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Abstract:

Chronic inflammation is a major symptom of many age-related diseases such as,
Alzheimer’'s and dementia. This inflammation has been linked to the movement of
bacteria from the gut to outside of the lumen into lymphoid tissues and the
bloodstream. Understanding the importance of the gut barrier and its integrity is
therefore of the upmost importance. Here we use the model organism, Drosophila

melanogaster, to investigate how this barrier is regulated.

Mucin genes have long since been known to be a contributing factor to the
maintenance of the gut intestinal barrier. We use a drug-inducible UAS-Gal4 system
in order to knockdown one of these mucins, mucin 55B. Unpublished data had
previously shown a knockdown of this gene extended lifespan and maintained gut

intestinal barrier function later into life.

We used AMPs as readouts for the Toll and JNK pathways and found that the mucin
55B knockdown has no effect on this immune response. Further markers were used
to find the same result in the insulin pathway. Using antibiotic lifespans we were not
able to confirm that the presence of the gut microbiota extended lifespan. We sought
to find how mucin 55B was regulated as this could aid in treating late life inflammation
in both Drosophila and humans. Here we show that the JNK pathway is likely to

regulate the expression of mucin 55B.

This research has broadened the understanding of the impact mucins have on
lifespan as well as health span and provide new insight into how approaches can be

used to maintain the gut barrier and reduce morbidity.
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Introduction

The ageing population and increased inflammation

As each year passes there is significant growth in the percentage of the population
over 65 years old, and with this growth there is a proportional increase in age-related
diseases. For example, by the year 2040 the percentage of the US population over 65
is set to rise to 21% (US Department of Health and Human Service, 2020). Structural
and functional changes associated with ageing have been linked to precursors of
many age-related health problems, including increased fibrosis and inflammation
(Selman et al., 2016; Guarner, 2015). There are large economic impacts to unhealthy
ageing, with dementia alone costing the NHS £26.3 billion in 2014 (Azheimer’s UK,
2014). This issue is only becoming more prominent as estimations in the US expect
this cost to quadruple by 2030 (Alzheimer’s Disease International, 2022). The slowing
of age-related diseases is therefore of the utmost importance in order to make sure
the NHS does not become overstretched, which is becoming more likely due to tighter

financial restrictions.

Many diseases associated with mortality, such as Parkinson’s disease, are linked to
chronic inflammation (Pajares et al., 2020). This inflammation can be the result of
several stimuli, including bacteria, which is more pronounced when gut permeability is
high. Excessive induction of the immune system can begin to cause tissue damage
and promote ageing. Unfortunately, there is no single universal healthy microbiome
configuration, so it is important to understand the dynamic relationship between the

gut microbiome, host and age-related disease.
The effect of gut permeability on ageing

In a recent review, Sommer and Backhed (2013) predicted the microbial cell content
per gram to be 10° in the duodenum, 10* in the jejunum, 107 in the ileum, 102 in the
colon. Maintaining the homeostasis of the gut microbiome, within any animal, is key to
longevity and healthy ageing. The gut microbiota has been subject to a number of
studies, with the ability to maintain its stability shown to have links to reduced obesity

and type 2 diabetes cases (Riedel et al., 2021).

A defining factor in whether the gut can maintain homeostasis is the integrity of the
intestinal barrier. Several diseases are believed to be associated with its failure.

Patients with inflammatory bowel disease develop an abnormal immune response
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which is elicited by intestinal microbiota (de Souza and Fiocchi, 2016). Evidence was
also found in inflammatory bowel disease patients as well as patients displaying
altered mucus layers to show that permeability is increased compared to controls
(Salim and Soderholm, 2011; Johansson et al., 2014). Although these results offer
good evidence that permeability increases with age and disease, the results often
differ depending on the methodology of the study and type of patients. Most in vivo
studies do show increased permeability (40-50%) in patients with an active disease
(Michielan and D’Inca, 2015).

There are differing findings on whether gut permeability increases with age. A study
measuring lactulose and mannitol absorption in the small intestine concluded that the
permeability of the ageing human gut does not increase compared to younger controls
(Saltzman et al., 1995). But a separate study suggested that there is reduced
transepithelial electrical resistance in younger controls, a marker for permeability in
the monolayer (Man et al., 2015). The same study investigated possible biomarkers
associated with barrier dysfunction and found that increased claudin-2 expression was
linked to reduced transepithelial electrical resistance. It is likely that intestinal barrier
function or loss thereof is secondary to other ailments or disruptions. A recent study in
mice showed that middle cerebral artery occlusion increased gut permeability in both
younger and older mice (Crapser et al., 2016). Interestingly, and relevant to this study,
this gut permeability caused bacterial translocation was resolved quickly in younger

mice but not in the older.

A main hypothesis connecting the disruption of barrier function with ageing is the ‘leaky
gut’ hypothesis, which states that damage causes the barrier to become permeable.
This permeation is then predicted to result in bacteria and other pro-inflammatory
toxins being secreted into the blood stream, activating an immune response and
initiating inflammation (Maynard and Weinkove, 2018). This highlights the importance

of investigating the gut barrier and why it may become weakened with age.
Drosophila as a model organism in research

Drosophila melanogaster has a long history of being used as a model organism, first
being studied experimentally in 1906 (Castle, 1906). Their low generation time (10-14

days) and high reproduction rate allow for a large number of flies to be produced



quickly, allowing a large quantity of experiments to be completed over a short period

of time.

Made up of four chromosome pairs, the Drosophila genome is 180Mb in length and is
60% homologous to humans. Although 20-fold smaller than the human genome, the
Drosophila genome encodes a similar number of gene families (Taormina et al., 2019).
This allows the study of gene function in humans to be simplified. Possibly the most
important feature of Drosophila is that it is a convenient genetic system with many
available mutants and transgenic tools. For example, the UAS/GAL4 system allows
tissue specific transgene expression and temporal control to be activated either by
temperature or drug exposure (Osterwalder et al., 2001). One of the many functions
the UAS/GAL4 system uses is Ribosomomal Nucleic Acid (RNA) in order to create a
sequence-specific suppression of gene expression, called RNA interference (RNAI).
These RNAI studies can be conducted easily, with the availability of RNAI lines which

target most transcripts (Perkins et al., 2015).

Drosophilae have a long history of usage in ageing experimentation (Loeb and
Northrop, 1916). As complex organisms, Drosophila offer a wide range of features
which can be monitored with age which are lacking in other model organisms (yeast
or C. elegans). This is proven as Drosophila have been shown to have a reduced
resting metabolic rate, decreased protein and fat synthesis and reduced flying with
age (Piper and Partridge, 2018). Utilising Drosophila in the context of intestinal barrier
studies provides another advantage in the form of sexual dimorphism. The virgin
female midgut is significantly larger than that of the male with this difference growing
after mating. As well as this, adult female intestinal stem cells (ISCs) divide more
readily than in males. For these reasons, female Drosophilae tend to be used for easier
experimentation (Miguel-Aliaga et al., 2018).

Drosophila’s use in gut microbiota studies

Fly and human intestines share similar tissue, anatomy and physiological function
(Rubin, 2007) (Fig. 1). For example, both mammalian and fly guts are made up of a
monolayer of epithelial cells, enterocytes. A major difference between human and fly
guts is folding; human guts are highly folded with the formation of crypts and villi which

increase surface area, whereas fly guts are not. Both mammalian and fly intestines do



utilise microvilli which protrude into the lumen, creating a brush border on which a layer
of mucus separates the host from intestinal microbes. Insects contain a semi-
permeable, non-cellular structure known as the peritrophic matrix which protects the
epithelium from physical damages as well as regulating the transfer of particles
between lumen and enterocytes. In Drosophila, a peritrophic matrix is present to
protect the midgut and hindgut (Apidianakis and Rahme, 2011). It has been shown
that with age this mucus layer depletes along with the peritrophic matrix causing
increased likelihood of damage to the intestinal barrier (van Beek et al,
2016). Drosophila also show key responses to infection of microbes which can be
measured, allowing insights into systemic and local responses with age. Overall,
conserved cellular processes, shared morphology, practicality, and ease of genetic
intervention make Drosophila an important model organism of the human intestine
(Apidianakis and Rahme, 2011).

Mammalian Drosophila
intestine intestine
Esophagus Foregut

Stomach \\
Anterior
midgut Q
Crop
—
Fe/Cu cells

Small
intestine

Posterior
midgut
Large Malpighian
intestine tubules

Hindgut

Rectum (+ papillae)
Anus

Figure 1: Schematics of mammalian and Drosophila intestines (Apidianakis and
Rahme, 2011). Similarities in the oesophagus and foregut (blue), stomach and crop
(vellow), small intestine and midgut (green), and large intestine/rectum/anus and
hindgut/rectum/anus (grey). Differences include the presence of Fe/Cu cells and
Malpighian tubules found in Drosophila.



