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Abstract

Protein recycling pathways and autophagy play an important role in maintaining cellular
homeostasis, but these processes are also essential for cell survival during times of stress. Protein
recycling pathways, such as the ubiquitin-proteasome system (UPS), are important as old,
damaged, or non-functional proteins are degraded, and the resulting free amino acids can be used
to synthesize new, functional proteins. The process of autophagy works to ensure cellular
homeostasis by degrading old or damaged macromolecules into their monomer parts so that they
can be recycled to make new materials. Fluorescent microscopy can be used to track these
pathways in a lab to inform our understanding of conditions that promote cell recycling in times
of stress. However, the Coan laboratory has had difficulty standardizing image analysis using
fluorescent microscopy. Counting of fluorescent image data to obtain quantitative comparisons
for our lab’s cell recycling and biomaterial studies has demonstrated that manual counting is
subjective and prone to error. Therefore, this study aimed to investigate the usability and
reliability of images obtained via fluorescence microscopy techniques that are commonly used to
investigate these pathways. In this study, I compiled data from past experiments for reanalysis
with a goal of determining 1) whether these data can be replicated when reanalyzed (manually
counted) and 2) whether we can glean new information from the dataset through manual counts
of a parameter not previously analyzed. The results suggest that manual counting of fluorescent
images can be standardized, but great care must be taken to ensure that high quality images are
taken during experiments and that each manual count must follow a defined protocol. I also
found that a new analysis of data may yield important results previously overlooked in our

laboratory.



Background and Introduction

Keratin Biomaterials in the Coan Lab

Biomaterials are extensively used and extremely important in modern science and
medicine. Biomaterials can be natural or synthetic, and are used to support, enhance, or replace
damaged tissues or bodily functions [!l. There are several different types of biomaterials- and
these have a variety of functions- such as aiding in drug delivery, promoting healing or
regeneration of tissues, use as a scaffold on which cells can attach and proliferate, serving as a
medical implant, and acting as molecular probes or biosensors . A good biomaterial is one that
is biocompatible, naturally abundant, mechanically compatible, and wear resistant [?, and
biomaterials can be made from metals, plastic, ceramics, glass, and from living cells and tissues
(1. An example of a natural, protein-derived biomaterial is keratin. Keratins are a family of
intermediate filament proteins produced and found in vertebrate epithelia such as hair, nails,
hooves, wool, and horns BI*l, Keratin extracted from human hair has been found to serve as a
good biomaterial for many reasons: it is derived from humans and demonstrates
biocompatibility, it is biodegradable, it does not cause a strong immune response when inserted
into human tissue, and, unlike some difficult to obtain biomaterials, it is readily available in large
quantities [, Research of human keratins has led to the discovery and classification of 54
different keratin genes [®), Initially, the term “keratin” more generally described the group of
insoluble proteins that link as intermediate filament proteins that are abundant in the cytoplasm
of epithelial cells and various epidermal appendages like hair, wool, and nails. Further
investigation of these proteins led to the categorization of mammalian keratins into two distinct
groups based on their structural characteristics, functions, and regulatory mechanism: “hard” and

“soft” keratins ["l. The keratins found in human hair are known as hard keratins, and these hard



keratins are made up of 400-600 amino acids, specifically characterized by their high cysteine
content, low glycine content, and structural strength [°1. Though hard and soft keratins are very
similar in secondary structure, the hard keratins found in human hair are much stronger as they
contain significantly more cysteine residues and can therefore form more disulfide bonds .
Because of the biological structure and characteristics of keratin, it can act as a successful
biomaterial in a variety of ways. Human hair keratins have been shown to possess cell binding
motifs that can support cellular attachment, such as leucine-aspartic acid-valine (LDV) and
glutamic acid-aspartic acid-serine (EDS) binding residues [*. It has also been found that keratins
can directly influence cell behavior and have regulatory functions such as playing a role in the
stress response, apoptosis, and wound healing via intracellular signaling pathways [®l. Our lab
and others have found that keratin may have the ability to directly or indirectly influence the
autophagy process and the ubiquitin-proteasome system (UPS) 8. Studies by Poranki et al. show
up-regulation of autophagy genes in keratin exposed cells BI°1. Also, keratinocytes (keratin
producing cells of the epidermis) use autophagy as a means by which to respond to wound
healing —which might suggest an interaction with keratin proteins and the process [71. Both
autophagy and the UPS are intracellular quality control mechanisms responsible for maintaining
homeostasis; however, autophagy is a process that can degrade and recycle many different
intracellular components, while the UPS has only one function— to degrade and recycle short-
lived, aggregated, and soluble proteins ['%. During times of stress, both autophagy and the UPS
are involved in clearing intracellular protein aggregates (made up of damaged or unfolded
proteins), and failure to efficiently eliminate these protein aggregates can lead to the cell
undergoing apoptosis and death !, For both protein clearing mechanisms, ubiquitin serves as a

molecular label that is tagged onto these faulty proteins, signaling for them to be degraded 1!



