% agarose pads of approximately 1 cm diameter. Confocal fluorescence
microscopy was performed with a Leica DMi8 microscope paired with an 89 North LDI
Laser Diode Illuminator coupled with a CrestOptics X-Light V2 confocal imager and an
Orca-Flash 4.0 digital CMOS camera. The exposure time and laser intensity were kept
constant throughout all experiments at 100 ms and 100%, respectively. Images

containing 30 slices (Z-stacks with 3 um spacing) were acquired with a MATLAB GUI

69



(Graphical User Interface). Images were acquired in the green and red channels
sequentially. This enables later subtraction of autofluorescence present in both
channels with a custom MATLAB script.
4.5.3 Quantitative image processing

Images were analyzed using a MATLAB script, customized to segment cell nuclei
in each slice of the z-stack. This is achieved by performing the following operations:
1) Subtraction of red channel image from green channel image
2) Generation of a binary mask from the subtracted image using the ‘imbinarize’ function
3) ldentification of nuclei by segmenting objects that filled up at least 50% of their
bounding box, had eccentricity under 0.85, and had solidity values above 0.75
4) Use of the “imopen” function to smooth edges
5) Deletion of objects smaller than neurons and larger than intestinal cells using the
“bwareaopen” function
6) If multiple centroids with similar values in the * 4 pixels range were identified in multiple
slices, only the object with the largest area was kept for properties extraction
7) use of the ‘regionprops’ function to quantify the total intensity in the segmented nuclei
8) Storing of data extracted in a MATLAB nested structure
4.5.4 Cell type classification and nucleolus analysis

To classify nuclei belonging to specific tissues, we used a Fine Tree multi-class
classification algorithm. A ground truth set of 600 cell nuclei and their corresponding class
(intestine, neuron, hypodermis, or muscle) was manually generated. The Fine Tree
algorithm was trained using MATLAB Classification Learner, by using the following object

properties as features: area, eccentricity, and equivalent diameter.
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4.5.5 Generation of masks for pharynx segmentation

Images of the pharynx in the red channel were read in a MATLAB script. A first
mask was generated using the ‘imbinarize’ function. A combination of the ‘imdilate’ and
‘imerode’ functions was used to smooth the edges of the binarized image and to fill up
‘holes’ that could be present in the segmented pharynx. Finally, the ‘bweareaopen’
function was used to eliminate small features and to keep only the largest object (the

pharynx) in the image.
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Chapter 5: Stress Response in C. elegans Shows Antagonistic and

Silencing Effects Under Combinatorial Conditions

5.1 Abstract

Chemical agents released into the environment can induce oxidative stress in
organisms, which is detrimental for health. Although environmental exposures typically
include multiple chemicals, organismal studies on oxidative stress derived from chemical
agents commonly study exposures to individual compounds. In this work, we explore how
chemical mixtures drive the oxidative stress response under various conditions in the
nematode C. elegans, by quantitatively assessing levels of gst-4 expression. Our results
indicate that naphthoquinone mixtures drive responses differently than individual
components, and that altering environmental conditions, such as increased heat and
reduced food availability, result in dramatically different oxidative stress responses
mounted by C. elegans. When exposed to heat, the oxidative stress response is
diminished. Notably, when exposed to limited food, the oxidative stress response specific
to juglone is significantly heightened, while identified antagonistic interactions between
some naphthoquinone components in mixtures are abolished. This implies that
organismal responses to xenobiotics is confounded by environment and stressor
interactions. Given the high number of variables under study, and their potential
combinations, a simplex centroid design was used to capture such non-trivial response
over the design space. This makes the case for the adoption of Design of Experiments
approaches as they can greatly expand the experimental space probed in noisy biological
readouts, and in combinatorial experiments. Our results also reveal gaps in our current

knowledge of the organismal oxidative stress response, which can be addressed by
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employing sophisticated design of experiments approaches to identify significant

interactions.

5.2 Introduction

Oxidative stress, which has deleterious effects on health'=3 can be induced by
ROS (Reactive Oxygen Species) generated from oxidant chemicals. The effects of
oxidant exposures on biological systems have been an important area of study, although
these effects have been mostly analyzed by employing chemical exposures of individual
components.* However, realistic environmental exposures are mixtures of multiple
components.>~’ In addition, environmental factors, such as diet and temperature, can
modulate the mechanisms by which chemicals induce toxicity and activate defense
responses in living organisms.”8 It is still unclear how chemical mixtures drive oxidative
stress and how environmental conditions modify such responses. In this work, we analyze
how mixtures of oxidant species, in particular naphthoquinones, differentially drive the

oxidative stress response in the model organism C. elegans.

Naphthoquinones are strong oxidants. They are used as precursors of toxic
industrial chemicals.® They are also a product of fossil fuel combustion and atmospheric
photochemical conversions, and are thus found in ambient particulate matter.°
Environmental exposures to naphthalene (a precursor for naphthoquinones) are
important, as it is found in the atmosphere and in cigarette smoke.*-13 Naphthalene
toxicity is thought to occur through the action of napthoquinones.4'> Naphthoquinones
have been hypothesized to induce oxidative stress through two distinct mechanisms6.17:

depletion of glutathione (an antioxidant that neutralizes ROS and counteracts xenobiotics

79



by conjugation) through Michael reaction, or production of ROS through redox cycling.®
It is unclear if differences in the cytotoxic mechanisms amongst naphthoquinones could
be reflected as differences in organismal responses to naphthoquinone mixtures.
Naphtoquinone exposures at low concentrations can also induce beneficial effects.
Simultaneous exposure to naphthoquinone derivatives such as juglone and plumbagin
drive  SKN-1/NRF-2 transcription factor-mediated hormesis in C. elegans at low
concentrations, but turn toxic at higher concentrations.'® Naphthoquinones have also
been shown to have anti-inflammatory effects in other model organisms.1® For example,
allergen induced rats treated with juglone had a reduction in pulmonary eosinophils and
bronchoalveolar lavage fluid.?° Given their prevalence as derivatives of naphthalene, and
the differential responses to naphthoquinone exposures, it is critical to study the effects

of naphthoquinone mixtures on organismal health.