Both humans and Drosophila contain no true core microbiota (Miguel-Aliage et al.,
2018; Turnbaugh et al., 2007). A core microbiota broadly refers to any set of microbial
taxa, or the genomic and functional attributes associated with those taxa, that are
characteristic of a host or environment of interest (Neu, Allen and Roy, 2021). With
age, the microbiota of Drosophila has been shown to increase and become more
diverse (Kim and Jazwinski, 2019; Bartosch et al., 2004). In response to this, aged
flies produce a higher level of reactive oxygen species (Sanz et al., 2010) and
antimicrobial peptides (Kounatidis et al, 2017) to aid in controlling the growing
microbiota. Clark and colleagues found that changes to the ecology of the gut
microbiota (for example, an increased proportion of Proteobacteria and decreased
proportion of Firmicutes) occurred before cellular markers of intestinal barrier failure
(Clark et al., 2015). These changes have been hypothesised to cause inflammation,
creating a feed forward loop where inflammation causes further microbiota dysbiosis
(Clark and Walker, 2017). This systemic inflammation throughout the Drosophila has
been shown to inactivate key metabolic pathways, such as the insulin signalling
pathways, and drain metabolites causing muscle wastage in chronically infected flies
(Dionne et al., 2006). These ideas were then applied using smurf flies in another
publication which showed that gut dysbiosis did limit lifespan (Lee et al., 2022).Smurf
assays are a common experimental design in Drosophila studies that assess food
intake by the co-ingestion of a blue dye. This allows researchers to view food not
absorbed by the digestive tract. This property can therefore assess gut permeability in
vivo (Rera et al., 2012). Strengthening the intestinal barrier could therefore reduce gut
dysbiosis and prevent inflammation, delaying the onset of age-related diseases
(Maynard and Weinkove, 2018).

Mucins effect on ageing

Mucins have been studied extensively within mammalian models and are a family of
large, complex, glycosylated proteins with a highly conserved ‘mucin domain’
(Johansson and Hansson, 2016; Johansson et al., 2013). Within the protein core of
mucins are so-called PTS regions (involving proline, threonine and serine) which are
often repeated in tandem (Paone and Cani, 2020). Serine and threonine pairs are
targeted for O-glycosylation in which several different sugars can be added to the

amino acids affecting protein stability and regulating protein activity. Due to the
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multitude of function changes O-glycosylation can achieve it is the focus of ageing,
cancer and neurogenerative research (Franzka et al., 2021; Burchell et al., 2018;
Akasaka-Manya and Manya, 2020). Separately, proline enables this process, ensuring
the mucin remains unfolded in the Golgi apparatus allowing glycosylation to occur (Fig.
2). O-glycosylation also provides protection to itself; the glycan coat shelters the
protein core of mucins preventing endogenous protease degradation as well as
enabling mucins to bind water and form a gel (Hansson, 2020; Etienne-Mesmin et al.,
2019; Johansson et al., 2011). Glycosylation can differ along the digestive tract
depending on each individual’s diet and overall health. This has been suggested to be
partly influenced by microbial colonisation (Hansson, 2020; Pelaseyed and Hansson,
2020; Etienne-Mesmin et al., 2019). The formation of this structure has been found to
be important to human health, with healthy humans displaying a O-glycosylation profile
of MUC2 which is qualitatively and quantitatively more uniform compared to patients

with active colitis (Johansson et al., 2011).
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Figure 2: Stages of synthesis of mucus in the gut (Paone and Cani, 2020). Left
side of figure: Shows an illustration of the transmembrane mucins on the surface of an
enterocyte. Right side of figure: Specific steps in the synthesis of MUC2 in the
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intestine. Including the steps involved in adding the first glycosylation made by the
peptidyl-GalNAc transferases which allows the first sugar to the serine and threonine
of the PTS sequence. Ser, serine; Pro, proline; Thr. Threonine.

Within Drosophila, mucin-like proteins have been poorly characterised compared to
their human counterparts as the PTS repeats are unable to be detected due to poor
sequence conservation (Syed et al, 2008\). This is because heavy glycosylation’s
obstruct biochemical mucin isolation, making proteins large and difficult to extract.
Lang and colleagues, 2007 attempted to avoid this practical issue by using a
bioinformatic search for mucin-associated domains combined with PTS repeats and
serine/threonine rich content. This study was initially hampered due to low
representation of PTS repeats in cDNA; however, gel-forming mucins were eventually
returned in several divergent species. This makes mucins a very interesting subject
for ageing research as it suggests mucins have a wider function in different species

and organs than previously thought (Kumar et al, 2017).

Specifically, little research is readily available on the mucin gene, Muc55B (Fig. 3A&B).
Currently, the gene has been found in Drosophila melanogaster and is thought to be
an extracellular matrix structural constituent. Mucins can generally be separated into
two categories: transmembrane mucins and gel-forming mucins. Muc55B is a
transmembrane mucin which are synthesised in the rough endoplasmic reticulum and
attached to the cell membrane of the enterocytes until they cover the apical surface
(Johansson, Sjovall and Hansson, 2013). The estimated function of these proteins is
not to form gels as one may picture when imagining a mucin but to provide cell
protection and have been predicted to be involved in host-microbe interactions
(Pelaseyed and Hansson, 2020; Johansson, Larsson and Hansson, 2011). Although
a predictive model has been generated using AlphaFold2 (Fig.3A), annotations are
sparse and the inner workings of the protein are less understood. Figure 3B shows the
primary sequence of the protein and highlighted in red is a predicted signal peptide.
The first 17 amino acids in the sequence was predicted to be a putative singal peptide
by the SignalP programme (Nielsen et al., 1997; Chandra et al., 2004), The light blue
highlighted section of primary sequence matches strongly with a protein of unknown
function (DUF725). Although it is a protein of unknown function, there is reason to
suggest it is a transmembrane region due to its alpha-helix prediction. The PTS region

is predicted by AlphaFold to be towards the end of the primary sequence and is
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highlighted in purple in Figure 3B. This matches with Syed and colleagues, 2008 due

to it containing at least four repeats and high ST content. Overall, the structure given

from the AlphaFold model is useful as it allows us to view a potential location for a

transmembrane region, however, the PTS region has poor confidence. This is

representative of other research groups struggles as Syed et al., 2008 found low

conservation of PTS regions.
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IFigure 3: 3D predicted |protein model of muc55B and the primary sequence. (A)
Possible transmembrane region is shown in blue and is identifiable due to its signature
a-helix coil structure. Confidence: Dark blue — Very high (>90), Light blue — High (>80),
Yellow — Low (>70), Orange — Very low (>50). Prediction taken from AlphaFold,
2022. (B) Shows the primary sequence for Mucin 55B. Key: Red — signal sequence,
Light blue — transmembrane region, purple — PTS region.
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Figure 4: Drosophila intestine mucin expression changes with age and health
(Clark, unpublished data). (A-B) Mucin expression in intestines from 10-day old
females. (A) Whole guts, n = 10x5 guts. (B) Intestinal regions, n = 5x20 guts. (C-F)
Mucin expression in intestinal regions at 10 and 40 days old and in 40-day old smurt
flies. (C) Muc68D. (D) Mucb5B. All females, n = 5x20 intestines. Boxplots display the
first and third quartile, with the horizontal bar at the median. *p<0.05, **p<0.01,
***p<0.001, t-test.

Preliminary data has been very promising as several mucin genes that are expressed
in the fly gut and whose expression changes with age have been identified. Muc68D
suppression caused intestinal barrier failure, whereas Muc55B suppression caused a
strengthening of intestinal barrier function and therefore an hypothesis can be made
that mucin genes influence health spans (Fig. 5).

Data showed that Muc55B and Muc68D had similar levels of expression throughout
the whole gut, with Muc68E showing slightly lower levels. Muc68D showed almost no
expression in the anterior midgut of the smurf population compared to their healthy
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counterparts (Fig. 4C). Interestingly, Muc55B showed no expression difference
between smurf and healthy flies in the AMG or HG (Fig. 4D).
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Figure 5: Muc68D and Muc55B shown to regulate intestinal barrier function and
lifespan (Clark, unpublished data). (A) Mucin expression level in gut (TIGS>MuclR).
(B-C) Lifespan and smurf proportion in TIGS>UAS-Muc68D-IR. (D-E) Lifespan and
smurf proportions in TIGS>UAS-Mucb5B-IR. (F-G) Lifespan and smurf proportions in
TIGS>UAS-Luc-IR. Samples taken from female flies, drug fed from day 5 of adult life.
N>200 flies/condition. Data from Muc68E was also collected but was almost identical
to Muc68D

It was also shown in preliminary data that Muc55B suppression significantly extends
lifespan (Fig. 5D). Arguably more important to human studies, mucin 55B suppression
leads to an extended health span as there are significantly fewer smurfs in the

knockdown group compared to the control (Fig. 5E).
Aims of the project

Based on a review of the literature and preliminary data, there is a definite gap in

knowledge surrounding the mucin 55B gene and its effect on health and lifespan. For
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this reason, it is the basis of my MSc research and thesis. In this | will investigate the
effects of the gene, Muc55B, on lifespan with an emphasis on the smurf population in
which we will be able to draw interesting parallels to human lifespan and quality of

life.