(1] Tt is thought that if keratin can in fact influence these protein recycling systems, cells grown
on keratin biomaterials could recover quicker from stress. This makes keratin a particularly
attractive biomaterial for tissue engineering strategies aimed at regrowing or replacing damaged
tissue. A material that can alleviate cell stress or prime cells to better respond to stress could
protect newly implanted cells, which commonly die off due to localized inflammation and stress

at the implantation site.

Autophagy

Autophagy is a natural process that can differ in various cell types to ensure cell
homeostasis. However, autophagy is also a process that is upregulated in response to cellular
stress or nutrient deprivation, in which cells degrade and recycle unneeded or damaged
components to ensure cell survival. Autophagy can degrade nonfunctional proteins,
macromolecules, bacteria, protein aggregates, and damaged organelles (such as mitochondria),
and if stressed cells do not undergo autophagy and break down and recycle the biologically
active monomers to make new, functional molecules, the cells can die due to nutrient shortage
[12]113] The autophagy process allows the cell to operate more efficiently both in regular
maintenance and during times of stress, as protein quality control is a central element for
maintaining cell homeostasis. When cells initiate autophagy, materials to be degraded are
surrounded by a vesicle called an autophagosome. The autophagosome then merges with the
cellular digestive organelle, the lysosome, to form a larger vesicle known as the
autophagolysosome. The old or damaged cellular components are broken down by the acidic
environment and hydrolytic enzymes of the lysosome, and the reusable materials are recycled to

make new cellular components 4],



To investigate the autophagy pathway, a positive control is important so that we
understand what changes might occur in cells that are undergoing autophagy. Rapamycin is a
commonly used inducer of autophagy that can be used for this purpose (see Figure 1 below). As
autophagy is a highly conserved cellular process, it is regulated by several important signal
transduction pathways. One such pathway involves the mammalian target of rapamycin (mTOR),
a serine/threonine kinase that plays a key role in controlling catabolic processes that promote
autophagy. Rapamycin, an inhibitor of mTOR, induces autophagy by inhibiting mTORCI1, a
component of the mTOR complex. Previous studies have demonstrated that rapamycin induces
autophagy in a time- and concentration-dependent manner in various cell types, including HeLa
and neuroblastoma cells. HEK293 cells are commonly used in autophagy research, and
rapamycin serves as a valuable positive control in such studies for its reliable induction of

autophagy (151,

Rapamycin
mTOR Chloroquine
complex l
J_ Fusion of
autophagosome Lysosomal
Autophagic and lysosome Degradation
Degraded
membrane —»‘ Autophagosome Autophagolysosome ’—v .
. material
formation

Lysosome

Figure 1. The mechanism in which rapamycin acts as an inducer of autophagy [figure modified from 15]

There are various methods to visualize and study the autophagy process, including gene

expression, western blotting, and tracking fluorescently tagged autophagy proteins. In our lab,



we specifically track the fluorescently labeled Light Chain 3 (LC3) protein—a protein specific to
autophagy (see Figure 2 below). Using this method, HEK293 cells are transfected with a dual
reporter plasmid system containing the LC3 gene fused to two genes that code for fluorescent
reporters: Green Fluorescent Protein (GFP) and mCherry, a red fluorescent protein (RFP).
(pBABE-puro mCherry-EGFP-LC3B was a gift from Jayanta Debnath [Addgene plasmid

#22418; http://n2t.net/addgene:22418;RRID:Addgene 22418]). The cells will then produce an

abundance of LC3 proteins tagged with the two reporters post transfection. Before inducing
autophagy, the red and green signal is dispersed evenly throughout the cytoplasm as LC3 is
expressed and present throughout the cytosol of the cell. After autophagy has been initiated, the
LC3 protein is modified and recruited to the autophagosome in high numbers, which can be
visualized under a fluorescent microscope as small, intense regions of fluorescence called
“puncta.” In early autophagy, both green and red puncta can be seen with fluorescence
microscopy. As the process continues, the cell’s lysosome will fuse with the autophagosome,
forming an autophagolysosome, and subsequently degrade the engulfed material. In late
autophagy and in the highly acidic environment of the autophagolysosome, the GFP reporter
protein (with a pKa of 6.0) becomes nonfunctional and as a result no green fluorescence is
observed anymore. The mCherry has a pKa of <4.5, so it remains functional in the acidic
environment and continues to display red fluorescence. This is how late autophagy can be
identified in cells as only red puncta will be observed. Our LC3 transfection system is useful in
tracking the progression of autophagy in cells. When there is little to no autophagy occurring,
there will be diffuse green and red fluorescence throughout the cell, in early autophagy there will
be clear green and red puncta that can be overlaid to show both in the same cellular location,