The model system C. elegans facilitates studies on toxicity in a live organism with
a well characterized nervous system, cell lineage, and physiology. C. elegans has proven
to be a powerful model due to its small size, easy maintenance, and mapped genome
and neuronal wiring. It enables in vivo studies using fluorescent markers due to their
transparent bodies and ease of genetic manipulation.?! C. elegans has also been useful
to study chemical mixture toxicity through growth and fertility assays.??=2° C. elegans and
humans share concordant pathways, such as the insulin/IGF-1 signaling pathway (11S),
which regulates lifespan and healthspan extension driven by dietary restriction.?® Two-
thirds of human proteins have homologs in C. elegans.?® C. elegans has been used to
study mechanisms of toxicity identification, such as those produced by phorbol esters.?¢

Finally, toxicological studies have shown up to 69% concordance between C. elegans
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and mammalian toxicological data.?” Another study identified concordance between C.
elegans data and that from rabbits and rats to be in the 45-53% range, just slightly lower

than the concordance between rabbit and rat data (58%).28

Defense mechanisms to metabolize and eliminate xenobiotics are evolutionarily
conserved from single cell organisms to humans.?® In mammalian cells, NRF-1, NRF-2,
and NRF-3 are a class of NF-E2-related factor 2 (NRF) transcription regulators employed
for such defense mechanisms.2° In C. elegans, the oxidative stress response pathway is
activated to counteract the toxicity caused by oxidative stressors.®'The SKN-1
transcription factor, the functional ortholog of mammalian NRF-2, is major regulator of
the oxidative stress response in C. elegans.3%32:32 |t should be noted that SKN-1 diverges
from NRF-2 in the way it binds to DNA. However, the similarities allow us to study SKN-
1in C. elegans as a model for mammalian NRF-2.2° SKN-1 has also been linked to other
much broader homeostatic functions such as reducing stress, counteracting lipid
accumulation, mitochondrial biogenesis and mitophagy, among others.3° SKN-1 activity
in response to chemicals and heavy metals has been studied by examining expression
of SKN-1-regulated genes using endogenously expressed fluorescent reporters. SKN-1
driven expression is mostly studied in the intestine, where digestion and detoxification
occur.*34-36 Multiple antioxidant response elements (AREs) containing genes are
downstream targets of SKN-1, such as gst-4 and gcs-1, which encode for drug-
metabolizing glutathione S-transferase (GST-4) and gamma-glutamyl cysteine
synthetase (GCS-1), important in glutathione synthesis, respectively. For example, prior
work by Crombie et al. focused on studying the effect of environmental factors on the

oxidative stress response to juglone using a two level full factorial design, by monitoring
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gst-4 expression.®” gst-4 is commonly used as proxy for SKN-1 activity and thus activation

of the oxidative stress response.38-40

In this study, we analyzed the effects of naphthoquinone mixtures on the C.
elegans oxidative stress response under various environmental conditions, as
determined by a gst-4 translational fluorescent reporter. We follow a Design of
Experiments (DoE) approach that enables systematic examination of the input factors to
determine the individual and combinatorial influence on the measured response,*'4? while
avoiding the unfeasible number of experiments required for full factorial designs with
multi-level factors. This approach minimizes the number of experimental runs necessary
to measure interactions between three naphthoquinones and two environmental
conditions, while enabling comparisons from independent biological populations. We
guantify response surfaces for these ternary mixtures under different conditions. We find
that naphthoquinone mixtures drive antagonistic interactions, but these interactions are
drastically modified by dietary restriction. On the other hand, heat stress abolishes
oxidative stress response to both individual components and mixtures of
naphthoquinones. This gst-4 response is independent of the IIS factor DAF-16. The ROS
levels and resistance to acute oxidative stress that result from exposure to
naphthoquinone mixtures are also modulated by environmental factors, in the opposite

direction as gst-4 expression.
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5.3 Results

5.3.1 Dose dependency of gst-4 response

To identify relevant concentrations of chemical mixtures of plumbagin, 1, 4-
naphthoquinone, and juglone, (Figure 5.1 A, B, C) we first determined the dose-
dependent gst-4 activity to individual components (Figure 5.1 D). Animals were exposed
for 8 hours, based on prior studies that suggest this time is sufficient to observe a gst-4
response.*344 gst-4 belongs to a class of enzymes used to catalyze conjugation of
glutathione with xenobiotics. Prior work determined that gst-4 expression is increased in
animals stressed with xenobiotics, while external ROS generated by hypoxanthine/XOD
system, UV light, and heat did not elicit a response.*? As expected, we identified that as
the naphthoquinones concentration increases, gst-4 activity also increases and
eventually saturates (Figure 5.1 D), as described in previous studies.**** To assess the
effect of mixture proportions on oxidative stress response, the total naphthoquinone
dosage should remain constant. Based on these results, we fixed a combined total
dosage of 30 uM for mixture experiments, which allows studying the interactions of
components at different proportions without potential saturation of the gst-4 response.
Sublethal doses in the range of 20-30 uM for the 3 compounds under study are known to
drive SKN-1-dependent expression of gst-4, and also induce a hormetic effect driven by

SKN-1.41837
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Figure 5.1 gst-4 response is dose dependent. A) Compounds used for oxidative assays. B) Simplex
centroid design. C) CL2166 worms under control and oxidative stress with corresponding masks for
extracting gst-4 expression levels. D) gst-4 dose-dependent response to Plumbagin, 1, 4-Naphthoquinone,
and Juglone (top to bottom). p > 0.05 (n.s.), p < 0.001 (***). Error bars are SEM. All p-values were calculated
using Tukey HSD for all pairwise comparisons after one-way ANOVA (Unequal Variances) comparison in

JMP 14.2. Scale bars are 200 pm.
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5.3.2 Naphthoquinone mixtures show antagonistic effects under ad libitum feeding

and physiological temperature conditions.

The first mixture experiments were performed under ad libitum feeding and no heat
stress conditions based on the simplex centroid design. The average and standard
deviations of the baseline gst-4 responses of controls run for each of the ten sets of
experiments were compared to determine if runs were comparable to each other. All
measurements are within statistical control (Figure 5.2). We used a Scheffe model fit to
develop a response surface (Figure 5.3 A). The response surface indicates that the
individual naphthoquinones induce a higher gst-4 response than binary and ternary
mixtures, suggesting an antagonistic interaction (Figure 5.3 A). Since animals were
maintained at 25 °C and shifted to 20 °C for chemical exposure, a control exposure
experiment at 25 °C was tested to determine if the temperature shift could play a role in
the observed responses. The control experiment maintained at 25 °C shows the same
gst-4 expression trend as those exhibited by animals shifted to 20 °C for exposure (Figure

5.4): naphthoquinone mixtures are antagonistic in driving the gst-4 response.
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Figure 5.2 Xbar and S-charts for populations tested. A) Xbar and S-chart for 10 populations used for

oxidative stress assays. B) Xbar and S-chart for 28 populations used for oxidative stress assays.
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Figure 5.3 Naphthoquinone mixtures show no synergistic effects under ad libitum feeding and no
heat stress conditions. A) Response surface of gst-4 expression levels in CL2166 animals under oxidative
stress, 20°C, and ad libitum feeding. Response surface modeled using standard least squares second order
Scheffe model where main effects and interactions were tested for significance. B) Testing for main effect
of temperature and food concentration. p > 0.05 (n.s.), p < 0.05 (*). p-values were calculated using Dunnett’s
test with ad libitum, overall control as control after two-way ANOVA comparison in JMP 14.2. Error bars are

SEM.
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Figure 5.4 gst-4 response at 25 °C. gst-4 response to Plumbagin, 1, 4-Naphthoquinone, Juglone, and
ternary mixture at 25 °C. p < 0.001 (***). Values follow the same trend as Figure 2B with a lower value for
the ternary mixture (middle point of response surface in Figure 2B), and higher values for individual

naphthoquinones (vertex points of response surface in 2B). Error bars are SEM.