This project has the overall goal to investigate the effect of mucin expression on the
lifespan of Drosophila melanogaster. To achieve this, two main aims have been

devised:
1. To identify why changes in mucin expression regulate lifespan.

2. To identify the pathways involved in regulating mucin expression.

Methods
Fly culture and Lifespan

This work was carried out with w;; TIGS flies crossed with the relevant UAS line. UAS
lines used during this experiment were y',v';; UAS-Muc55B-RNAI/TM3, Sb' (line from
the TRIP collection, obtained from the Bloomington Stock Centre. Referred to in this
paper as UAS-Muc55B-IR), UAS-Muc55B-IR (Obtained from the Vienna Drosophila
Resource Centre. Referred to as UAS-Muc55B.kk-IR in this paper.), w, UAS-PGRP-
Lc, w'8;; UAS-Hep®A, w'''8 UAS-BskPN | w;;UAS-Upd3, and w;;UAS-Domede!ta-Cyt,

Female TIGS virgins were then collected and stored in vials of 20 before being crossed
with the appropriate genotype line. Crosses were left for 10 days before collections of
offspring were taken for experimentation. Flies were cultured in a humidified
temperature-controlled incubator with a 12 hours on/off light cycle at 25°C, in vials
containing 4pl of standard cornmeal medium (1% agar, 3% brewer’s yeast, 1.9%
sucrose, 3.8% dextrose and 9.1% cornmeal). During collection, flies were
anaesthetised under light carbon dioxide and were subsequently housed at a density
of 27-32 flies per vial. These vials were then flipped into fresh vials and deaths were

counted every 2-3 days through adult life.

Geneswitch activity was induced using RU486 (Cayman Chemical Company) within
the drug-inducible UAS-Gal4 system (outlined in the section below). This allowed flies
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to be induced temporally at day 10 and remain on RU for the remainder of the lifespan
as the development of the flies may have been affected if the knockdown had been
induced earlier. RU486 was dissolved in ethanol at a concentration of 20mg/ml and
mixed into the media during vial preparation. The dose of RU486 used was 25 ug/mi
final concentration and control foods were prepared with ethanol alone. The volume
of ethanol remained the same throughout. Antibiotic treatment was modified from
previous publications, as flies were fed antibiotic food for the first 10 days before being
kept in an incubator (Brummel et al., 2004). Antibiotic flies and corresponding controls

were flipped in a sterile hood on the same timescales.

The smurf assay, used to confirm barrier integrity, was carried out as described in
Rera et al., 2012

a 24-hour period before smurfs were counted. In every experiment, regardless of

, with the only amendment being that flies were kept on blue food for

condition used, control and experimental animals were always transferred to fresh
food at the same time-points. This controls bacterial growth in the food throughout

these experiments.
Knockdown of mucin 55B

Here we used the UAS-Gal4 geneswitch system in order to knock down mucin 55B
(Fig. 6). This allowed us to induce the knockdown temporally after day 10 as we did
not want to affect the development of the flies. The geneswitch works by first
combining the Gal4 DNA-binding domain with a steroid hormone receptor

transcriptional activation domain which requires ligand binding to become active. This

is added next to a tissue specific enhancer coding region, for our studies we wanted
to target the gut and salivary glands, so we used the TIGS driver. We used the drug
RU486 to activate the transcription of the Muc55B inverted repeat (Fig.6). This
inverted repeat subsequently bound the Muc55B mRNA, suppressing the creation of

the protein. [The system was initially used by Osterwalder and colleagues, 2001.

Transgene expression can be detected at around 3-5 hours and maximal expression
after 1-2 days (Osterwalder et al.,2001; Baril, Martin-Duque and Vassaux, 2010\). A

useful mechanism of this system is that ligand-inducible systems also provide the

benefit of being able to control the level of transgene expression by varying the dosage

of steroid ligand. During preliminary experimentation two knockdowns were
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investigated, 25 pg/ml and 50 pg/ml, and it was found that 25 pg/ml was more
beneficial to lifespan, so this dosage was used throughout all experiments in this

study.
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Figure 6: Schematic of the UAS-Gal4 system (Osterwalder et al., 2001). Black and
white image shows the model without RU486 and therefore no expression of the
inverted repeat. Coloured image shows RUA486 binding to the UAS, therefore
activating transcription of the inverted repeat.

RNA extraction

Flies were initially collected using light CO:2 (as noted above) before dissections took
place over ice. During dissections, four different tissue samples for RNA processing
were taken and were as follows: Gut; Head; Abdominal carcass, and Thorax carcass.
Five flies were used per sample, each body part was then added to a microcentrifuge

tube containing 100yl of Trizol before being homogenised with a mechanical pestle.
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All samples were kept on ice for the entirety of this process. Once all samples were
collected and homogenised, they were left to incubate at room temperature for 10

minutes before being stored at -80°C.

In order to separate phases, samples were first thawed for 10 mins before 20ul of
chloroform was added. This was shaken vigorously for 10 seconds by hand before
incubating at room temperature for 3 minutes. Samples were then spun in a pre-cooled
(4°C) centrifuge at 12,0009 for 15 minutes. After this, 45ul of the aqueous phase was

transferred to and stored in a clean microcentrifuge tube.

4.5pl of 3M sodium acetate (RNA grade) was then added to the aqueous phase and
pipette mixed before 2ul 20mg/ml glycogen (RNA grade) was added. 51.5ul of
isopropanol (RNA grade) was then added and then the mixture was vortexed briefly
(1-2 seconds). Samples were then incubated at room temperature for 10 minutes, then
spun at 12,000g for 10 minutes in a pre-cooled centrifuge. The supernatant was then
removed to leave a pure RNA pellet, and 200ul 75% ethanol (RNA grade) was added
to wash the pellet, removing any residual supernatant before storage. One last spin
for 5 minutes at 12,000g in a pre-cooled centrifuge took place before samples were
stored at -80°C prior to cDNA synthesis until cDNA synthesis was ready to take place.

cDNA synthesis

Following storage described above, samples were spun for 5 minutes in a pre-cooled
centrifuge. The ethanol supernatant was removed, and the RNA pellets were air dried
for 5 minutes. Pellets were resuspended in 20ul ddH20 before being placed on a 55°C

heat block for 10 minutes.

DNase treatment was as follows: 8.5ul sample RNA, 1ul DNase buffer and 0.5pl
DNase 1. This reaction was incubated at 37°C for 30 minutes. Once the incubation
was complete, 0.5ul 50mM EDTA was added, and pipette mixed. This mixture was

then incubated at 65°C for 10 minutes.

The 10ul Dnase treated RNA was briefly spun down before 1ul random hexamers
(0.2mg/ml) were added and pipette mixed. The samples were then incubated at 70°C
for 5 minutes. Samples were cooled on ice before a master mix was added. Master

mix was made up as follows: 4ul 5X First Strand Buffer, 0.5ul Ribolock RNase Inhibitor,

19



2ul 10mM dNTPs, 0.2ul Reverse Transcriptase and 2.3ul ddH20 per sample with 9ul
being added to each. Samples were then pipette mixed briefly and incubated at room
temperature for 10 minutes. Followed by a 37°C incubation for one hour then a 70°C
incubation for 10 minutes. 1/5 dilutions were then made with 5l of the treated RNA
and 20ul ddH20.

Quantitative PCR

A standard for gPCR was then made using 5ul from each undiluted sampled and
mixed in a new tube. A series of seven 1/5 serial dilutions were then made to give the
following relative concentrations: 1, 0.2, 0.04, 0.008, 0.0016, 0.00032, 0.000064). All
samples (undiluted, 1/5 diluted and standards) were then all stored at -20°C to await
gPCR.

