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Abstract

In diabetes, excess glucagon secretion and insulin deficiency contribute to disease
progression and hyperglycemia. Understanding the intracellular trafficking of glucagon in
alpha cells can reveal potential therapeutic targets to alleviate hyperglycemia. Stathmin-2
(Stmn2) was previously found in the secretory granules of aTC1-6 cells and was
hypothesized to direct glucagon to lysosomes for degradation. My work aims to investigate
whether paracrine inhibition of glucagon secretion operates through the Stmn2-mediated

lysosomal pathway.

I manipulated Stmn2 levels and applied paracrine treatment to observe glucagon and
lysosome distribution using microscopy. | found that Stmn2 was essential in mediating
paracrine redistribution of glucagon and lysosomes. Microscopy also showed strong
colocalization and similar distribution of Stmn2 and lysosomes in both mouse and human
alpha cells, while gPCR analysis showed that Stmn2 upregulated autophagy genes.

In summary, my thesis describes a potential regulator of glucagon secretion with therapeutic

potential for hyperglucagonemia and hyperglycemia of diabetes.

Keywords: glucagon, glucagon secretion, Stathmin-2, diabetes, lysosomes, exocytosis,
degradation, paracrine inhibition, hyperglucagonemia



Lay Summary

Diabetes is a condition of high blood sugar caused by abnormally high levels of a hormone
called “glucagon”, vital in regulating physiological processes, such as sugar and fat
metabolism. Cells that secrete hormones are called endocrine cells, and we wish to study the
cellular mechanisms of how endocrine cells secrete hormones to maintain body balance and
how this process can go wrong. Our research focuses on glucagon, secreted from endocrine
alpha cells in the pancreas, to increase blood sugar levels. Inside the alpha cell, glucagon is
contained in tiny specialized packages called “granules” which move to different
destinations. Within these granules are important molecules that may affect whether
glucagon is released or degraded for an optimal level, with one candidate being stathmin-2.
We know these granules must be in particular locations within the cell for glucagon to be
released or degraded in response to signals like other pancreatic hormones (insulin and
somatostatin). However, how they get to these locations is unclear. This is an important
question because it explains how abnormally high glucagon secretion can be controlled in
diabetes. To find out how other pancreatic hormones can potentially direct glucagon towards
sites of degradation(lysosomes) via stathmin-2, we used state-of-the-art technologies in
advanced microscopy to visualize the movement of glucagon in mouse alpha cells. We found
that insulin and somatostatin both moved glucagon towards degradation. In addition, Stmn2
and lysosomes overlapped strongly in their locations, suggesting a link between them. So, |
followed up with a genetic analysis and found that stathmin-2 increased genes that produce
more lysosomes. To determine stathmin-2’s role in trafficking glucagon, | removed Stmn2
from alpha cells and found that glucagon no longer moved towards lysosomes even in the
presence of insulin and somatostatin, which confirms that trafficking of glucagon by other
endocrine hormones requires Stmn2. Therefore, Stmn2 is a molecule that can control

glucagon secretion and can be used to decrease high blood sugar in people with diabetes.
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Chapter 1
1 Introduction

1.1 Significance of the study

Diabetes mellitus (DM) is a metabolic condition characterized by chronic hyperglycemia
resulting from impaired synthesis, release, regulation, and actions of hormones secreted
from the pancreas, projected to affect 10.2% of the global population or an equivalence of
643 million by 2030. The human pancreas is primarily comprised of exocrine cells that
secrete digestive enzymes. About 1% of the pancreas is comprised of the islets of
Langerhans, which contain a mixed population of functionally heterogenic endocrine
cells such as the insulin-producing B cells, glucagon-producing a cells, somatostatin-
producing o cells, y cells, and ¢ cells. Most commonly, dysfunctions of a and 3 cells
result in the combination of excess glucagon secretion and insulin deficiency, which
impair blood glucose homeostasis and ultimately present clinically as diabetes mellitus.
With increasing evidence suggesting the dominant role of dysfunctional a cells
contributing to the disease progression and the harmful effects of glucagon receptor
blockers, an alternative to regulate excess glucagon secretion is urgently needed. To
address this need, our lab is investigating the intracellular trafficking of glucagon in
mouse pancreatic o cells to understand the regulators involved in resorting glucagon for
secretion or degradation physiologically and pathologically. We have identified a
neuronal protein, stathmin-2 (Stmn2 or SCG10), known to be involved in microtubule
dynamics and hormone transport in neurons, to play a role in directing glucagon toward
the lysosomal network of mouse pancreatic a cells. Our lab utilizes a combination of
protein markers and fluorescence microscopy to visualize the presence of glucagon in
subcellular compartments such as lysosomes and secretory granules and their dynamics
in response to paracrine factors and in pathological conditions such as when Stmn2 is
knocked down, disabling the lysosomal network important for glucagon regulation. The
work described in this thesis aims to connect the role of Stmn2’s roles in overlapping