5.3.3 Naphthoguinone mixtures induce different gst-4 responses under different

environmental conditions

Temperature and dietary intake have been shown to affect the oxidative stress
response in C. elegans.333745 Thus, we tested how exposure to heat stress and dietary
restriction modified the gst-4 response to naphthoquinone mixtures by fitting the gst-4
expression data to a mixed effects model. The overall control was plotted as Xbar and S
chart and indicates that the populations are within statistical limits of each other (Figure

5.2).
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Heat stress and dietary restriction (DR) significantly affect the oxidative stress
response, inducing a lower baseline gst-4 response than a control of 20 °C and ad libitum
conditions (Figure 5.3 B). However, heat and dietary restriction induce differential
responses in gst-4 in the presence of naphthoquinone mixtures (5.5 A, B). The ad libitum
and 20 °C response surface (Figure 5.5 B) is the repetition of the first mixture experiment
and was confirmed to not be statistically different (Figure 5.3 A). The experimentally
acquired data is represented as conventional bar plots in Figure 5.6. As the temperature
is increased to 33 °C, heat stress inhibits the gst-4 response to pure components and
mixtures, consistent with prior results.3’ Dietary restriction reduces the baseline gst-4
level (Figure 5.3 B).#¢ In contrast, reduced food concentration did not affect the gst-4
response to 1,4-naphthoquinone and plumbagin (Figure 5.5 B) and it drastically
increased the response to juglone, as compared to ad libitum conditions. Furthermore,
exposure to binary or ternary mixtures under dietary restriction did not result in
antagonistic interactions observed in mixtures at ad libitum dietary regime (Figure 5.5 B,
C). These results suggest that dietary restriction can differentially modulate the oxidative
stress response to individual compounds, and significantly modify interactions amongst

naphthoquinones.
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Figure 5.5 Naphthoquinone mixtures elicit differential response under simultaneous stress
exposure. A) Representative CL2166 animals exposed to ternary naphthoquinone mixtures (1,4-
Naphthoquinone, Juglone, Plumbagin) at different environmental conditions. B) Response surface of gst-4
expression levels for CL2166 animals under oxidative stress at different environmental conditions. C) gst-
4 expression levels for CL2166 animals under exposure to the ternary naphthoquinone mixture. D) DCFDA
intensity levels for N2 animals exposed to the ternary naphthoquinone mixture. E) DCFDA staining of
representative N2 animals exposed to the ternary naphthoquinone mixture. F) Average survival time under
exposure to 250 uM Juglone in CL2166 animals pre-exposed to the ternary naphthoquinone mixture at
different environmental conditions. G) gst-4 expression levels under daf-16 RNAi for CL2166 animals
exposed to ternary naphthoquinone mixtures. H) daf-16 expression levels for MAH97 animals exposed to
ternary naphthoquinone mixtures, measured as total intensity in the nuclei of cells per worm. Hatched bars
(all close to zero) are responses under daf-16 RNAI. AL: ad libitum. DR: dietary restriction. p > 0.05 (n.s.),
p < 0.05 (*), p < 0.001 (***). p-values were calculated using Dunnett’s test with ad libitum, 20 °C as control
after one-way ANOVA comparison in JMP 14.2.Response surfaces modeled using standard least squares
second order Scheffe model where main effects and interactions were tested for significance. Scale bars

are 100 pum. Error bars are SEM.
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We next asked whether these environmental modifications of the oxidative stress
response to naphthoquinone mixtures could stem from differences in ROS levels, and if
the gst-4 response exhibiting differential responses to mixtures and environmental
variables would imply differences in organismal resistance to acute oxidative stress.
These questions were addressed by measuring ROS levels through DCFDA staining of
N2 animals (Figure 5.5 D, E) and by assessing the survival of worms to acute oxidant
exposures after exposure to low-level naphthoquinone mixtures (Figure 5.5 F, 5.7) These
experiments show that the presence of ROS in the worms is highest under conditions of
dietary restriction at 33 °C, which are also conditions with the lowest level of gst-4 (Figure
5.5C). The differences in ROS levels between the populations exposed to heat stress
could be explained by an increase formation of ROS in animals under glucose
restriction,*” while high levels of glucose renders C. elegans more resilient to oxidative
stress.*® In this case, a parallel can be drawn between glucose and food availability.
Animals exposed to acute juglone concentrations exhibit the lowest survival under heat
stress (Figure 5.5 F), which matches with the lowest observed levels of gst-4 (Figure 5.5
C). These results suggest that environmental conditions that modulate the gst-4
responses to naphthoquinone mixtures similarly affect the animal’s resistance to oxidants,
and that ROS levels are also increased in conditions that result in minimal gst-4

expression and highest susceptibility to acute juglone exposures.
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Since dietary restriction modifies the gst-4 responses to naphthoquinones
(individually and in mixtures), we then asked whether this effect could be modulated by
the insulin/insulin-like signaling (11S) pathway that can be activated with specific dietary
restriction regimes.*® To address this question, we tested a possible dependence of the
gst-4 response on daf-16, the main regulator of the 1IS pathway (Figure 5.5 G, 5.8).5051
Comparing the gst-4 responses in the presence (Figure 5.5C) and absence (Figure 5.5
G) of DAF-16 shows that the DR-dependent induction of gst-4 under naphthoquinone
exposures is independent of DAF-16, suggesting an alternative pathway is at play. Likely
skn-1 itself regulates this interaction, since it is known to play a role in DR-induced
lifespan extension.>? We also measured daf-16 responses to naphthoquinones mixture
exposure by assessing the levels of a DAF-16::GFP fusion protein within intestinal cell
nuclei. Like gst-4, daf-16 responses are inhibited by heat stress (Figure 5.5 H). On the
other hand, ternary naphthoquinone mixtures induced strong daf-16 responses in both
DR and AL conditions. As mentioned above, under AL conditions, gst-4 exhibits a
reduced signal for ternary mixtures (i.e., antagonistic interactions), which is not observed
in daf-16 activity. This result suggests naphthoquinone mixtures induce strong daf-16
activity, which is inhibited by heat stress, and the daf-16 response to oxidants is not
modulated by DR, potentially indicating that oxidative stress is prioritized over food intake

for downstream signaling.
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5.4 Discussion