PCR was performed with Power SYBR Green master mix (Applied Biosystems) on a
CFX Connect Real Time PCR System. Cycling conditions were as follows: 95°C for
10 minutes; 95°C for 15 seconds then 60°C for 60 seconds, cycled 40 times; 65°c for
5 minutes; 95°C for 5 mins. All calculated gene expression values were normalised to
the value of the loading control gene, rp49. The primer sequences used to assess

gene expression in this study were as follows:
Act5c_L TTGTCTGGGCAAGAGGATCAG

Actsc_R ACCACTCGCACTTGCACTTTC

Dpt L ACCGCAGTACCCACTCAATC
Dpt R CCCAAGTGCTGTCCATATCC
Drs_L GTACTTGTTCGCCCTCTTCG
Drs_R CTTGCACACACGACGACAG
InR_F AAGCGTGGGAAAATTAAGATGGA
InR_R GGCTGTCAACTGCTTCTACTG

Muc55B_L GTCTGACTGAGTGCGATACCC
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Mucs5B_R CCTTGTAGCTGTCGGAGGAG
RP49_F TACAGGCCCAAGATCGTGAA
RP49_R TCTCCTTGCGCTTCTTGGA

Thor_F CAGATGCCCGAGGTGTACTC
Thor_R CATGAAAGCCCGCTCGTAGA

Universal primers for the 16S ribosomal RNA gene were against variable regions
AGAGTTTGATCCTGGCTCAG and CTGCTGCCTYCCGTA, as previously published
(Clark et al., 2015).

Cell proliferation counts

Dissections

Dissections took place using two 9-well pyrex spot plates in 150pl of chilled phosphate
buffered saline (PBS). Ten whole midguts were collected for each condition. One plate
was used for dissections after being chilled for 30 minutes on ice, another plate
remained on ice with 150ul of sterile PBS in each well to allow the transfer of individual
dissected midguts to reduce degradation as much as possible. These dissections took
place between 10am and 2pm for a maximum time slot of 90 minutes to account for
the circadian rhythm of Drosophila. Drosophilae have an interesting circadian rhythm
meaning there is a small peak in ISC mitosis at 6am and again during to the evening
(Karpowicz et al., 2013). Performing dissections around midday meant that these
peaks had reduced effects Malpighian tubes were removed during dissections to

prevent interference with imaging and cell counts.
Staining

After each 90-minute dissections session, each well of dissected guts was fixed at
room temperature. In a fume cupboard, 50ul of 16% paraformaldehyde (pfa, final
concentration 4%) was added to the 150ul PBS and then placed on a rocker (60 rpm)
for 30 minutes. The 200ul solution was then removed and three 150ul PBS 10-minute
washes were carried out. After the final wash, 150ul blocking buffer was added and
left on a rocker (60 rpm) for 30 minutes. Blocking buffer was made up of 250 mg BSA
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+ 250pl Triton X100 in 50 ml PBS with a 5% addition of NGS into aliquot before adding
to plate. Blocking buffer was then removed and 150ul primary antibody mixture was
added in PBS + 0.5% triton (250ul Triton X100 in 50ml PBS) to each well and
incubated in a cold laboratory (4°C) overnight. Phosphohistone H3 (PH3) was used as
the primary antibody (1:1000 dilution) biomarker of proliferation as it has increased
specificity over other commonly used markers such as Ki67. PH3 stains condensed
chromatin just before chromosomal segregation therefore cells in the late G2 and
mitosis stages of the cell cycle are stained. Goat anti-rabbit 555 was then used as the
secondary antibody (1:500 dilution) biomarker. The next morning, the primary antibody
mixture was removed and three 10-minute 150ul PBS washes were carried out.
Secondary antibody mixture, 150ul, was then added to each well and placed on a
rocket at room temperature for 2 hours. This mixture was then removed and a nuclei
stain, DAPI (1mg/ml stock), counterstain was added in 140ul PBS + 0.5% triton and
left to incubate on a room temperature rocker for 10 minutes. The counterstain mixture
was removed, allowing for three 10-minute 150ul PBS washes. Plates were then
stored for a maximum of an hour before being mounted. Parafilm was used during all
incubations to prevent evaporation of the reagents and a tin foil cover was used when

applying light sensitive reagents or antibodies.
Mounting

Dissected and stained guts were removed from their wells and mounted on glass
microscope slides with pre-spread Vectashield (Antifade mounting medium Vector
Labs H-1000). A coverslip was then placed on top and subsequently sealed with nail

varnish. Slides were stored in a light-blocking box in a fridge until imaging.
Confocal microscopy

Stained samples were imaged using a Leica TCS SP5 Il microscope. An oil emersion
60x objective lens with no zoom was used for all images. Images were taken at a
resolution of 1024x1024 pixels, at 200Hz using a bidirectional X scan with a line
average of 2. To image the fluorophores used in proliferation staining we used the
following lasers and wavelengths: 405 Diode Laser: 415-460nm wavelength. Images
were taken at the posterior midgut located next to the midgut-hindgut junction to

maintain consistency and repeatability.
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Images were subsequently analysed and proliferating cells were counted. Composite
images were generated on the Fiji Image J platform, brightness and contrast were

adjusted to enhance clarity of images, but this was consistent across all images.
Statistics

The comparison of survival curves was performed using the log-rank test in the
GraphPad Prism software. Comparison of smurf proportions per time-point were
carried out using a binomial test to calculate the probability of having as many smurfs
in population B as in population A, in R v#2'. Proliferation count data was analysed
using an ANOVA, followed by an appropriate post-hoc test as sample sizes were
above 25. All other data comparisons were tested for significant differences using
Wilcoxon-Mann-Whitney U tests and student t-tests where appropriate| Number of
biological replicate samples is highlighted in each figure legend. All statistical tests

were conducted using GraphPad Prism.
Results

Mucin 55B was effectively knocked down in Drosophila in the UAS-Muc55B-IR
line, not in the UAS-Muc55B.kk-IR line

As TIGS flies were used throughout the experiment, it was expected that this would
cause a knockdown of mucin 55B expression within the gut and salivary glands. Data

was collected to view mucin 55B expression levels in control and treated groups.
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Figure 7: Muc55B expression levels throughout lifespan. (A-B) Mucin 55B
expression in the gut from 10-, 20- and 40-day old females. (A) Using the UAS-
Mucb55B-IR line of flies. N=6x5 guts for all timepoints. (B) Using the UAS-Muc55B.kk-
IR line of flies. N=6x5 guts for day 10 and 20 timepoints and N=5x5 guts for day 40.
Standard deviation is displayed on both graphs. *p<0.05, **p<0.01, Mann-Whitney U
test.

It was found that in the UAS-Muc55B-IR line the knockdown of mucin 55B was
successful, showing significant differences at day 20 (p=0.026) and day 40 (p=0.0048)
between control and treated groups (Fig. 7A). There was shown to be no significance
in the change of mucin 55B expression with age in each control indicating that it is
expressed at the same level throughout life. Although this contradicts preliminary data,
here we show data for whole gut samples whereas specific gut regions were used in
preliminary data. In the UAS-Muc55B.kk-IR line, expression demonstrated a similar
level of variance throughout all timepoints indicating there was no issue with the
general low expression of mucin 55B. However, there was no significance in the
difference between control and treated groups at day 20 and an unusual significant
increase at day 40 (p=0.0159) (Fig.7B). Unfortunately, this clearly shows that the

knockdown did not work in this line.

Mucin 55B knockdown caused strengthening of gut barrier function in the UAS-
Muc55B-IR line

To confirm preliminary data, a repeat of the UAS-Muc55B-IR standard line crossed

with TIGS flies was performed. This knockdown of mucin 55B had the expected effect |
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as the knockdown was shown to significantly extend lifespan (p=0.0153) (Fig. 8A).

However, this may have been caused due to a later life extension| as there was no
change in the Tso values (33 days in both control and treated groups) but there was a
longer maximum lifespan in the treated group (96 days compared to 72 days). This is
confirmed by a change between maximum lifespan and Tso of 218.2% in the control
group and 290.1% in the treated group. During this lifespan, we also conducted a
smurf assay to assess the integrity of the gut barrier. The smurf assay showed a clear
progression; the older the population, the larger the smurf proportion becomes as
there was significantly more smurf flies at the day 20 control compared to day 10
(p=0.0022) and at day 40 control compared with the day 20 control (p=0.0112). Thus,
confirming previous publications results that gut barrier function depletes with age
(Rera et al., 2012) (Fig.8B). This line also showed that the knockdown of mucin 55B
was linked to a reduction in smurf proportion. This is highlighted as at day 40 there
was a significant reduction (p=0.0202) in the number of smurf flies in the treated group
compared to the control, which is likely the cause of the extended lifespan seen in
figure 8A.
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Figure 8: UAS-Muc55B-IR knockdown lifespan curve and smurf data. (A) Survival
curve of UAS-Muc55B-IR female flies maintained in normal conditions. Muc55B
knockdown significantly extended lifespan (Mantel-Cox Test, p=0.0153). RUO control
flies shown in black, RU25 treated flies shown in red. (n=279, n=267 respectively).
T50 for both lifespans were |33 days. (B) Plots display the proportion of smurf flies
within the population at day 10, 20 and 40. *p<0.05, **p<0.01, binomial test.