domains of functions, including trafficking glucagon, the lysosomal network, and



paracrine inhibition of glucagon secretion to understand how glucagon secretion can be

regulated to alleviate hyperglucagonemia of diabetes.

1.2 The clinical problem: glucagonocentric hypothesis of diabetes

Diabetes mellitus (DM) comprises many subclassifications, including type 1 (T1DM) and
type 2 (T2DM) as the main subtypes®. TIDM is typically characterized by an
autoimmune destruction of beta cells in the pancreas, resulting in insulin depletion with
an early onset. In contrast, T2DM is generally characterized by insulin resistance or its
functional deficit, typically developed from aging and obesity*. Nevertheless, it was not
until decades after the discovery of insulin that the bihormonal hypothesis and, more
recently, the glucagonocentric hypothesis started ascribing the significant contribution of
alpha cell dysfunction to chronic hyperglycemia in diabetes®3. Specifically, the bi-
hormonal hypothesis first proposed by Roger Unger and Lelio Orci in 1975 suggested
that excessive glucagon secretion, in addition to insulin deficiency, contributes to
hyperglycemia in diabetes mellitus?. Following the first proposal of the theory, studies
have found that blocking glucagon actions in diabetic mice resulted in reduced plasma
glucose levels and improved glucose tolerance despite beta-cell deficiency, suggesting
glucagon-secreting alpha cells may play a primary role in the development of diabetic

hyperglycemia*®.

Functionally, a cells secrete glucagon as the major glucose counterregulatory hormone,
which increases blood glucose by stimulating hepatic glycogenolysis and
gluconeogenesis in fasted states to prevent hypoglycemia’®. Glucagon acts on its target
organs through the signalling of the glucagon receptor (GcgR). This seven-
transmembrane G-protein receptor is expressed in the liver, other endocrine cells of the
pancreas, kidney, small intestine, regions of the brain and heart®. Binding to GcgR on
hepatocytes results in adenylate cyclase activation and cCAMP formation, which activates
protein kinase A(PKA), phosphorylating the transcription factor CAMP-response-
element-binding (CREB) protein. CREB then induces the transcription of glucose 6-

phosphatase and phosphoenolpyruvate carboxykinase (PEPCK), which are key enzymes



involved in gluconeogenesis. PKA activation can also activate phosphorylase kinase to
induce glycogenolysis and lower substrates involved in glycolysis for suppression®. In
general, though, glucagon actions include but are not limited to increasing hepatic
glucose production, fatty acids and amino acids breakdown, energy expenditure, and

potentially increasing heart rate and cardiac contractility®®,

Hyperglucagonemia or excess glucagon secretion is observed in diabetes*?. Specifically,
alpha cell pathophysiology presents commonly in T2DM, such that glucose and
paracrine-induced glucagon suppression is impaired'3. The importance of the interplay
of paracrine factors and the contribution of dysfunctional a cells to diabetes has been
demonstrated by blocking insulin actions on the a cells in mice, resulting in glucose
intolerance, hyperglucagonemia and hyperglycemia®*. Nevertheless, although blocking
glucagon actions through knocking down glucagon receptors(GcgR) has been found to
improve glucose levels and glucose tolerance, GcgR knock-out mice, humans with
dysfunctional GecgR mutations, and genetic deletion of proglucagon-processing genes in
mice have been shown to result in with a cell hyperplasia and hyperaminoacidemia*®>*>-
18, Blocking glucagon actions disrupts the hepatic-a cell axis, specifically the catabolism
of amino acids in the liver to maintain appropriate amino acid homeostasis, which