In this work, we took advantage of a DoE approach to study the oxidative stress
response driven by combinatorial exposures to naphthoquinones under a variety of
environmental conditions. Unlike traditional full-factorial designs, which would entail an
unfeasible number of experiments, using block effects and a simplex centroid design
enabled performing experiments in a non-simultaneous and feasible manner. Initially,
using mixed second order Scheffe model statistical analysis, we built a response surface

to ternary naphthoquinone mixtures under controlled environmental factors. The
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observed antagonistic interactions in Figure 5.3 A could stem from different mechanisms
of toxicity elicited by the mixture components. For instance, there are differences in the
chemical reactivity of juglone and plumbagin.®® Naphthoquinones have been shown to
result in toxicity through ROS generation or glutathione depletion.®® Juglone has
relatively higher chemical activity and could undergo Michael’s addition to glutathione
even at lower doses.>*% 30 uM of 1, 4-naphthoquinone and plumbagin could cause
oxidative stress through redox cycling at lower doses, and only at higher doses cause
Michael’'s addition to glutathione.53% Mixtures of these chemicals could thus result in
lower gst-4 activation than individual mixtures, if gst-4 induction is more sensitive towards

one of these toxicity mechanisms.

We further analyze if the response to naphthoquinones would be modified under
different environmental conditions: food availability and temperature, and found drastic
changes to response curves. The reduction in gst-4 expression levels by heat stress
observed in Figure 5.3 B could be explained by organismal prioritization of the heat shock
response over the oxidative stress response, as previously suggested by Crombie et al.3’
The reduction in gst-4 levels by dietary restriction could be the result of the reduced
activity of cct-4 under dietary restriction, which encodes a chaperonin directly involved in
SKN-1-dependent transcription of gst-4.46 We also built response curves to ternary
naphthoquinone mixtures under the four environmental conditions, which revealed
significant interactions between chemicals. Surprisingly, these interactions were
drastically modulated by environmental conditions of temperature and food availability.

The identified gst-4 responses to naphthoquinones is abolished by heat stress, which
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could be attributed to prioritization of proteostasis over detoxification, where the HSF-1

driven heat stress response genes are upregulated to prevent protein misfolding.3’

Dietary restriction also modulated stress response. Under ad libitum condition,
individual components drove gst-4 expression to similar levels, however, dietary
restriction-induced oxidative stress response show high specificity for juglone, suggesting
differences in organismal processing of similar oxidants. Although there is cross-
regulation between the diet regulated DAF-16 and oxidative stress regulated SKN-1
pathways,%5” RNAi experiments revealed that gst-4 responses to mixtures are daf-16-
independent. However, SKN-1 is also known to modulate DR-induced modulation of
longevity,>? and is thus likely integrating signals for DR and oxidative stress and driving
the observed interactions. Interestingly, daf-16 is activated by naphthoquinone mixtures
in the absence of heat stress, recapitulating the gst-4 inhibition by heat stress. In contrast,
DR did not elicit higher daf-16 activation than AL conditions, suggesting organismal
responses to oxidants are prioritized over reduced caloric intake. It is still unclear why the
DR effects are specific to the oxidant type. Potentially, these differences could stem from
differences in toxicity and detection mechanisms through chemosensation, as explained

before, coupled with multiple transcriptional pathways interacting at the organismal level.

These findings highlight the importance of experimental analysis in realistic
settings, where a variety of chemical components is present, and where environmental
conditions vary significantly. In addition, the identified interactions between
naphthoquinone mixtures, heat stress, and dietary restriction, shed light on organismal
integration and processing of stressors and environmental factors. This could stem from

differences in oxidant detection in C. elegans. For instance, low levels of H202 activate
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the 12 neuron, while paraquat only elicits a response at a very high concentration.>® The
difference in the gst-4 response to individual compounds and mixtures could stem from
the combined effects of differences in xenobiotic detection and the mechanisms of toxicity
by the different naphthoquinones. This result indicates that individual components do not
act through a singular mechanism, and that mixtures can drive significantly different
organismal responses than individual components, even for highly similar chemical
species. A detailed investigation on neuronal SKN-1 could help elucidate whether the
interaction mechanisms between chemical mixtures and environments involve neuronal

detection.

C. elegans are complex in nature and many factors could affect the response to
oxidative stress, such as variation in developmental period, food availability on plate,
temperature, as well as biological stochasticity. It is necessary to control and account for
such effects as combinatorial mixture experiments cannot be performed using a single
population. Control charts have proven to be useful in identifying potential problematic
populations, which might show a different response. Such populations can have different
biological activity and can affect the results of the experiments being performed. Adding
block factors and split plots as random effects to the model also help us compare between
populations, even if these exhibit differences that could come from experimental or
biological variation. Thus, using a combination of mixture experiments and control charts
we have highlighted the differential gst-4 response by C. elegans to oxidative stressor
mixtures under different environmental conditions. These results warrant further
investigation of the different transcriptional pathways involved and shed light on how

organisms respond to variable environments and realistic chemical exposures.
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5.5 Materials and Methods

5.5.1 Strain maintenance

C. elegans was maintained on standard Nematode Growth Medium (NGM) plates
seeded with OP50 E. coli bacteria and maintained at 25 °C. Worms at day 1 of adulthood
were bleached and age synchronized using standard protocols,>® and grown to the young
adult stage before application of oxidative stress. The strains used in the experiments
were CL2166: dvLs1l9 [pAF15 (gst-4P:GFP::NLS)], MAH97 muls109 [daf-
16p::GFP::DAF-16 cDNA + odr-1p::RFP], and N2 (wild type) which were obtained from
the Caenorhabditis Genetics Center. Animals were exposed to either control (S-Medium)
or naphthoquinone mixtures in liquid culture in the presence of HB101 E. coli as a food
source, based on established procedures.®® E. coli was grown in LB media in the
presence of 4 mM streptomycin. Bacteria were washed thrice with SB media, pelletized,
and resuspended in S-Medium at a concentration of 100 mg mL. Bacteria was then killed
by heat treatment at 65 °C for a period of 45 mins,3’ to avoid bacterial metabolism to
confound results.
5.5.2 Chemical preparation

Juglone, 1, 4-naphthoquinone, and plumbagin (Figure 5.1 A) were sourced from
Fisher Scientific and stored according to supplier guidelines. 100 mM stock solutions were
prepared for 1, 4-naphthoquinone and plumbagin by dissolving the powdered compounds
in DMSO and stored at -20 °C. Juglone stock was prepared fresh before the start of each

experiment, given its low stability.*
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5.5.3 Experimental design

An experimental design was generated to study the effect of oxidant mixtures at
ad libitum feeding (2 x 10° cells mL*) and no heat stress conditions, using a simplex
centroid design (7 points in the experimental space, Figure 5.1B). The simplex centroid
design was chosen as it entails a low number of experimental points, thus facilitating
performing more replicates. This design entailed 40 runs split into 10 groups of 4 runs
(where each design point had 5 — 7 replicates). To assign simplex centroid points to
groups, we started from an I-optimal design generated in JMP Pro v 14.2 with 21 points
in the experimental space, which already assigns each point to a group. These I-block
points were then approximated to the closest point in the simplex centroid design, and
their assignment to a group from the I-block design was maintained. An additional control
run was tested along with each group to account for differences in populations due to any
experimental variability (ambient temperature, humidity, etc.). A population of animals
from a single NGM plate was thus divided into 5 runs (4 for design points, and one as a
control).