The Tso and maximum lifespan were much closer together in the UAS-Muc55B.kk-IR
lifespan compared with the UAS-Muc55B-IR curve (Control: 129.4%; Treated:
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134.6%) (Fig. 9A). The two curves were significantly different with the control group
living longer than the treated group (p=0.0008). Expression level data showed an
increase in Muc55B levels at day 40 in RU25 flies so this could have been a
contributing factor as we would expect an overexpression of mucin 55B to significantly
reduce lifespan. This result is in line with our hypothesis that mucin 55B suppression

extends lifespan|
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Figure 9: UAS-Muc55B.kk-IR knockdown lifespan curve and smurf data. (A)
Survival curve of UAS-Muc55B.kk-IR female flies maintained in normal conditions.
Mucb55B knockdown significantly shortened lifespan (Mantel-Cox Test, p=0.0008).
RUO control flies shown in black, RU25 treated flies shown in red. Median survival for
each curve was: Control = 51, Treated = 48. (N=289, N=279, respectively). (B) Plots
display the proportion of smurf flies within the population at day 10, 20 and 40. N=6x5
female flies, *p<0.05, **p<0.01, binomial test.

At day 20, the UAS-Muc55B.kk-IR line showed a trend towards a lower proportion of
ismurf flies in the treated group (Fig. 9B). The proportion then spiked at day 40 and
both control and treated flies have very similar smurf proportions. This is slightly
unusual given gene expression data showed an increase in the treated group so we
may have expected this to have been reflected by a greater proportion of smurfs in
this population. These results again confirm that gut barrier integrity is reduced with
age as smurf proportions increased from day 10 to day 40 in both control and treated

groups.
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AMP expression within the gut does not significantly change with mucin 55B
knockdown in the UAS-Muc55B-IR line

It has widely been reported that antimicrobial peptides (AMPs) are upregulated with
age (Badinloo et al., 2018; Sheffield et al., 2021). This is due to their response to
microbial signals which emanate from the gut, which grow stronger with age due to an
increase in bacterial load (Arias-Rojas and latsenko, 2022). Mucin proteins are
believed to aid in the maintenance of the peritrophic matrix which gets weaker with
age| Currently, the only mucin to show evidence of this is Muc68D (Kim et al., 2020).
Once this layer has been degraded with age or mucin depletion, the epithelium
becomes more susceptible to both bacteria and toxic compounds present in the gut
lumen. This can cause an increased immune response. We decided to assess the
difference in two of these AMPs expression with age and with respect to the muc55B

knockdown.

We assessed diptericin (Dpt), which is regulated by the IMD pathway and is active in
commensal control within the gut. Dpt targets gram negative bacteria and rises
proportionally with the gut bacteria population during ageing (Hanson et al., 2019;
Imler and Bulet, 2005). We therefore expected an increase in Dpt levels with age| as
has previously been shown (Sciambra and Chtarbanova, 2021) and a reduction of Dpt
expression in flies showing a mucin 55B knockdown. As well as this we also assessed
drosomycin (Drs), another AMP, which is regulated by the Toll pathway. The
production of Drs is activated through a completely different pathway (Toll Pathway)
to Dpt jand targets gram positive bacteria and fungi. Unlike Dpt, Drs is not as active in
reducing the bacterial population directly within the gut (Tauszig et al., 2000).
However, Drs has been studied as previous data has shown an increase in aged smurf

fly guts (Clark et al., 2015)
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Figure 10: Diptericin and drosomycin expression within the gut in UAS-Muc55B-
IR flies. (A-B) Diptericin and drosomycin expression levels in guts from 10-, 20- and
40-day old females. (A) Diptericin expression. (B) Drosomycin expression. N=6x5
guts. Standard deviations are shown in each graph. There were no significant changes
in diptericin or drosomycin expression, Mann-Whitney U test.

Overall, it was shown in the gut that Dpt expression trended towards an increase with

age (Fig. 10A). Although the data showed exactly what we expected, no values were
significant. |A possible reason for this insignificance is that the sample size of 30 flies
means the experiment is underpowered, however, previous studies have used this
(Paredes et al., 2011). This,

therefore, suggests the insignificant result is due to variable data. Drs expression in

sample size and found significance (Clark et al., 2015;

the gut can be seen to slightly reduce with age (Fig. 10B), although this deterioration
is insignificant through days 20 and 40. It is interesting to see that the knockdown of
mucin 55B appears to show a trend toward an increase in Drs expression in the gut.
This change is not statistically significant, however, these results do show trends that
the knockdown of mucin 55B does reverse the effect of ageing for both Dpt and Drs

expression.

Drosomycin expression in the gut is significantly increased with age in the UAS-
Muc55B.kk-IR line

The same AMPs were investigated in the same way within the UAS-Muc55B.kk-IR line
(Fig. 11A&B). Unlike the UAS-Muc55B-IR line, the UAS-Muc55B.kk-IR line showed a
significant increase in Dtp between both day 10 and 20 controls (p=0.0152) as well as

28



day 10 and 40 controls (p=0.0238) which is in accordance with previous publications
(Clark et al, 2015)) (Fig. 11A). There was no significant change in Dpt expression
between control and treated groups, which is to be expected given the knockdown did

not reduce the levels of mucin 55B.
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Figure 11: Diptericin and drosomycin expression within the gut in the UAS-
Muc55B.kk-IR line. (A-B) Diptericin and drosomycin expression levels in guts from
10-, 20- and 40-day old females. (A) Diptericin expression, N=6x5 guts. (B)
Drosomycin expression. N=6x5 guts. Standard deviations are shown in each graph,
*p<0.05, **p<0.05, Mann-Whitney U test.

Drosomycin levels show no change with age (Fig. 11B). Although a slight increase
with age can be seen, the large variance meant this was not significant. This may
indicate that a small number of gram-positive bacteria or fungi accumulated within the
gut with age and therefore drosomycin levels were not able to rise. There was no
change between control and treated groups which was expected as the knockdown

was not successful.

Drosomycin and diptericin showed a trend towards reduced expression with
age in the abdominal carcass of UAS-Muc55B-IR flies

Abdominal RNA was then investigated as when the gut barrier becomes weakened
with age, it was hypothesised that bacteria would move from the gut into the body
cavity possibly triggering systemic immune responses in the fat body or haemocytes
(macrophage cells). For example, the activation of Toll receptors leads to the

mobilisation of NF-kB factors, which have been shown to regulate genes involved in
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immune response (Verma et al., 1995; Baeuerle and Baltimore, 1996). A study found
that all Tolls, with the exception of Toll-3, were expressed within the fat body and lymph
glands (Kambris et al., 2002). This suggests that bacteria being leaked from the gut
could bind these receptors and thus cause an AMP response in the abdomen.

Diptericin and drosomycin were again used as biomarkers for this response.
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Figure 12: Diptericin and drosomycin expression within the abdomen in UAS-
Muc55B-IR flies. (A-B) Diptericin and drosomycin expression levels in the abdomen
from 10-, 20- and 40-day old females. (A) Diptericin expression, N=6x5 abdomen. (B)
Drosomycin expression. N=6x5 abdomen. Standard deviations are shown in each
graph. There were no significant changes in diptericin or drosomycin expression,
Mann-Whitney U test.

Unexpectedly, the results showed that both Dpt and Drs expression showed a trend
towards a reduction over age (Fig. 12&B). Diptericin levels were not significantly
changed with age, however there was a trend towards a depletion of Dpt expression
with respect to Muc55B knockdown at day 20 (Fig. 12A). Drs also showed a trend
towards a reduction of expression after the Muc55B knockdown; this time at day’s 20
and 40 (Fig.12B). This suggests that Muc55B suppression may have an effect on Drs
and Dpt expression although this experiment was unable to significantly demonstrate
it. This is in line with the smurf data above which suggests more bacteria leaks from

the gut and therefore causes an immune response in the abdomen.|
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Insulin receptor expression is significantly reduced in midlife in the UAS-
Muc55B-IR line within the abdomen

After studying AMPs, we shifted focus onto metabolic pathways which are markers for
the fly’s immune response. A reduction in the level of insulin receptor expression has
been shown to significantly extend lifespan in Drosophila (Tatar et al., 2001; Ikeya et
al., 2009). This association between the insulin signalling pathway and ageing is
strengthened as the overexpression of FOXO has also found to extend lifespan
(Giannakou et al., 2004). It has also been shown in past publications that smurf flies
lose metabolic stores with age (Catterson et al., 2018), which has been found to be
due to the immune activation pathway becoming so overstimulated that the fly is
unable to use metabolic pathways such as the insulin signalling pathway (Dionne et
al., 2006).
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Figure 13: Regulation of insulin receptor and THOR by FOXO (Gan et al., 2021;
Puig et al., 2003). (A) Model to show regulation of growth by a feedback mechanism
involving InR and FOXO. (B) Shows how THOR is regulated by FOXO.
Unphosphorylated FOXO can bind DNA and promote the expression of THOR.