regulates a cell proliferation and mass through nutrient-sensing pathways!®%,

As a result, understanding that glucagon-secreting alpha cells play a significant role in
diabetes hyperglycemia and that blocking glucagon actions disrupts with the hepatic-a
cell axis, studying the intracellular trafficking of glucagon from the secretion standpoint
is much more cell-specific and may be a more attractive approach to finding a therapeutic

target for the hyperglycemia of diabetes.



1.2 Islet architecture and paracrine interactions reflect islet
function

The human pancreas secretes digestive enzymes (exocrine) and hormones (endocrine) to
maintain optimal glucose control, metabolism and feeding behaviour’. In particular, the
islets of Langerhans, the endocrine compartment of the pancreas, consists of a mixed
population of highly vascularized endocrine cells that secrete counter-regulatory
hormones in coordination to achieve glucose homeostasis, including glucagon secreted
by a cells, insulin secreted by B cells and somatostatin secreted by & cells®2L. Glucagon,
insulin and somatostatin are released in response to various glucose concentrations such
that glucagon is secreted in a feed-forward manner under low glucose (1-3 mM), insulin
is secreted in high glucose (> 7mM), and somatostatin is secreted when glucose
concentrations are higher than 3 mM?2, Specifically, insulin is a known inhibitor of
glucagon secretion during hyperglycemia, while somatostatin is known to inhibit both

glucagon and insulin secretion at different glycemic states, as shown in Figure 12324,

Islet architecture has also been found to reflect islet function and intricate paracrine
interactions?® 2. While the typical composition of human islets is around 60% B cells,
30% a cells, and the remainder is made up of 6 and pp cells, a study conducted by Over
Cabrera in 2005 showed that human islets contain significantly more glucagon-positive a
cells and less insulin-positive B cells than mouse islets®?. In addition, a-cell mass has
been shown to increase in both T1D and T2D?8. This further ascribed the potential
importance of a cells in human glucose metabolism, which may often be overlooked in
mouse models due to the difference in islet cytoarchitecture. Nevertheless, endocrine
cells are arranged within the islet such that direct heterotypic contacts between endocrine
cells and islet blood vessels reflect the significance of paracrine interactions for fine-
tuning hormonal secretions to optimize glucose levels?®272°, Specifically, 71% of B cells
and more than 90% of a cells in human islets are in direct contact with other endocrine

cell types®.

Islets make up only 1-2% of the pancreas but receive up to 20% of pancreatic blood
flow3%3L, Islet vasculature plays a crucial role in adequate glucose sensing and efficient

insulin and glucagon release into the circulation in response to different glycemic states,



and disrupted islet vasculature is found in diabetes?®32-34, Specifically, contractile
pericytes covering islet capillaries innervated by the sympathetic nervous system contract
during hypoglycemia to limit the diffusion of circulating glucose to endocrine
parenchyma?®®*, This glucose-dependent decrease in islet blood flow during
hypoglycemia also increases nitric oxide levels, an established effector in decreasing
insulin and increasing glucagon secretion to induce hyperglycemic effects***, In
summary, islet vasculature dictates communication between endocrine cells and regulates
the glucose-dependent secretion of endocrine hormones via the dynamics of intra-islet

blood flow.

From clinical manifestations of hyperglucagonemia in diabetes, to unwanted side effects
of targeting glucagon actions, the importance of paracrine interplay in glucose
homeostasis, islet architecture and vasculature reflecting islet function and secretion, |
have compiled evidence supporting why understanding the regulation of glucagon
secretion in its physiological states and during paracrine inhibition may reveal better
therapeutic targets than glucagon action blockers, for alleviating hyperglucagonemia and
in turn hyperglycemia of diabetes.