while in late autophagy only red puncta will be visible [151,


http://n2t.net/addgene:22418;RRID:Addgene_22418

Figure 2. The image highlights how the LC3 Dual Reporter System is used to track autophagy.
Blue arrows: point to yellow puncta indicating green/red overlaid fluorescence which suggests
the presence of an autophagosome prior to lysosome fusion. White arrows: point to red puncta
which show the presence of an autophagolysosome (late autophagy); GFP is pH sensitive and
acidic conditions of lysosome prevent fluorescence, so only red is visible following
autophagolysosome formation. Black arrow: points to a cell showing diffuse fluorescence (not
undergoing autophagy). The white scale represents 100 pm.

Ubiquitin-Proteasome System (Protein Aggregation)

Another cellular response to stress, and the most common method of cytosolic protein
degradation overall in eukaryotes, is the activation of the ubiquitin-proteasome system (UPS) [12],
While protein degradation is always happening in cells and is integral to maintaining cellular
homeostasis, faulty or damaged proteins due to stress are quickly recognized and degraded [®. In
response to environmental stimuli such as heat stress, proteins can become misfolded or
unfolded, and these proteins need to be degraded or refolded to not cause the cell further damage.
The UPS is different from autophagy as this process is specifically for degrading proteins (and

not other macromolecules), and that the lysosome is not involved. Protein degradation due to the
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UPS in eukaryotic cells uses ubiquitin to tag proteins, both cytosolic and nuclear, for proteolysis
(Figure 3). There are three enzymes responsible for transferring ubiquitin onto the target protein,
known as E1, E2, and E3. E1, the ubiquitin activating enzyme, transfers ubiquitin to the carrier
enzyme, E2; E2 then works with the E3 enzymes to tag the protein substrate with ubiquitin
(1121 Ubiquitin attaches onto the side chain of a lysine residue, and when a protein becomes
polyubiquitinated, the 26S proteasome recognizes such tagged protein and degrades it 81, The

cell can recycle and reuse these resulting free amino acids to construct new, improved

functioning proteins.
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Figure 3. The UPS pathway modified from an image created by Myra Zerr 21,

The Coan lab uses a transfection system to track the UPS system. Specifically, we use the
protein chimera GFP-250 as cells overexpressing GFP-250 form protein aggregates, and this is

positively correlated with recruitment of the proteasome to eliminate these aggregates via the
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UPS [16], With this system, we induce production of GFP-250 in human cells and exposed these
cells to heat shock followed by a recovery period. We then track accumulation and clearance of
protein aggregates (via fluorescent microscopy) pre-heat shock, post-heat shock, and during a

defined recovery time period (Figure 4).

Pre Heatshock

Post Heatshock

Aggregates

Figure 4. GFP-250 system used to monitor if the UPS system is overwhelmed in our laboratory.
The white scale represents 100 um.

Keratin Biomaterials and Cell Recycling Pathways

The Coan lab has preliminary data to suggest that keratin biomaterials may interact with
both of these cellular recycling pathways (autophagy and protein aggregation); however, until we
tease apart the details of what is occurring, we don’t know whether keratin is interacting with

one pathway and indirectly impacting the other, or if it is interacting with both pathways.



12

Previous studies in our lab investigated the effect of keratin supplements in heat stressed cells
(151171 The data collected suggest that cells supplemented with keratin clear aggregates more
rapidly than those without keratin supplements. Previous studies of keratin treated, starved, and
heat shocked cells also suggest a potential relationship between keratin and autophagy—
although these studies are less definitive because the transfection system used to track autophagy
activation in our lab results in images that are not as easy to interpret as those obtained in
aggregate studies.