To study the effects of process conditions on responses induced by chemical
mixtures, a split plot mixture experiment was performed. The whole plot factors were the
two environmental stressors and the split plot factors were the naphthoquinone
mixtures. Two levels of heat exposures: 20 °C and sublethal 33 °C were considered as
the first environmental stressor. Two levels of HB101 bacterial diet regime - ad libitum (2
x 100 cells mL1) (AL) and dietary restriction (2 x 10° cells mL!) (DR) was considered as
the second environmental stressor.3"61 A total of 28 populations of animals were used for

the split plot mixture experiments. Each population was split into five runs. One run, at
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process conditions 20 °C and ad libitum diet named “overall control’, was used to
compare the 28 populations (7 points of simplex centroid design * 4 process conditions).
Another run named “experimental control” was reserved for testing the effect of individual
environmental stressor, i.e., a specific heat level and diet combination with no oxidant.
Thus, each of the four process conditions were replicated 7 times across the 28
populations. The remaining three runs were exposed to the same combination of diet and
heat exposure as the experimental control, but each was exposed to a different chemical
mixture. These were assigned to groups similar to the previous experiment, using
experimental points from a simplex centroid design. Hence, a total of 84 runs (7 points of
the simplex centroid design * 3 replicates * 4 process conditions) and 56 control runs
were used to study the effects of heat stress and dietary restriction on the naphthoquinone
mixtures. The overall controls were plotted as Xbar and S control chart to ensure that
populations were statistically comparable with each other (Figure 5.2).
5.5.4 Application of oxidative stress and fluorescence imaging

Approximately 30-40 age-synchronized worms were loaded into a well of a 24-well
plate containing the oxidant and HB101 bacteria in S-Medium. Control experiments were
conducted with an empty vector of 1% v/v DMSO. Animals were exposed to the oxidants
for a period of 8 hours at a temperature of 20 £ 1 °C. For Pgst-4::GFP imaging, worms
were immobilized using a drop of 4 mM tetramisole on dried 2% agarose pads. Worms
were imaged using a wide field inverted fluorescence microscope Leica DMi8 at 10x
magnification after the exposure period. A Spectra X LED illumination system centered
at 470 nm was used for excitation, and a Hamamatsu Orca Flash 4.0 16-bit digital CMOS

camera was used for image acquisition. A dose response to individual compounds was
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first quantified by exposing animals in increasing concentrations from 0 uM to 100 uM for
a period of 8 hours. The naphthoquinone mixtures were applied based on the designs
described the previous section.
5.5.5 Quantitative image processing

GFP driven by the gst-4 promoter is observed throughout the animal, and its
intensity was quantified to estimate oxidative stress response in vivo. Images were
analyzed using a MATLAB script that generates a binary mask to identify a single worm
per image. The MATLAB regionprops function was then used to quantify the mean
intensity of the animal by overlapping the binary mask over the original image (Figure
5.1C).
5.5.6 RNAI by feeding

To measure the influence of daf-16 on the gst-4 response to environmental
conditions, age-synchronized worms were grown from the egg stage to day 1 of adulthood
at 20 °C in NGM plates containing HT115 bacteria containing the dsRNA-producing vector
from the Ahringer library (acquired from Source Biosciences).6263 Animals were then
bleached following standard protocols.>® The eggs obtained were deposited in new NGM
plates containing HB101 bacteria carrying the daf-16 RNAI vector. Animals were grown
to young adulthood at 20 °C, and then exposed to oxidative stress as previously
described.
5.5.7 ROS detection

To measure ROS levels, 30 animals, exposed to oxidants as described above,
were washed twice in M9, and then stained for 2 hours in 1 mL of M9 containing 150 uM

2',7’-dichlorofluorescein diacetate (DCFDA, Sigma) while rotating in the dark. Worms
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were then washed twice with M9, and transferred to 2% agarose pads on glass slides,
covered, and immediately imaged within 30 minutes of washing out the DCFDA.5465
Imaging was performed as previously described. Images were analyzed in ImageJ, where
average intensity of the head region was scored.
5.5.8 Survival assay and lifespan curves

To measure survival of animals to acute oxidative stress, 50 worms, exposed to
oxidants as described above, were washed twice in M9, and then transferred to a 24-well
plate containing 1 ml M9 with 250 uM juglone. Animals observed as rigid and immobile
after imparting movement to the liquid in the well were scored as dead. Animals were
scored for survival every 30 minutes for the first 2 hours and every 1 hour thereafter until
all animals were scored as dead.*®! Lifespan curves and statistical analysis of mean
lifespan were performed using the Online Application for Survival Analysis 2 (OASIS 2).66
5.5.9 Statistical analysis

Data was compiled and analyzed using JMP Pro v.14.2. The standard least
squares second order Scheffe model accounting for the individual components, mixture
interactions, and effect of the process variables was used.®’ The block effect in the first
design and the split plot in the second design were taken to be random effects. All effects,
including interactions between the mixtures and process variables, with p value smaller
than 0.05 during statistical testing (o < 0.05) were considered as significant. Since this
approach means dealing with multiple C. elegans populations (a population is considered
animals cultured on the same NGM plate), we monitored both the mean and variability of
gene expression to ensure that population responses are within statistical limits of each

other. To assess whether different populations were comparable, we used control limits.
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A population plotted within the control limits is equivalent to failing to reject the null
hypothesis of statistical control (i.e., all populations have equal means), and a population
plotted outside the control limits is equivalent to rejecting the null hypothesis. The process
mean was monitored using the X bar chart, while process variability was monitored using
the S chart.%® The responses of the controls were plotted using an Xbar (average) and S

(standard deviation) control chart (Figure 5.2).
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Chapter 6: Assessment of Early Onset of Pharynx Morphological

Changes Caused by Increased Protein Accumulation

6.1 Abstract

In this chapter, we measure healthspan and lifespan metrics of mutants with
increased protein aggregation. Our aim is to confirm that this phenotype is correlated with
a reduction in the animals’ health (measured as pumping rate, pharynx morphological
changes, and locomotion) and longevity (measured as mean lifespan). We confirm that
these mutants, screened for the protein aggregation phenotype, have an early onset of
aging indicators and have a shorten lifespan respect to the wildtype strain. This
demonstrates that increased protein aggregation can be used as a metric for aging
studies and phenotyping screens.
6.2 Introduction

The process by which organisms undergo structural and functional decline with
age is regulated by a complex network of genetic and environmental factors®. It is
important to identify the mechanisms that govern aging and understanding the biological
mechanisms and genetic pathways that are affected by this process. Approaches for
genetic screening that rely on novel phenotypes or the development of new tools provide
an opportunity to probe an unexplored genotype-phenotype landscape and identify yet
uncharacterized genes that regulate the aging process?.