1.3 Regulation of glucagon secretion in a cells

Glucagon secretion falls into two major categories: constitutive basal secretion through a
rapid transfer of proteins in small vesicles from the trans-Golgi network (TGN) to the
plasma membrane and regulated glucagon secretion, which is a more specialized process
involving dynamic processing, sorting and maturing of selective proteins within the

secretory granules in response to a stimulus®®.

Regulated glucagon exocytosis responds to several factors, including glucose, paracrine
factors, neurotransmitters, and amino acids. These factors are currently known to alter
voltage-gated ion channel activity, which in turn changes the overall a cell membrane

electrical activity and regulates calcium (Ca?*)—dependent exocytosis®’,



In regulated secretion, glucagon is stored within the secretory granules of a cells until a
stimulus triggers Ca?*-SNARE protein-dependent exocytosis, where glucagon-containing
granules fuse with the plasma membrane and release their content. a cells contain
different pools of secretory granules such that there is a reserve pool (RP), and around
1% of granules make up a readily-releasable pool (RRP) primed to be exocytosed near
the plasma membrane3®“°. Precisely, the release of Ca?* activates synaptosome-
associated protein 25 (SNAP-25), which helps transport the granules and mediate the
interactions between granular SNARE proteins like vesicle-associated membrane protein
2 (VAMP 2) and plasma membrane SNARE proteins like SyntaxinlA to form the
SNARE complex for exocytosis®. Interestingly, expressions of genes encoding SNARE
proteins and ion channels are also found to be disrupted in a cells of patients with
T1IDM*,

The alpha cell membrane is electrically excitable, and exocytosis regulated by glucose
occurs at the level of receptor-mediated changes to Katp activities, which in turn alter the
o cell membrane potential where Ca?* channels can directly stimulate the release of
glucagon®?. Specifically, glucose uptake is mediated by glucose transporter 1 (GLUT1) in
the cell membrane, and glucose undergoes subsequent glycolysis*!. Low glycolysis-
generated adenosine triphosphate (ATP) levels in the mitochondria within the a cell
directly reflect low glucose concentration. In response, ATP-sensitive potassium (K*)
channels close, leading to the build-up of intracellular K*, depolarizing the membrane
and activating the P/Q type voltage-gated calcium (Ca?*) channels, resulting in a Ca®*

influx and ultimately depolarization-evoked glucagon exocytosis*!.

Insulin inhibition of glucagon secretion occurs through the insulin receptor-activated
phosphoinositide 3-kinases (P13K) pathway, which results in the efflux of positively-
charged K* ions and membrane hyperpolarization®>*2. Insulin has also been found to
significantly reduce Katp channel sensitivity to ATP in o cells to maintain K* efflux,
which in turn reduces depolarization-evoked glucagon exocytosis**. Gamma amino
butyric acid (GABA) is another potent glucagon secretion suppressor that is co-secreted
with insulin by B cells. GABA binds to GABAA receptors to the membranes of a cells,

which results in a cell membrane hyperpolarization via CI” influx and insulin has been



shown to increase the translocation of GABAA receptors as an indirect mechanism to
inhibit glucagon secretion?>#4, In addition, insulin has been shown to inhibit glucagon
secretion by another indirect mechanism, through stimulating the intra-islet release of
somatostatin, which is also known to inhibit glucagon secretion®. In the context of
diabetes, destroyed or dysfunctional  cells do not secrete sufficient amounts of insulin,
GABA, and ultimately somatostatin to appropriately inhibit glucagon secretion, which
may partially contribute to excess glucagon secretion or hyperglucagonemia, further
worsening the disease progression of diabetes. Alpha-cell insulin resistance also
contributes to impaired inhibition of glucagon secretion in T2DM, such that membrane