To better understand keratin’s role in these two pathways, I made use of the extensive
catalog of past images obtained by the Coan laboratory using these transfection systems. Related
to the UPS protein aggregation pathway, I first re-analyzed previously analyzed images to
determine the extent to which image data can be replicated by a different user. Second, I
analyzed the data with new parameters to determine whether patterns from previous studies
could be identified via a different counting technique. In previous studies, aggregate tracking
data only focused on the total number of cells with and without aggregates within a field of view
over a defined duration of time after heat shock. I further analyzed these images to understand
whether there is also a relationship between keratin and the number of aggregates that form
within a cell when exposed to heat shock and subsequent recovery. Autophagy studies in our lab
utilize a transfection system that allows us to count cells with autophagy vesicles. Different
fluorescent reporters correspond to either early or late autophagy. However, these images have
only been used to obtain qualitative data due to the difficulty inherent in counting vesicle
presence (see Figure 5 below). To this end, I conducted an extensive analysis of formerly
obtained image sets to investigate the reliability of using these images. I selected images from

cells exposed only to the positive control, rapamycin, known to induce changes within our
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experimental system (confirmed via Western Blot in our prior lab studies). Previous assessments
lacked detailed manual counts due to the complexity of the data. Taking on this challenge, I

aimed to assess the feasibility of using these images to accurately identify autophagy in HEK293

cells, despite their inherent complexity.

Figure 5. Cells transfected with the LC3 autophagy-tracking plasmid viewed under two different
light cubes (Texas Red and Green Fluorescent Protein (GFP)). Red and Green fluorescing
proteins are linked to autophagy protein LC3 and the two probes can help differentiate timing of
the autophagy process. Diffuse red/green in a cell indicates no autophagy. Bright intense red and
green puncta at the same location indicate early autophagy (autophagosome formation). Red only
puncta at a location indicates late autophagy. The white scale represents 200 um.
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Specific Aims: For the reasons outlined above, my project consisted of two aims that are
detailed here:
AIM 1: I analyzed Human Embryonic Kidney Cell 293 (HEK293) heat shock aggregate
formation and clearance data to investigate whether keratin impacts not only clearance of
aggregates but also the formation of multiple aggregates within cells.
Sub-Aim I: I reproduced analysis of previous images obtained in the aggregation
experiments to confirm that keratin affects aggresome formation and clearance,
particularly within the first 30 minutes after heat shock (C. Davis and R. Gardner) 181,
Sub-Aim II: I analyzed images to count the number of aggregates per cell throughout the

time period in question.

AIM 2: | performed manual counts of the autophagy experimental images as a quantitative
method of assessing autophagy activation by rapamycin in HEK cells transfected with the
autophagy-reporter plasmid.

Sub-Aim I: The percentage of cells containing puncta was recorded for all images in
both light channels. It was hypothesized that over the course of the autophagy process, the
difference in these values between the green and red channels would allow us to numerically
measure early and late autophagy.

Sub-Aim II: I counted the number of puncta found in each cell throughout the autophagy
process. We hypothesized that the number of multiple puncta per cell would increase in

rapamycin-treated cells and could be a determinant of autophagy induction.
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Materials and Methods

Images that my proposed research analyzed were taken using different transfection
systems that allowed us to track aggregate formation and autophagy activation. These images
were obtained by other student researchers in Dr. Coan’s lab. However, methods used to
generate these images are provided here as the methods are important for full understanding of

my proposed research. A description of both systems used follows.

HEK?293 cell growth and maintenance

HEK293 cells (a gift from Dr. Robert Youker, WCU) were grown and maintained on
tissue culture plates in 10% Fetal Bovine Serum (FBS)/Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco Ref. # 11995-065). Cells were grown under standard conditions in 37°C in 5%
CO; within a HERA cell humidified incubator. Cell experiments ewer performed by seeding at a
uniform density. A hemocytometer was used to obtain cell counts with Trypan Blue dyed cells
excluded to avoid counting dead cells. Six-well dishes were used for all experiments and seeded

at a density of 150,000 cells/mL.

Transfection of HEK cells for ageregate tracking studies

Aggresome formation in response to heat shock was investigated in HEK293 cells with
and without keratin (provided as a gift by Dr. Mark Van Dyke, University of Arizona). HEK293
cells were grown at 37°C and transfected with a plasmid encoding a model GFP-tagged
misfolded protein (GFP-250, a gift from Dr. Robert Youker, WCU). Transfection was achieved
using OptiMem medium, TurboFect lipids (ThermoFisher), and 250ng/well of plasmid. Two

hours prior to heat shock, 0.1mg/mL of crude keratin (a mixture of the structural and soluble
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keratin fractions) was added to a group of the transfected cells. Fluorescent images were taken
prior to heat shock and then all cells were heat shocked at 43°C for 90 minutes. After shock, all
wells were immediately imaged and then the keratin-treated and untreated cells were moved
back to the 37°C incubator and fluorescently imaged in 30-minute increments. Misfolded (GFP-
250) proteins produced after transfection are sent through the protein aggregation pathway upon
introduction of a stressor (heat shock). Because GFP-250 is fluorescent, aggregation can be
visualized by formation of bright, intense puncta under the correct light cube via microscopy.
Formation and then subsequent clearance can be tracked by taking images over a time course
pre- and post-heat shock. Images can then be analyzed to determine how many keratin-treated vs
untreated cells contain visible fluorescent puncta (accumulation of protein aggregates), and those

percentages plotted against time.