Two biomarkers were subsequently selected, insulin receptor (InR) and THOR. InR

was selected as a readout as its expression is regulated by FOXO and so reflects
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FOXO activity and thus insulin signalling activity. This will indicate whether metabolic
activity is being ‘traded-off’ in favour of higher immune activity. Figure 13A shows that
when the fly undergoes periods of low nutrition InR expression increases as FOXO is
unphosphorylated but when nutrition is high, FOXO is bound so InR expression is
significantly lowered. This is a similar feedback mechanism by which THOR is
regulated by FOXO (Fig. 13B). This feedback mechanism allows us to use InR and
THOR as readouts for the insulin signalling pathway as when the expression of InR
and THOR increases, the insulin signalling pathway becomes inactivated. Hence, we
hypothesise that flies with no knockdown of mucin 55B will have higher levels of InR
and THOR expression compared to treated flies as we expect there to be a larger

immune response in control flies.
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Figure 14: Insulin receptor and THOR expression within the abdomen from UAS-
Muc55B-IR flies. (A-B) Insulin receptor and THOR expression levels in abdomen from
10-, 20- and 40-day old females. (A) Insulin receptor expression, N=6x5 abdomen. (B)
THOR expression. N=6x5 abdomens. Standard deviations are shown in each graph.
*p<0.05, Mann-Whitney U test.

The two metabolic biomarkers were tested within the UAS-Muc55B-IR line (Fig.
14A&B). InR showed an overall trend towards a decrease in expression throughout

with the day 40 control flies being visibly, but not statistically significantly, lower than
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their day 10 counterparts (Fig. 14A). Similarly to results shown in Figure 10 this is likely
due to data variation as other publications have shown InR expression had no change
with age with a smaller sample size (Tanabe et al., 2017). A repeat experiment using
a larger sample size could be performed to view whether the variation lowers. It was
shown that InNR was expressed at significantly lower levels in treated flies at day 20
than the control (p=0.0317). This indicates that the suppression of mucin 55B allowed
the flies to maintain an active insulin signalling pathway by possibly strengthening the
intestinal barrier function and stopping immune activation. At day 40, the InR
expression levels of control and treated flies are shown to be insignificantly different,

suggesting this to be a midlife change which is contributing to the lifespan change.

Similar to InR, THOR expression showed an insignificant decrease between days 10
and 20 but, in contrast, showed an insignificant increase at day 40 (Fig. 14B). There
were no other notable differences in THOR expression suggesting there is no
difference in insulin signalling levels across age or between conditions. This is
interesting as both InR and THOR are readouts of insulin signalling so it was expected
that both would indicate the same result. Given the small and limited significance
between conditions in INR data, it is more likely that mucin 55B knockdown has no link

to insulin signalling pathway activation.|
No change in AMP expression in UAS-Muc55B.kk-IR flies within the abdomen

As with the initial UAS-Muc55B-IR line, analysis of AMPs was then conducted within
the abdomen of UAS-Muc55B.kk-IR flies (Fig. 15A&B). The UAS-Muc55B.kk-IR line
also showed diptericin expression did not significantly change with age, although there
does appear to be a small rise between the day 20 and day 40 controls (Fig. 15A).
Drosomycin levels also remained statistically insignificant with age (Fig. 15B) with the
only slight fluctuation coming with a rise between day 40’s control and treated group.
This suggests that the damage to the intestinal barrier was not sufficient to allow small
molecules derived from bacterial cells to leak out and provoke an AMP response within

the abdomen.
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Figure 15: Diptericin and drosomycin expression within the abdomen of UAS-
Muc55B.kk-IR flies. (A-B) Diptericin and drosomycin expression levels in abdomen
from 10-, 20- and 40-day old females. (A) Diptericin expression, N=6x5 abdomen.
(B) Drosomycin expression. N=6x5 abdomen. Standard deviations are shown in
each graph. There were no significant changes in diptericin or drosomycin
expression, Mann-Whitney U test.

The insulin signalling pathway is inactivated with age in the UAS-Muc55B.kk-IR

line within the abdomen

The results initially found in the UAS-Muc55B-IR line were not as expected (Fig. 14).
This is mainly because in other publications InR and THOR expression is seen to rise
significantly with age, therefore reflecting an inactive insulin pathway (Patridge et al.,
2011; Shaposhnikov et al., 2022).
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Figure 16: Insulin receptor and THOR expression within the abdomen from UAS-
Muc55B.kk-IR flies. (A-B) Insulin receptor and THOR expression levels in abdomen
from 10-, 20- and 40-day old females. (A) Insulin receptor expression, N=6x5
abdomen. (B) THOR expression. N=6x5 abdomen. Standard deviations are shown in
each graph. **p<0.01, Mann-Whitney U test.

This additional data matched initial predictions as it was shown there was a clear
increase in both InR and THOR expression with age. InR expression showed
increases from [day 20 to day 40 control groups (p=0.0043) (Fig. 16A). Interestingly,
increases in both control and treated groups had the same p-value despite the treated
group looking to increase further, this is due to the standard deviation being higher
within this group. The expression data shown in Figure 7 shows it is likely that the
UAS-Muc55B.kk-IR flies don’t deplete Muc55B with age so this variation is most likely
due to noise. THOR expression also showed a significant increase with age (Fig. 16B).
Again, the difference between day 20 and day 40 control groups (p=0.0087) was
shown to be significant. The graphical display of the control and treated groups looked
much closer, which was matched by the insignificant results. InR and THOR increases
with age show that immune signalling pathways are overactivated with age, as the
high InR and THOR levels show us that important metabolic pathways are inactivated
as the flies grow older. Dpt was also increased with age in the UAS-Muc55B.kk-IR
line, giving more evidence that systemic immune activation with age causes fly death.
There is no difference at day 20 between conditions, which is expected as mucin 55B

was not successfully knocked down within the UAS-Muc55B.kk-IR line. The slight
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trend towards an increase at day 40 is likely to be due to variation as the knock-down

was not successful.
Proliferating cells are more abundant in the ageing fly

Proliferation counts were also taken during the UAS-Muc55B.kk-IR lifespan at three
different timepoints (days 10, 20 and 40) in order to determine the number of mitotic
divisions in the gut. The hypothesis behind this is that if the gut becomes damaged
with age, or through the change in expression of muc55B, the gut will have to be

repaired by the fly and thus a higher level of proliferating cells would be visible.
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Figure 17: Full gut dissection ph3 counts in UAS-Muc55B.kk-IR flies. All flies were
female and aged for 10, 20 and 40 days respective of their sample group before
undergoing dissection. Initial ANOVA showed significant difference in means
(p<0.0001), so the post-hoc Tukey’s test was subsequently performed. *p<0.05,
****p<0.0001.
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A one-way ANOVA revealed that there was a statistically significant difference in mean
number of proliferating cells between timepoints (F(4, 129) = 2.883, p=0.0251) (Fig.
17). A Tukey HSD test for multiple comparisons was then completed to see which
timepoints showed significance. There was a significant (p<0.0001) increase from day
10 to day 20 control during this time period. Muc55B expression data in the UAS-
Muc55B.kk-IR line showed the knockdown did not work so it was expected there would
be no change between conditions at day 20. However, at day 20, there was a
significant decline in the number of proliferating cells between control and treated
groups (0=0.0143). Between day 20 and day 40 controls there was no increase in
proliferating cells which suggests there was no additional cell division or repair within
control flies. However, treated flies showed a significant increase between day 20 and
40 (p<0.0001) which matches the increase in the number of deaths in the original
UAS-Muc55B.kk-IR lifespan. This increase between day 20 and 40 in treated flies
maybe caused by the reduction of proliferation in treated flies compared to controls at
day 20 as an overactivation of repair pathways may have been triggered to
compensate for this. The difference between day 40 control and treated flies were as
expected as there was a significant increase (p=0.0345) in the number of proliferating
cells which matched the lifespan extension. Given that the amount of proliferation at
day 20 was significantly reduced between the two conditions, a similar outcome was
expected at day 40. This was not seen, but it does correlate with the great number of
deaths in the treated group at around the day 40 timepoint in the lifespan as well as
the significant increase in the amount of smurf flies within the earlier shown UAS-
Muc55B-IR population.