potential and exocytosis do not reduce in response to insulin®®4e,

Somatostatin secreted by o cells binds to the somatostatin receptor 2 (SSTR2) on a cells
to inhibit glucagon secretion®4, Specifically, SSTR2 is a Gq-coupled receptor, which,
upon binding somatostatin, inhibits adenylyl cyclase and decreases cytoplasmic cAMP
levels, directly decreasing calcium entry through voltage-gated calcium channels®*#’.
This then, in turn, reduces SNARE complex formation and results in a decrease in
exocytosis. In addition, somatostatin has also been found to inhibit glucagon secretion by
de-priming the RRP of glucagon granules away from the plasma membrane via activating
phosphatase calcineurin, which inactivates ATP-dependent exocytotic proteins?®.
Similarly, the expression of SSTR2 on o cell membrane is reduced in T2D, suggesting o
cell insensitivity to paracrine inhibition contributes to elevated glucagon secretion in
human T2D*, Interestingly, & cells exhibit neuron-like morphology, with well-defined
cell soma and filopodia-like extensions that allows them to reach several cell layers and

exert islet-wide paracrine regulation at a low population (~10% of islet cells)?838:49.50,

Interestingly, a cells’ morphological features have also been found to affect their
electrophysiologic properties, which ultimately give its unique secretion capacity
compared to B cells. Specifically, a cells’ smaller membrane area, spherical morphology,
lower membrane capacitance, and high granule density enable much faster, transient, and
robust electrical exocytosis in response to a considerably more dangerous state of

hypoglycemia, as opposed to hyperglycemia®®51:°2,



In this section, | have discussed regulated glucagon secretion by external effectors like
glucose and paracrine factors, which are currently known to primarily act by altering o
cell excitability at the plasma membrane level. However, this is only one part of the
glucagon secretory pathway; the regulation of secretion begins with glucagon granule
biogenesis, trafficking of granules along the TGN, maturation of secretory granules, and
finally, the trafficking of granules from the RP to the RRP at the membrane. As a result,
understanding glucagon trafficking in the secretory pathway could reveal more clues

about alpha cell resistance to paracrine inhibition in diabetes.
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Figure 1. Paracrine regulation of glucagon secretion under various glucose concentrations.
Under low glucose conditions (1-3 mM), glucagon acts in an autocrine feed-forward manner.
Under high glucose conditions (> 7 mM), insulin releases from B cells, inhibits glucagon
secretion through receptors on a cells and stimulates somatostatin release from & cells through
gap junctions. Somatostatin also secretes independently of insulin when glucose concentrations
are > 3 mM and inhibits glucagon secretion through receptor-mediated actions. From “Pathways
of Glucagon Secretion and Trafficking in the Pancreatic Alpha Cell: Novel Pathways, Proteins,
and Targets for Hyperglucagonemia”. by Asadi, Farzad, 2021, Frontiers in Endocrinology, 12:
726368.



1.4 Secretory pathway within the pancreatic alpha cells

Glucagon synthesis begins with its precursor proglucagon, which is synthesized in the
endoplasmic reticulum and transported through the Golgi to the TGN?%°3, The formation
of secretory granules begins with packaging and sorting secretory proteins such as
proglucagon, its processing enzymes and other proteins into the granules from the TGN.
The maturation process of the granules involves altering the composition of contents
within the granule, removing constitutively-secreted proteins for basal secretion,
retaining mature hormones, acidification, and removing water to condense the
intragranular environment?23¢, Specifically, post-translational processing of proglucagon
to mature glucagon is mediated by prohormone convertase 2 (PC2) in which its activity is
found to be optimal within the granules due to optimal acidity and calcium levels®*>". As
a result, proteins incorporated into secretory granules and their interactions are potentially
the key to understanding the mechanisms that underlie the granule’s ultimate fate along
the secretory pathway. For example, in trying to find a sorting receptor that directs
proglucagon to secretory granules, previous work from the Dhanvantari lab has found
that upon knocking down a membrane-bound form of the processing enzyme
carboxypeptidase E (CPE), stimulated glucagon secretion was inhibited, suggesting
CPE’s role in sorting proglucagon into the secretory granules®*®8, Interestingly, newly
synthesized lysosomal enzymes from TGN, such as cathepsin B, have also been found
inside the immature secretory granules of 3 cells and proinsulin, which gets removed
during the granule maturation process, providing an additional regulated secretion
capacity>*°%€ Subsequently, upon normal granule maturation, external stimuli can then
act on a receptor-mediated change in ion-channel activity, which alters the membrane
potential and triggers the fusion of the granule membrane and plasma membrane for the
stimulated-release of glucagon. This model predicts that dysfunctional proteins
incorporated within the secretory granules may ultimately impact the protein interactions

and their maturation process, leading to unregulated secretion.