Manual Counting of Aggregation Data

Each image was analyzed in a completely dark room with my computer’s brightness at its
maximum. This is the best way to see a clear image and get accurate counts for images that
require counting presence or absence of puncta. For each image, I recorded the number of total
cells, the number of cells with puncta, and the number of puncta within each of those cells. See
Figure 6 for a depiction of the counting process in aggregation experiments. After I finished

every image in the data set, I compared my findings with those of previous lab members.
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Figure 6. Cells transfected with the GFP-250 plasmid. The GFP light cube on the EVOS
microscope was used to obtain the images. On the left, the image is unmodified and shows cells
and puncta within indicating the formation of aggregates. The image on the right has been
modified to highlight how counts are performed. White outlines show cells that would be
counted. Red dots have been placed within cells to indicate how puncta are quantified as I count.
I added red dots to images on top of puncta so that I could track them. In this image, not all
puncta have been counted as a few cells in the middle of the image show visible puncta without
red dots. This system allows me to keep track of counts and keeps errors to a minimum.

Transfection of HEK293 cells for autophagy tracking studies

A plasmid system containing GFP-mCherry-LC3 and GFP-mApple was used to transfect
HEK293 cells (pBABE-puro mCherry-EGFP-LC3B was a gift from Jayanta Debnath [Addgene

plasmid #22418; http://n2t.net/addgene:22418 ; RRID:Addgene 22418]). Transfections used

1000 ng/well of LC3 plasmid, TurboFect lipids (ThermoFisher), and Opti-MEM (Ref. # 31985-
062) transfection buffer.

The LC3 system is a dual-reporter autophagy tracking system, and the plasmid encodes
the gene for an autophagy protein—LC3. This protein is pulled into autophagosomes during
early autophagy and retained in the autophagolysosome until degradation. Before tracking the
autophagy data, a percentage of cells were treated with the autophagy inducer rapamycin (Fisher
Scientific). Rapamycin is added to the cells at 0.3 uM concentration and allowed to sit overnight.
The autophagy process can be tracked by imaging the cells using light cubes appropriate to these

fluorophores.


http://n2t.net/addgene:22418
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Manual Counting of Autophagy Data

Counts of autophagy data occurred in a similar fashion to the aggregate data; however,
two counts had to be done for each image because before manually counting the data, each
image was separated into green and red channels for a clearer interpretation. The initial images
appeared yellow as they contained both the green and red light cubes overlaid. See Figure 7
below for an example reflecting early autophagy and therefore similar amounts of red and green
puncta observed in an image. This is an example of one of the clearer images analyzed in our
dataset. However, despite this manipulation, images are still difficult to interpret. First, total cells
are not easy to count as the process to transfect, dose with rapamycin, and then image is a multi-
step process in which cells are not imaged until day 4, resulting in too many and overlapping
cells in each image. Overlapping cells and many puncta inside the cell also make counts difficult

to obtain.

Figure 7. Cells transfected with the autophagy-dual reporter system. The image on the left shows
the unaltered saved image. The initial image is then opened with the red and green color
channels split. The middle image shows the red channel image with brightness increased for
easier interpretation. The image on the right shows the green channel image with brightness
increased. The white scale represents 100 pm.

Statistical Analyses

Images obtained in triplicate were counted and averaged. Groups were compared to the

same time point control (untreated) using Student’s ¢ tests. A p < 0.05 was considered

statistically significant.
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Results

Protein Aggregation Data

The first step in evaluating the protein aggregation data for Experiments 1 and 2 was to
count the total number of cells, the number of cells containing puncta, and then calculate the
overall percentage of cells containing puncta at each time point for both keratin treated and non-
treated cells. Subsequently, we proceeded to quantify the number of puncta within each cell
across different time points. This involved categorizing cells based on the number of puncta
observed (ranging from 0 to 10+), recording the frequency of each category, and calculating the
corresponding percentage relative to the total cell count. A total of 160 images were counted

across both experiments.