One characteristic displayed by aging individuals is increased levels of protein
aggregation due to a decline in proteostasis®. Protein aggregation has recently been used
so as a marker for aging?. One protein that has shown increased aggregation with age is

the Poly(A)-binding protein PAB-1%. This protein is expressed and aggregates in
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wildtype C. elegans. We hypothesized that mutants with increased protein aggregation
should also show a reduction in healthspan and lifespan.

In this chapter, we evaluate various metrics to test C. elegans mutants with
increased protein aggregation. We assayed healthspan indicators and lifespan of these
aggregation mutants and identified a reduction in their longevity.

6.3 Results

C. elegans strain DCD214 (ugls24 [myo-2p::tagRFP::pab-1]) has expression of
tagRFP:pab-1 in pharyngeal muscles. This protein assembles into stress granules when
exposed to heat stress and forms aggregates in aging animals®. This protein aggregation
is present in aging individuals because of the decline in proteostasis®’. Midkiff et al
developed a platform for isolation of C. elegans mutants with shortened lifespan trough a
forward genetic screen approach, taking advantage of this protein aggregation in aged
animals. This way, they identified mutants with a significant reduction in longevity and
increased tagRFP:PAB-1 aggregation?. These mutant strains are named M3 and M9.

Although Midkiff et al used found a correlation between mutants with increased
aggregation and reduced lifespan, there are other metrics that can be analyzed to
evaluate how this accelerated aging shown in strains M3 and M9 could possibly be
reducing healthspan of the animals. We chose to first evaluate pumping rate as this has
been shown to undergo a dramatic decrease and an easy to quantify decline with age®?®,
this is because of an increase accumulation of bacteria in the pharynx'°. Pumping rate is
therefore a robust indicator of animals’ health and is well correlated to lifespan®1%12,

To assess the likelihood of a diminished health in the pharynx of C. elegans we

evaluated the pumping rate of the strains DCD214, DCD214 crossed with the short-lived
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VS24 (kat-1(tm1037)), and strains M3 and M9. We observed no significant difference with
the wildtype for the first 6 days of adulthood. However in day 9 there was a sharp
decrease in pumping rate for strain M3 (Figure 6.1). This decrease in pharyngeal
functionality indicates an early onset of senescence in this strain. Similar results were
observed for strains M9 and the VS24 cross by day 12. These results demonstrate that
these short-lived animals also age more quickly showing pharyngeal decline earlier in

their life than the wildtype.
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Figure 6.1 Pumping rate decreases with increased protein aggregation. Pumping rates for strain M3
shows a sharp decrease at day 6 of adulthood. Strains DCD214xVS24 and M9 show a similar trend by day
12. p < 0.001 (***), error bars are SEM.

In addition to pumping rate, another indicator of pharynx health is the
observation of morphological changes in its structure. Aged worms show structural
decline related to the presence of vacuole-like pits, bacterial plugging of the pharynx, and

the bending of the pharynx’ isthmus®. We used an structural index to evaluate this decline:
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1-least decline, 2-somewhat declined, and 3-most deteriorated (Figure 6.2). Our results
indicate that morphological changes are observed stating at day 6 of adulthood for all
strains respect to the wildtype (Figure 6.3). Interestingly, by day 9 only strain M3 showed
any significant difference in decline and by day 12 all strains, including the wildtype,
showed similar structural decline. Strain DCD214 did not show any significant decline
until day 9 indicating that all the mutant strains have early onset of pharyngeal decline.
This confirms our observations from Figure 6.1. These results demonstrate that not only
are this strains short-lived but they also expend a significant part of their lifespan in
diminished health. Furthermore, it is interesting that strain M3 also had a significant
deterioration of the pharynx even when all other strains were already showing signs of
structural damage by day 9. Notably, strain M3 was also the shortest lived of all the strains
evaluated (Figure 6.5). However, eventually even the healthier wildtype also shows

decline in later stages as its pharynx losses functionality because of age.
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Figure 6.2 Morphological changes in the aging pharynx. A healthy pharynx (top) shown no structural

damage. In aged animals, we observe vacuole-like structures (red arrow) or pharynx bending (green arrow).
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Figure 6.3 Structural integrity of the pharynx diminishes with aging and increased protein
aggregation. A structural index of 1 (least deteriorated) to 3 (most deteriorated) shows that the mutant
strains have an early onset of structural decline in the pharynx respect to the wildtype strain with the earliest

difference observed at day 6 of adulthood. p < 0.01 (**), p < 0.001 (***), error bars are SEM.

The previous metrics are directly related to the health and functionality of the
animals’ pharynx. We decided to test a different indicator of healthspan in C. elegans by
assessing the number of thrashings in liquid of the strains evaluated. It has been shown
that healthy animals have a higher frequency of movement in liquid than aged ones®3-15,
In contrast to the previous experiments, we observed an earlier decline in thrashing
frequency for the mutant worms in day 3 (Figure 6.3). Although the wildtype also showed
decline in its thrashing frequency, it is notable that this reduction was not as sharp and
steady as with the mutant strains M3 and M9. Strain VS24 did not show a significant
difference with the wildtype until day 9, possibly indicating to a relation between increased
protein aggregation and loss of proteostasis in strains M3 and M9 and early loss of

locomotion rate.
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Figure 6.4 Movement in liquid of C. elegans diminishes with increased protein aggregation.
Movement in liquid, measured as the thrashing frequency shows an early decline by day 3 of adulthood in

mutant animals. p < 0.01 (**), p < 0.001 (***), error bars are SEM.