Control flies showed an extension of lifespan after antibiotic treatment in the
UAS-Muc55B-IR line

Ageing related death in Drosophila is commonly associated with bacterial growth with
age. A current model that has been proposed is as follows (Clark et al., 2015; Buchon
etal., 2009; Guo et al., 2014): As the fly grows older a greater accumulation of bacteria
within the gut occurs, when the gut barrier becomes damaged these bacteria can then
reach receptors to cause an immune response. Data has shown this response can
dangerously spiral out of control, causing the fly to inactivate vital metabolic pathways
in favour of an immune response (Dionne et al., 2006; Reviewed in Dionne, 2014). We

repeated previous lifespans including an antibiotic treatment to establish whether the
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change in lifespan was solely caused by the mucin 55B knockdown or whether this

was coupled with bacterial growth.
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Figure 18: UAS-Muc55B-IR antibiotic lifespan. N, with respect to the order of the
key = 276, 288, 290, 291 female flies. Statistical analysis shown in Table 1.

Table 1: Statistical comparisons of the UAS-Muc55B-IR antibiotic lifespan. All
tests were conducted using the Mantel-Cox (log-rank) test. Significant comparisons
are highlighted in red.

Lifespan Comparison | Significant? | P-value
AB-RUO |AB-RU25 |[NO 0.9649
AB+ RUO |AB+ RU25 | NO 0.1795
AB-RUO |AB+RUO |YES 0.0023
AB- RU25 | AB+ RU25 | NO 0.0575

An antibiotic lifespan was therefore carried out using UAS-Muc55B-IR flies (Fig. 18).
It was shown that the knockdown of mucin 55B was not enough to significantly change
lifespan (Table 1, p=0.9649) and it was shown that antibiotic treatment did not affect
this (Table 1, p=0.1795). The UAS-Muc55B-IR antibiotic line showed control flies lived
significantly longer under antibiotic conditions (Table 1, p=0.0023) and the flies with
knocked down mucin 55B showed no significance depending on antibiotics (Table 1,
p=0.0575). As the increase in lifespan in response to antibiotic treatment was not
consistent through control and treated groups and there was no significance in the

comparison between mucin 55B knockdown and control, there can be no additional
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details regarding the link between bacterial load and mucin 55B drawn from this data.
It should be noted that there was a number of early deaths seen within this lifespan

which could have affected the outcomes of this experiment.

Antibiotic treatment showed an extension of lifespan in UAS-Muc55B.kk-IR

treated flies

We then completed the same antibiotic lifespan with the UAS-Muc55B.kk-IR (Fig. 19).
The difference between the treated and control lifespans were shown to be
insiginificant (Table 2, p=0.6350). The absence of the gut microbiome did not seem to
effect this as control and treated flies fed antibiotics also observed no significant
change (Table 2, p=0.1143). Contrary to available literature, antibiotic treatement had
no significant effect on control flies (Table 2, p=0.4538). Although this differs from
expected values, it matches the struggles in gaining bacterial load data through gqPCR
which suggested that there were low levels of bacterial load within the UAS-
Muc55B.kk-IR fly line. Antibiotic treatment, however, was shown to significantly extend
lifespan in treated flies (Table 2, p=0.0423). This experiment found no clear evidence
that antibiotics had any effect on extending lifespan, which is in line with Yamada et

al., 2015 as they found no alteration of lifespan in axenic condition flies.
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Figure 19: UAS-Muc55B.kk-IR antibiotic lifespan. N, with respect to the order of the
key = 276, 276, 279, 278 female flies. Statistical analysis shown in Table 2.
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Table 2: Statistical comparisons of the UAS-Muc55B.kk-IR antibiotic lifespan.
All tests were conducted using the Mantel-Cox (log-rank) test. Significant
comparisons are highlighted in red.

Lifespan Comparison | Significant? | P-value
AB-RUO |AB-RU25 |[NO 0.6350
AB+ RUO |AB+ RU25 | NO 0.1143
AB-RUO |AB+RUO |NO 0.4538
AB- RU25 |AB+ RU25 | YES 0.0423

Mucin 55B expression is affected by the JNK pathway

Several key pathways were then investigated to attempt to find a regulatory pathway
for mucin 55B. These were the JAK/STAT, the IMD and the JNK pathways. Firstly, the
JAK/STAT pathway was investigated using a dominant negative system. Domeless
was used for this as it is a transmembrane protein which, when bound by a ligand
causes the activation of the JAK/STAT pathway. The dominant negative system
removes the cytoplasmic end of the protein, shortening the receptor. This sequesters
the ligand away from the functional native receptor and therefore reduces signalling,
supressing the JAK/STAT pathway. It was shown that this reduction in JAK/STAT
pathway activation had no significant effect on mucin 55B expression (Fig. 20A).

Upd3, a ligand which binds domeless, was then overexpressed with the aim of over
activating the JAK/STAT pathway. By overexpressing UPD3, the JAK/STAT pathway
was effectively always switched on, however, this had no effect on mucin 55B
expression (Fig. 20B). This shows that the JAK/STAT pathway does not regulate

mucin 55B expression.
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IFigure 20: Possible regulators of mucin 55B. [(A-F) Muc55B expression levels in 20
day old female flies, N=6x5 for all conditions. (A) TIGS>UAS-Dme. (B) TIGS>UAS-
UPD3. (C) TIGS>UAS-HepCA. (D) TIGS>UAS-Bsk. (E) TIGS>UAS-PGRP. Standard
deviations are shown for each condition. ***p<0.001, Mann-Whitney U test.

The JNK pathway was then investigated in a similar way. Hep is an activator of basket
in the JNK pathway when phosphorylated. For this reason, a modified version of the
Hep gene, named Hep CA, was overexpressed in order to activate the JNK pathway.
This version of Hep was constitutively active so essentially allowed the JNK pathway
to remain always switched on. Mucin 55B expression was significantly decreased by
this, suggesting that it is regulated by the JNK pathway (Fig. 20C). A dominant
negative version of Basket, JNK in mammals, was then used to confirm this finding.
Contrary to the findings using Hep, the inactivation of the JNK pathway through this
system showed no change in mucin 55B expression between control and treated
groups (Fig. 20D).

The IMD pathway was the final pathway to be investigated. The receptor, PGRP, has

been found to activate the IMD pathway when overexpressed (Takehana et al., 2002;
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Clark et al., 2015). For this reason, it was used for this experiment. Mucin 55B is
unlikely to be regulated by the IMD pathway as there was no significant change in
expression levels when expression of PGRP receptors were overexpressed (Fig.
20E).

Discussion

The functional decline of the gut with age has become a prominent area of research
in recent years. This study has used the model organism, Drosophila melanogaster,
in order to investigate the role of the protein, mucin 55B, and its effect on ageing. As
well as this we sought to discover how mucin 55B is regulated. To achieve this, we
used non-invasive approaches, namely lifespans and smurf assays, to test intestinal
function as well as invasive strategy, dissections, to explore the metabolic and
inflammatory responses to ageing. We show that intestinal barrier function does

decrease with age and mucin 55B suppression does slow down this deterioration.
Mucin 55B suppression strengthens the gut barrier

Data from both the UAS-Muc55B-IR and UAS-Muc55B.kk-IR lines showed an
increase in smurf proportion at each time point. This is in line with other studies which
have shown that the gut becomes ‘leakier’ with age (Rera et al., 2012). Unusually, the
UAS-Muc55B.kk-IR line was unable to sustain this significance through to the end
timepoint as there was only significantly more smurfs at day 20 compared to day 10.
This is contrary to previous publications which commonly show the proportion of
individuals displaying barrier loss continues to increase as the population ages (Rera
et al.,, 2012; Clark et al., 2015).

This smurf assay then showed, in the UAS-Muc55B-IR line, that mucin 55B
suppression causes the integrity of the gut barrier to remain intact, strengthening
evidence that intestinal dysfunction increases with age and mucin 55B suppression
slows this (Rera et al., 2012: Fasano, 2020). Unfortunately, the UAS-Muc55B.kk-IR
line was unable to cause a knockdown of mucin 55B. This leads us to conclude that
the UAS-Muc55B.kk-IR line is not effective. The ineffective knockdown was not ideal,
however, the expression data did indicate a significant increase in expression at day

40 in the treated group, allowing us to view this effect in each experiment.
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In the UAS-Muc55B.kk-IR line, there was no difference between control and treated
groups, which is to be expected. However, at day 40 expression levels showed the
levels of Mucin 55B were higher in the treated group but this did not cause an increase
in the number of smurfs present. We expected to see a correlation between higher
mucin 55B levels and higher smurf numbers as the UAS-Muc55B-IR knockdown line
showed a decrease in smurfs. A possible reason we did not see this is because an
increase in the expression from control was not large enough to cause further
disruption to the intestinal barrier. This is most likely due to the ‘overexpression’
happening as a result of a faulty knockdown. Other studies have shown that
overexpression of genes has the reverse effect of a knockdown, for example, the miR-
340 micro-RNA gene showed that an overexpression inhibited the proliferation and a

knockdown of the same gene reversed the effect (Zhu et al., 2019)
The mucin 55B knockdown showed evidence for lifespan extension

Lifespan data was consistent with the results of the smurf assay and further supported
the link between intestinal dysfunction and mortality. The UAS-Muc55B-IR lifespan
showed that the knockdown of mucin 55B caused a small but significant extension in
lifespan. Like the human mucin, Muc5B, mucin 55B is a lowly expressed gene within
the gut (Grondin et al., 2020). This low level of expression could be a reason why we
do not see a large gap between lifespan curves in the UAS-Muc55B-IR line as there
is only so much change knocking down a lowly expressed protein can cause. A rise in
mucin 55B expression levels at late life correlated with a reduction in lifespan in the
UAS-Muc55B.kk-IR line. Smurf data, however, did not match this finding as there was
no significant difference between treated and control flies. These findings highlight that
the changes found in the UAS-Muc55B.kk-IR line are likely not related to the change

in Muc55B expression.