Percentage of Cells Containing Puncta- Experiment 1

A.
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B. Percentage of Cells
Containing Puncta
Time (min) Keratin No Keratin

-90 10% 10%

0 46% 60%

40 24% 21%

80 1% 9%

100 3% 4%

Figure 8. Percentage of Cells Containing Aggregates (GFP-250) vs. Time. Graph and table
containing replicated data showing the percentage of GFP-250 transfected cells containing
aggregates over time. Cells were imaged before heat shock (T = -90 min), immediately following
heat shock, and then 40, 80, and 100 minutes after heat shock. Numbers used to construct the
graph are shown as a table below the graph. There was a significant difference between keratin
treated and non-treated cells 0- and 80-minutes post-shock. A total of 3,789 fluorescent cells
were counted with an average of 37 cells per image. The error bars indicate the standard
deviation. Font highlighted in yellow in the table denote statistically significant differences in
means between treatments at a time point (p < 0.05).

The protein aggregation GFP250 system appears to generate reproducible results across
experiments as pre-stressed cells do not show the presence of aggregates, while heat shock
reliably induces an aggregation response followed by a gradual clearance of aggregates as the
cells return to a baseline post stress (Experiment 1 Figure 8). Keratin treatment in this
experiment did not appear to elicit a change in cell recovery in counts of % of cells with puncta.
Next, individual time points were compared to determine whether cells contained differing
numbers of aggregates at the various time points and under keratin treatment (Experiment 1,

Figure 9). In general, heat shock induced a higher number of cells with one or more puncta and

those number declined as cells recovered; however, patterns between keratin and the untreated

cells appeared to be similar.



Puncta per Cell- Experiment 1
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B. Post-Shock Time 0
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C. 40 Minutes Post-Shock
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D. 80 Minutes Post-Shock
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E. 100 Minutes Post-Shock
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Figure 9. Graphs and tables A-E showing the number of puncta per cell in no treatment and
keratin treatment groups at each time point pre and post heat shock. Pre-shock: 707 total cells
counted, Time 0: 475 cells counted, Time 40 minutes: 710 cells counted, Time 80 Minutes: 843
cells counted, and Time 100 minutes: 1,054 cells counted. The error bars indicate the standard
deviation. Font highlighted in yellow in the table denote statistically significant differences in
means between treatments at a time point (p < 0.05).
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Experiment 2 counts replicated previous counts from a study of 3 separate combined
experiments performed in the Coan lab. Time points in this experiment were more numerous to
provide a better understanding of the recovery process. Figure 10 shows the previous counts and
data performed by C. Davis in Dr. Coan’s laboratory and the new replicated counts and data in
my study. Variation exists in counts (note the different trajectories of keratin treated samples in
the two graphs); however, it is notable that images from the prior study were not all intact. The
prior study combined 3 separate experiments, but recounts had to be performed on only 2 of
these as image files from the much older study (2018) were corrupted and not usable. Previous
counts suggested a significant difference at the 30-minute post shock timepoint between keratin
and untreated cells (Figure 10, Graph A). New counts of two of the three experiments did not
show this difference (Figure 10, Graph B). A total of 1,228 fluorescing cells were counted with
an average of 20 per image. Similar to Experiment 1, the heat shocked cells responded to the
stress by aggregate production and eventual clearance during recovery. Analysis of puncta per
cell did not yield further information as keratin treated and untreated cells showed similar

patterns (Figure 11).
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Percentage of Cells Containing Puncta- Experiment 2
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Figure 10. Percentage of Cells Containing Aggregates (GFP-250) vs. Time. Graph A. reflects a
prior count, and the Graph B. reflects the new, replicated data showing the percentage of GFP-
250 transfected cells containing aggregates over time. Cells were imaged before heat shock (T =
-90 min) and in 30-minute increments after heat shock [!7). Numbers used to construct the graphs
are shown as a table below the graphs. The error bars indicate the standard deviation. Font
highlighted in yellow in the table denote statistically significant differences in means between
treatments at a time point (p < 0.05).