The previous experiments were aimed to evaluate healthspan metrics in C.
elegans. These indicate that the mutant strains show an early decline in health as shown
in their loss of pharynx functionality and diminished locomotion. We decided to measure
lifespan of these strains to confirm if this diminished healthspan is associated with a
reduction in longevity (Figure 6.5). Our results confirmed that all mutant strains have
diminished lifespan with respect to the wildtype. This confirms that strains M3 and M9 are
short-lived as previously shown by Midkiff et al?>. Our results indicate a correlation
between increased protein aggregation, diminished healthspan as measure by pharynx

health and locomotion, and a reduction in the animals’ longevity.
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Figure 6.5 Mutant strains have a reduction in longevity. Lifespan for the mutant strains is diminished
with strain M3 showing the shortest lifespan of the mutant strains.

5.4 Discussion

In this chapter, we have demonstrated that animals with mutations that lead to
increased protein aggregation also have diminished healthspan, and confirmed their
reduced longevity. To test this we used metrics such as pharyngeal pumping, observation
of structural damage in the animals’ pharynx, and movement in liquid measures as
thrashing frequency. We demonstrated that increased protein aggregation is a robust
predictor of healthspan reduction as all of our metrics show an early onset of aging
phenotypes in the mutant worms. This evaluation can be paired with mutant screening
such as performed by Midkiff et al?> to strengthen the identification and validation of

mutants with increased protein aggregation.
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6.5 Materials and methods
6.5.1 Strains and maintenance

C. elegans strains DCD214 [myo-2p::tagRFP::pab-1], and VS24 [kat-1(tm1037)]
were acquired from the CGC (Caenorhabditis 421 Genetics Center). Strains carrying
integrated transgene myo-2p::tagRFP::pab-1 as well as kat-1(tm1037) were constructed
by crossing DCD214 males with hermaphrodites from strains VS24 according to standard
protocols. All other mutants were derived from ethyl methane sulfate (EMS) mutagenesis
of the DCD214 strain?. Worms were cultured on NGM plates according to standard
protocolst® on lawns of E. 428 coli strain OP50. Worms were grown at 20 °C. Day 1 of
adulthood is defined as the first 24 hours following the conclusion of the L4 larval stage.
6.5.2 Pharyngeal pumping

Pumping assays were performed on agar plates at room temperature
(approximately 20 °C) using a Leica M165 FC stereomicroscope. Pumping rate was
defined as the number of contractions in the terminal bulb in a 1-min period. Pumping
rates were measured in the presence of OP50 bacteria, the standard laboratory diet for C.
elegans.
6.5.3 Structural analysis of the pharynx

For pharynx structure, 10 animals for each age and genotype were mounted on
2% agarose pads and paralyzed with 1mm tetramisole in M9 buffer. Bright field images
were collected of the animal’s head focusing on the pharynx using a Hamamatsu Orca
Flash 4.0 16-bit digital CMOS camera connected to a Leica DMi8 microscope at 63x
magnification. Each image was presented to group-blind respondents who scored the

structure as 1—least, 2—somewhat, or 3—most deteriorated. Five respondents’ scores
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for each animal were averaged to give a single structural deterioration score. Student’s t-
tests were performed to analyze group differences.
6.5.4 Thrashing frequency in liquid

In liquid, every third day, 10 worms were picked from the stock plates at 20°C and
transferred to 24-well plates containing 1 mL of M9 solution in each well. The worms were
allowed to equilibrate for ~30s, and then the thrashing was recorded using a Lumenera
Infinity 3 camera mounted on a Leica M165 FC microscope for 20s. The average
thrashings per minute were computed and then plotted for all of the strains.
6.5.5 Lifespan analysis

Worms were age-synchronized and grown at 20 °C until reaching Day 1 of
adulthood. Approximately 100 worms from each population were then counted and picked
to a new plate and placed at 20 °C. For each subsequent day, the number of living, dead,
and censored worms were counted. Living worms are defined as worms that responded
to a gentle touch from a platinum wire and dead worms are defined as those that did not
respond to the same stimulus. Worms were censored if they were not visible (i.e. crawled
off the plate or under the agar) or displayed signs of internal hatching. Signs of internal
hatching include internal growth of larvae (“bag of worms”) as well as worms that undergo
apparent rupture. Worms were picked to new plates daily during the egg-laying phase.
Following egg-laying, worms were picked to new plates when plates begin to dry or in
rare cases where small fungal contaminants appeared. After no living worms remained,
mutants’ lifespan data was compared to wild-type data using the log-rank statistical test

to determine P-values, and to identify worms with reduced lifespan?’.
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Chapter 7: Conclusions

7.1. Summary and overview of projects

In modern society, the number of elderly adults will continue to increase in the
near future, causing higher economic and social impacts on countries. Amongst the
causes for these population tendencies is the improvement on health services
experienced during the previous decades. Consequently, this has caused a rise in
lifespan, defined as the maximum amount of time an organism in a species can livel.
Furthermore, elderly adults have a higher risk of exhibiting diseases such as Alzheimer’s
disease, Parkinson’s disease, and several forms of dementia? this highlights the
relevance of performing aging studies. We have use successfully the model organism C.
elegans for aging research, a microscopic nematode that has been important in
elucidating genetic and environmental factors affecting lifespan3. Our work is the first of
its kind to use an integrated high-throughput approach to characterize lifespan, while
associating this metric to the spatiotemporal activity of longevity genes. This was
achieved by combining a CRISPR/Cas9 approach to circumvent the issues encountered
with strains generated with methods that are more traditional. Additionally, we used
computer vision tools and machine learning to extract high-throughput information from
our lifespan and stress assays. No systematic method has been used before to
characterize activity of a transcription factor associated with stress to determine and
predict an organism’s longevity, with our results indicating that DAF-16 accounts for up
to 78% of lifespan variability under the dietary restriction regimes evaluated“. This could
to potential developments such as the determination and choosing of the best

interventions for lifespan extension in C. elegans (and organisms with the DAF-16
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conserved pathway). Furthermore, our approach reveals that it can be adapted and
applied to other transcription factors. Generating these strains with endogenous levels of
expression will reveal unexpected behavior (such as the migration of DAF-16 to cell
nucleoli) or interactions that were previously not possible to assess, for example we
showed that DAF-16 activates in the germline, other techniques would not reveal this
because of silencing in the germline. We also provide an automated pipeline that
combines MATLAB scripts and machine learning for the identification of these behaviors
and translocation patterns. Moreover, our systems biology approach enable identification
of previously unknown interactions at the subcellular level, such as the migration of DAF-
16 in cell nucleoli under dietary restriction. These findings and results will help to
understand the fundamental mechanisms by which DAF-16 and other transcription
factors regulate the aging process.