One reason we repeated the UAS-Muc55B-IR lifespan in another line of flies was due
to the high number of early deaths. The UAS-Muc55B.kk-IR line did not show early
deaths. It has been suggested that the early deaths could have been due to the
UAS/GAL4 system as flies using this system can have issues with early deaths. This
is due to the fact that both the UAS and GAL4 coding regions are randomly inserted
into the genome. In very rare instances these random inserts can cause problems as

they can be inserted within important genes and coding regions. For example, in a
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2010 study, researchers found that one third of 1,332 homozygous P-element insertion
lines had quantitative effects on lifespan, with mutations reducing lifespan being twice
as likely as those extending (Magwire et al., 2010). Our data suggests that the UAS
or GAL4 regions may have disrupted a key coding region as early deaths should not

be common within the first 20 days of a lifespan (Linford et al., 2013).
Drosomycin and diptericin expression is not altered by a mucin 55B knockdown

Our data confirms that the expression of mucin 55B is linked to the integrity of the gut
barrier and lifespan. The role of the microbiota was suggested to be key to these
findings so the response to antibiotic treatment as well as AMP biomarkers were

investigated.

We were unable to show conclusive evidence that the antibiotic treatment improved
lifespan in either fly line. Although we did see a significant increase in lifespan after
antibiotic treatment in control flies, this was not consistent across all experiments nor
was the extension as long as expected. This is in direct contradiction with other
publications which have shown antibiotic treatment greatly extends lifespan (Ren et
al., 2007; Ridley et al., 2012; latsenko et al., 2018). There was no significant lifespan
extension between control and treated flies, regardless of antibiotic treatment,
suggesting that the presence of the gut microbiota is not necessary for lifespan
extension. Antibiotic treatment is known to cause other changes within the fly, so these
small changes could also be affecting the lifespans of flies within this antibiotic
experiment. For example, a study found that tetracyclines, even at low levels, induce
mitochondrial proteotoxic stress which can lead to changes in nuclear gene expression
and alter the mitochondrial dynamics and function in Drosophila, impacting lifespan
(Moullan et al., 2015).

This lack of effect by the antibiotic treatment is backed up throughout the AMP
response data. Within the gut, diptericin showed no significant change with age in the
UAS-Muc55B-IR line. This is unusual as it has been found that as the fly ages, the
bacterial load increases with age (Ren et al., 2007) which would suggest that the AMP
response would be greater. However, the UAS-Muc55B.kk-IR did show this increase
in Dpt response in the gut with age. This is consistent with past publication which show
that IMD pathway, the driver of diptericin, is activation increases with age (Chambers

et al., 2019; Tanji et al., 2007; Kleino and Silverman, 2014). Unusually, drosomycin
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expression levels showed no change in the gut with age in either fly line. Drosomycin
is driven by the Toll pathway in other parts of the of the fly, however, publications have
shown that the Toll pathway is not involved in the gut immune response (Buchon et
al., 2009). Instead it appears that Drs expression in the gut is regulated by the
JAK/STAT signalling pathway (Myllymaki and Ramet, 2014) which contributes to the
antimicrobial defence. The main role of JAK/STAT signalling seems to be to maintain
gut homeostasis by regulating the epithelial layer which is stimulated by indigenous
gut microbiota (Buchon et al, 2009). Given that we believe that we were unable to
obtain bacterial data due to a low bacterial load, it would therefore follow why we no

significant increase of drs was seen with age.

Future research could focus on axenic flies as little research has been done in axenic
culture on the link between mucin genes and the gut microbiota, with most of this work
being performed on the mucin, muc68D (Kim et al., 2020). Previously, Clark et al
(2015) found that axenic flies showed improved markers of intestinal homeostasis
which is shown to be correlated with improved lifespan. An axenic study could add to
this research. As our findings have suggested the gut microbiota is necessary to cause
an extension of lifespan in mucin 55B knockdown mutants, it would be expected that
there would be no difference in lifespan between axenically and normally reared. It

therefore follows that there would be no difference in smurf flies, confirming our results.
Drosomycin and diptericin expression is linked to smurf fly proportions

Given the smurf data showed that a knockdown of mucin 55B caused strengthening
of gut barrier and the ‘leaky gut’ hypothesis suggesting that bacterial particles emerge
from the gut when it becomes damaged, we expected to see a decreased immune
response within the abdomen after the knockdown and an increased immune
response with age. However, this was not shown in either circumstance. This is
unusual as elevated immune responses in response to ageing are common within
animals, for example, human syndromes such as atherosclerosis and Alzheimer’s
disease and are associated with this (Bruunsgaard and Pedersen, 2000). So, this
result, paired with the lack of coherent antibiotic data shows that it is likely that the

amount of bacterial load in these flies was low.

Mucin 55B suppression showed no significant impact on Dpt or Drs expression during

the UAS-Muc55B-IR lifespan in either the gut or the abdomen suggesting that the gene
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is not linked to the amount of bacteria present within the gut nor does it protect from
damage responded to be diptericin or drosomycin. This is in contrast to other genes
linked to the disruption of barrier integrity, which do impact AMP response when
inhibited. For example, excess of Upd3 caused by a release by haemocytes after injury
to the gut caused an increase in the expression of Drosomycin in the intestine
(Chakrabarti et al., 2016).

Insulin pathway activation was increased in regards to intestinal barrier

dysfunction

It has been shown in the past that metabolic regulation is tightly linked with immune
responses and inflammation (Hotamisligil, 2006). Here we were unable to show this
consistent link even though we showed mucin 55B suppression reduced insulin
receptor expression in midlife. Although we found that insulin suppression was
increased in the UAS-Muc55B.kk-IR line, it was not reproduced in the UAS-Muc55B-
IR line. This is most likely down to, as explained earlier, the lack of immune activation
systemically across these flies so it is unlikely we would see their metabolic status
change. Previous studies have shown that chronic immune activation can cause the
fly to lose metabolic stores in the form of fat and glycogen causing wasting (Dionne et
al., 2006). Smurf flies have also been shown to have reduced metabolic stores and
increased inflammatory markers compared to their healthy counterparts (Rera et al.,
2012). It may be an interesting follow-up project to investigate whether the reduction
in insulin receptor expression at the day 20 timepoint in the UAS-Muc55B-IR line is
large enough to increase metabolic stores and thus slow wastage in flies with the

mucin 55B knockdown.
Evidence to suggest mucin 55B is regulated by the JNK pathway

After confirming that mucin 55B impacted lifespan and the activation of the insulin
signalling pathway, it was key we found which pathway the gene is regulated by. Here
we give evidence that mucin 55B is likely regulated through the JNK pathway.
Overexpression of HepCA showed a clear suppression of mucin 55B expression in
the gut. This link to the JNK pathway aligns with the theory that reduced expression of
the stress response pathways can cause a downward spiral in terms of health
(Onyango, 2018). In humans, changes in the expression of the JNK pathway can result

in inflammatory skin disorders and cancer (Sabapathy, 2012). The human mucin gene,
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mucbAC, has also been shown regulated by the JNK signalling pathway (Podder et
al., 2014), which matches these findings. Unusually the suppression of basket did not
cause any increase in the expression of Muc55B. However, we did not investigate the
effectiveness of the intervention. In order to further test the intervention used in this
study, we could use expression expression levels of the gene encoding the protein,
puc. This is because it is already known how this protein is affected with changes in
basket and hep expression so we would be able to see whether the JNK pathway has

been sufficiently supressed.
Conclusion

This study has given strong indications that mucin 55B is a key factor in the
maintenance of intestinal barrier function. Although certain experimentation did not
work as planned, it demonstrated that the knockdown of mucin 55B results in a lower
number of smurf flies and an extension of lifespan. This project therefore lays the
groundwork for future studies to take place and hopefully be used to impact ageing on

a larger scale in humans.
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