Puncta per Cell- Experiment 2

A. Pre-Shock Counts
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B. 0 Minutes Post-Shock
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C. 30 Minutes Post-Shock
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D. 60 Minutes Post-Shock
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E. 90 Minutes Post-Shock
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Figure 11. Graphs and tables A-E showing the number of puncta per cell at each time point in no
treatment and keratin treatment groups pre and post heat shock. Total cells counted per timepoint
include: Pre-shock: 186, Post-shock time 0 minutes: 231, Post-shock time 30 minutes: 237, Post-
shock time 60 minutes, Post-shock time 90 minutes: 313. The error bars indicate the standard

deviation. No significant differences were observed between treatments at any time point (p >
0.05).
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Autophagy Data

To assess the autophagy data, the green and red channel data were recorded and
evaluated separately. Each image was analyzed to tally the total cell count and the number of
cells exhibiting puncta in both rapamycin-treated and non-treated groups. Subsequently, the
overall percentage of puncta-containing cells was computed for each image. Additionally, the
number of puncta per cell was documented across various time points. Utilizing these data
points, the percentage distribution of puncta per cell (ranging from 0 to 10+) was determined and
depicted graphically using a bar graph, illuminating the distinctions between rapamycin-treated
and non-treated cells at each time interval.

As the autophagy process occurred, there was a higher percentage of cells containing
puncta when viewed in the red channel (as expected) (Figure 12). For both the green and red
channels, there was a significant difference between rapamycin treated and non-treated cells 52
hours post treatment. Additionally, for rapamycin treated cells specifically, at 46 and 52 hours,
there was a significant difference in the total percentage of cells containing puncta in the green
and red channels. For non-treated cells, there was a significant difference in the total percentage
of cells containing puncta observed between the green and red channels at the 52-hour time point
as well. A total of 1,152 fluorescent cells were counted in the green channel (average of 58 cells
per image), and 1,299 fluorescent cells were counted in the red channel (average of 65 cells per
image).

A comparison of cells with multiple puncta per cell revealed that early time points were

more easily distinguished via this method. Rapamycin-treated cells had a clear trend toward cells



with multiple puncta at the early time points suggested that this might be reliable indicator of

autophagy response (Figure 13).
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Figure 12. Graphs and tables showing the percentage of cells containing puncta vs. time when
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split into the green and red channels, respectively. Font highlighted in yellow in the table denote

statistically significant differences in means between treatments at a time point (p < 0.05).



Number of Puncta per Cell- Green vs. Red Split Channels
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A2. 4 Hours Post-Treatment- Red
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B1. 9 Hours Post-Treatment- Green
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B2. 9 Hours Post-Treatment- Red
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C1. 22 Hours Post-Treatment- Green
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C2. 22 Hours Post-Treatment- Red
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D1. 46 Hours Post-Treatment- Green

100
90
80
70
60
50
40
30
20

Puncta per Cell Percentages

10
0 1 = M . m_ - |
0/cell 1/cell 2/cell 3/cell 4-6/cell 7-9/cell 10+/cell

Number of Puncta per Cell

m Rapamycin % m No Rapamycin %

Puncta/Cell Rapamycin % No Rapamycin %
0/cell 73 90
1/cell 5 5
2/cell 3 3
3/cell 5 2
4-6/cell 6 1
7-9/cell 3 0
10+/cell 7 0



D2. 46 Hours Post-Treatment- Red
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El. 52 Hours Post-Treatment- Green
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E2. 52 Hours Post-Treatment- Red
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Figure 13. Graphs and tables A1-E2 showing the difference in the number of puncta in each cell
(rapamycin treated vs. non-treated) at each time point when viewed in the green and red channel
respectively. Total cells counted for each image set are: 4hr green: 264, 4hr red: 313, 9hr green:
77, 9hr red: 133, 22hr green: 107, 22hr red: 213, 46hr green: 390, 46hr red: 395, 52hr green: 314,
52hr red: 362. The error bars indicate the standard deviation. Font highlighted in yellow in the
table denote statistically significant differences in means between treatments at a time point (p <
0.05).
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Discussion

In this study, the goal was to reproduce cell and puncta counts obtained by former Coan
lab members, and to add to these data by also evaluating whether the number of puncta per cell
significantly different between treated and non-treated cells.

The protein aggregation data with the percentage of cells containing puncta from
Experiment 1 showed a significant difference between keratin and non-keratin treated cells 0-
and 80-minutes post-shock (Figure 8). However, Experiment 2 yielded conflicting results, as no
significant difference was observed in the replicated data set at any time point for the percentage
of cells containing puncta between the two treatment groups (Figure 10). These findings deviate
from previous data, where a former lab member identified a significant difference in puncta
percentages within the first 30 minutes post-heat shock. Furthermore, experiments conducted by
another Coan lab member corroborated this significant difference at the 30-minute mark. Given
the manual and subjective nature of data tracking, discrepancies in counts are expected,
introducing a margin of error. Hence, a re-evaluation of the images used in an additional
experiment is warranted to validate the replicated results. Considering the complexity of the
images and the subjectivity associated with manual counting, it is advisable to conduct another
round of heat shock experiments to ensure the accuracy of the findings.