Several environmental conditions affect longevity in C. elegans. Exposure to these
stressors affects the activity of transcription factors, such as DAF-16, PHA-4, SKN-1, and
others. These proteins influence the downstream expression of genes related to stress
resilience in C. elegans. Some examples of these environmental stimuli are dietary
restriction (DR), temperature, oxidative stress, etc. However, environmental stressors do
not affect organisms in vacuum as they are frequently found in combinations.
Understanding how these different stressors interplay with each other is crucial to
evaluate their effect when they are present in the environment. Nevertheless, the amount
of combinatorial experiments needed to evaluate this interplay can become very large
when considering new interactions. We developed a platform to evaluate combinatorial

perturbations using a simplex centroid. This approach permits the generation of response
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surfaces that are robust in assessing the synergistic or antagonistic effects of these
combinations. Using this platform, we show that naphtoquinones have an antagonistic
effect on the oxidative stress response of C. elegans when use in mixtures. However,
dietary restriction reverses this antagonistic effect. Furthermore, we demonstrate that
heat stress abolishes the oxidative stress response, possibly the animals favor cell
protection against loss of proteostasis over the response to xenobiotics generating
oxidative stress®. We demonstrated the relevance of evaluating exposure to xenobiotics
in context, as these are pollutants found in the environment in conjunction with other
environmental factors and conditions.

Our results reveal that if we consider combinatorial exposure to stressors, their
behavior is altered, leading to antagonistic, synergistic, or silencing effects. Recently,
more research is performed in assessing the effect of the exposome in human health.
Our findings should warn future research to consider these combinatorial effects as they
could possibly alter significantly the efficacy of the stress response of organisms. We also
provide an experimental platform to perform these studies, as we expect the single
centroid design to be adopted by the community to evaluate exposure to multiple
xenobiotics and stressors in a systematic manner. These results display the importance
and relevance of evaluating how organisms respond to variable environmental factors in
a more realistic assessment.

Finally, we demonstrate that the increase protein aggregation phenotype identified
in mutant strains by Midkiff et al® are correlated with the early appearance of aging
phenotypes such as diminish pharyngeal pumping, increased structural deterioration of

the pharynx, and reduction of locomotion in liquid. Moreover, the mutants with this
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phenotype also have a shorten lifespan. This demonstrates that protein aggregation can
be used a robust predictor of aging in C. elegans.
7.2 Applications beyond the scope of this dissertation
7.2.1 A CRISPR/Cas9 and machine learning approach to quantify endogenous
spatiotemporal activity to predict stress-induced lifespan extension

Our systems approach can be easily modified to be used to other transcription
factors that govern the aging process. PHA-4 has been shown to increase its activity
under conditions of dietary restriction’, SKN-1 is a transcription factor that regulates the
oxidative stress response®, and HSF-1 has a similar role in the heat stress response®.
Research with these transcription factors has some of the same issues as the ones
mentioned for DAF-16. For example, no availability of strains tagged at the endogenous
locus. Our CRISPR/Cas9 approach is modular and can be modified to target these genes;
this opens the possibility of observing their endogenous activity patterns. Our custom-
made MATLAB algorithm can also be modified to track these proteins. DAF-16 was
shown to be present in all tissues for our experiments and our algorithm was developed
to account for the differences between cell types and tissues. This means that its use for
assessment of total intensity of other genes can be performed by changing parameters
such as the binarization threshold. However, other parameters such as classification by
cell type do not require much modification.

This means that we can potentially evaluate the contributions of various
transcription factors to lifespan extension in C. elegans by performing stress assays of
the type required for the specific gene, feed this large data sets to or algorithm, and use

it to formulate predictions of lifespan based on gene activity. Moreover, this approach can
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be applied to combinatorial exposures. For instance, both DAF-16 and PHA-4 activate
under different dietary restriction regimes. A strain containing tags for both genes could
be used to evaluate any synergistic or additive effect their response may have in lifespan
under stressful conditions. We have already develop such a strain and our preliminary
data show that DAF-16 and PHA-4 ‘collaborate’ to the dietary restriction response by
‘taking over’ one another under different levels of food limitation.

Finally, our platform has revealed previously unreported interactions of DAF-16
in cell nucleoli and germline. Recent studies have an increased focus on lifespan
extension conveyed by mechanisms happening inside of the nucleoli'®1t, Our findings
indicate a possible role for DAF-16 in the nucleolus that increases lifespan. This result
was possible only by using our single-copy strain revealing endogenous activity. It is likely
that other strains developed in the same manner will reveal novel interactions at the
cellular and subcellular level.

7.2.2 Assessment of antagonistic, synergistic, and silencing effects of
combinatorial stress response of C. elegans

Combinatorial perturbation experiments require the acquisition of large data
sets with multiple replicates. Our approach allows for the generation of response surfaces
using a simplex centroid design, facilitating the interpretation of the effects of
combinatorial exposures while at the same time reducing the amount of data point needed
for significance. This is made more relevant by the fact that naphthoquinones are present
in the environment!?13, so their effects in organisms happen in combination of other
factors. Our approach can be used to evaluate other known xenobiotics that could enact

the oxidative stress response in C. elegans. Some of these are paraquat, acrylamide,
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arsenic, chromium, nickel, and benzopyrene, tethrachlorodibenzo-p-dioxint4. This is
made more relevant as some of these are also carcinogenic and known to be present in
the environment as pollutants.

In addition, our platform is not limited to looking primarily to the oxidative stress
response. As shown in Chapter 5, we also evaluated the response of DAF-16 to a subset
of the main experimental conditions. This highlights that gst-4 can be replaced for other
genes such as daf-16, pha-4, hsp-16.2, sod-3, skn-1, and others. Performing this will
possibly reveal novel interactions between combinatorial exposures. For example, daf-16
activates under dietary restriction, oxidative stress and heat stress. Evaluating the whole
response surface for it could reveal if DAF-16 favors responding to certain types of stress
or mixtures of stress.

7.2.3 Quantitative assessment of early healthspan decline and shortened lifespan
associated with increased protein aggregation

Our evaluation of the correlation between diminished healthspan and lifespan for
the mutant stains with the increased protein aggregation phenotype reveal that this
phenotype is possibly a strong predictor of senescence. This confirms that the pipeline
developed by Midkiff et al® can be used to identify mutants with a reduction in longevity
by screening for mutants that undergo protein aggregation during their late life stages.
The use of the metrics evaluated in Chapter 6 should strengthen this pipeline as the
original study look mainly at lifespan metrics. Using these additional healthspan metrics
make the approach more robust.

In addition, the Mask R-CNN algorithm developed in Chapter 4 should prove to

be a valuable tool for the C. elegans community after further testing of its capabilities is
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performed. In Chapter 6 we used trained observers to evaluate the structural damage of
the aging pharynx. Using such an enhanced CNN would allowed for unbiased analysis of
the morphological changes of the pharynx associated with aging, while providing a better

guantification than our structural index.
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