Next, evaluating the number of puncta seen within each cell for Experiment 1, further
data analysis demonstrated significant differences between the two treatment groups at the Pre-
Shock, 0-Minutes post-shock, and 80-minutes post-shock time points (Figure 9). For the Pre-
Shock data, there were significant differences seen in the number of cells containing 1 puncta per

cell and 3 puncta per cell. This is interesting as it may suggest there were differences in the cells
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of both treatment groups prior to being subject to heat-shock. As keratin is supplied for 2 hours
before shock, this might indicate that keratin dosed alone with no shock may impact the
recycling pathway, which would warrant future research. At the 0- and 80-minute post-shock
time points, there was a significant difference in keratin treated vs. non-treated cells containing 0
puncta per cell. For the number of puncta per cell data from Experiment 2, there was no
significant differences observed for at any time point between the two treatment groups (Figure
11). This is important to note as in the previously recorded study, a significant difference was
found in the overall percentage of cells containing puncta between keratin treated and non-
treated cells at the 30-minute mark. We were interested in seeing if the number of puncta per cell
data would be significant at this time point between the two treatment groups as well; however, a
significant difference was not observed in the number of puncta per cell as was originally
expected. The results of the aggregation study suggest that further assessment is required to
better understand the impact of keratin on the UPS system and importantly; these follow up
studies should include careful image analysis and reproducible counts must be confirmed to be
confident in the dataset.

In the autophagy data, there was a significant difference in the total percentage of cells
containing puncta between rapamycin treated and non-treated cells at the 52-hour time point, and
this difference was observed in both the green and red channels (Figure 12). Additionally, when
evaluating the data for rapamycin treated cells specifically, after 46 and 52 hours there was a
significant difference in the total percentage of cells containing puncta between the green and red
channels. For non-treated cells, there was a significant difference in the total percentage of cells
containing puncta observed between the green and red channels at the 52-hour time point as well.

When looking at only one treatment group at a time, there were also significant differences
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observed when evaluated in the green or red channel. These results support the initial hypothesis

that, as the autophagy process progressed, a higher number of cells and puncta should be seen in

the red channel as the GFP would no longer fluoresce when inside the autophagolysosome in late
autophagy.

For the number of puncta per cell autophagy data, there were multiple differences to note
(Figure 13). First, there was a significant difference between the two treatment groups at the 4-
hour time point. From the green channel, this difference between rapamycin treated and non-
treated cells was for the 2 puncta per cell value. From the red channel, this difference was at the
10+ puncta per cell value. Then, at the 9-hour time point, there was a significant difference of
cells containing 4-6 puncta per cell between the two treatment groups when viewed in the green
channel (no significant differences were observed between the two treatment groups at this time
point when viewed in the red channel). After 46 hours, the number of cells containing 10+
puncta per cell were significantly different between the two treatment groups when viewed in the
green channel. Lastly, after 52 hours, in the green channel there was a significant difference in
the number of cells containing 0 puncta per cell; and then for the red channel, there were
significant differences observed in the number of cells containing 0 puncta, 7-9 puncta, and 10+
puncta between rapamycin treated and non-treated cells. We expected our positive control and
autophagy inducer rapamycin-treated cells to induce the production of more puncta; however,
there were not many significant differences in the number of puncta per cell observed between
both treatment groups.

New research in our lab suggests that our methods for evaluating autophagy and the UPS
may unfortunately expose cells to long durations of growth in a confined culture dish leading to

our no treatment cells, which should not exhibit active autophagy, running out of nutrients and



48

space on the dish. We now understand that prolonged conditions in culture may lead to non-
treated cells showing autophagy activation to similar levels as our positive control cells (21,
Future studies will require media changes or shorter duration of culture to keep the no treatment
group from being stressed. Under these conditions, we have shown more recently that rapamycin
treated cells do show differences in both the overall percentage of cells containing puncta, and
the number of puncta observed in each cell.

Data suggest that keratin might modulate cell recycling pathways; however, the methods
used to research these pathways are inherently complex and difficult to interpret. My findings
suggest the need for continued research as we refine our methods of evaluating these pathways.
Furthermore, it is imperative that future investigations prioritize the standardization of cell
counts, perhaps by leveraging advanced software tools like ImageJ or alternative cell counting
software solutions. If manual counting remains necessary, utilizing 40X images and
deconvolution methods of image processing may facilitate more efficient manual counting in the
absence of automation. Additionally, conducting colocalization experiments to validate lysosome

fusion at later stages of autophagy could provide valuable insights.
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