Other cellular compartments may also be involved in the secretory pathway, such as the
endo-lysosomal system involved in constitutive basal secretion. Specifically, basal

secretion of glucagon begins with small vesicles being removed from the immature
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secretory granule and directed towards the early endosomes and, ultimately, recycled to
the plasma membrane for basal secretion or towards lysosomes for degradation®®. In
addition, this alternative trafficking pathway involving the endo-lysosomal system has
been shown to regulate insulin secretion, suggesting that understanding glucagon
trafficking in the endo-lysosomal system is also crucial in fully understanding glucagon

secretion®®,

1.5 The lysosome: a novel compartment for glucagon trafficking

In addition to regulating hormone synthesis and secretion to govern hormone actions,
trafficking hormone-containing granules towards degradative lysosomes adds another
layer of regulation on secretion®. This direct fusion of secretory granules with late endo-
lysosomes as a means of rapid elimination or regulation is known as crinophagy, the most
unique and least known subtype of autophagy®>%. Importantly, crinophagy maintains the
intracellular pool of secretory granules and the granule maturation process.®* Specifically,
inhibiting the activity of a lysosomal nutrient sensor, mechanistic target of rapamycin
complex 1 (MTORC1) induces crinophagy in the mouse aTC9 cells and has been shown
to increase the localization of glucagon into lysosomal compartments, marked by
lysosomal-associated membrane protein 1 (LAMP1), and reduce glucagon secretion
effectively®?. Interestingly, insulin secretion has also been shown to be tightly regulated
by endocytic trafficking proteins like the Rab7 and Rab-interacting lysosomal protein
(RILP)%L, It was found that RILP overexpression not only promoted decreased biogenesis
and increased degradation of pro-insulin-containing granules, but it also induced
retrograde movement and clustering of mature-insulin-containing granules in the
perinuclear region of rat insulinoma INS-1 cells®. Another study has also shown that
metabolic stress can result in excess proinsulin trafficked towards the degradative
lysosomes, exacerbating insulin deficiency in addition to the already reduced insulin
synthesis seen in T2DM®. Nevertheless, impaired autophagy can mean either excess or
too little autophagy, which are both harmful® -5, Given that p cell lysosomal functions
are impaired in diabetes, excess glucagon levels in diabetes may likely also occur at the

level of crinophagy, where there is an insufficient degradation of glucagon-containing
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granules. In addition, insulin and somatostatin resistance of a cells contributing to
dysregulated glucagon secretion in diabetes suggests a potential link between paracrine
resistance of a cells and impaired lysosomal functions in a cells. To investigate this
proposed mechanism, proteins incorporated into the secretory granules of endocrine cells
need to be investigated to understand their roles not just in the synthesis and secretory
process but also in the crinophagy process, trafficking of granules towards the
appropriate cellular compartment and the overall lysosomal network in maintaining an

optimal level of secretory hormones.

1.6 Stathmin-2 directs glucagon towards the lysosome

Our lab previously investigated the dynamic glucagon interactome and searched for a
modulator of glucagon secretion within the secretory granule of aTC1-6 cells®®. Upon
conducting secretory granule proteomics on the glucagon interactome, stathmin-2 (Stmn2
or SCG10), a neuronal protein involved in microtubule dynamics and hormone transport,
was identified under conditions that inhibit glucagon secretion’®"2, Stmn2 is a
phosphoprotein of the stathmin family that binds tubulin dimers and alters microtubule
stability for intracellular transport, essential in enhancing neurite growth. Its loss of
function was found to be associated with motor neuropathy in amyotrophic lateral
sclerosis (ALS) "*76, Stmn2 is also involved in regulating secretory granule formation or
maturation in the TGN, such that its ablation decreases chromogranin A secretion in
neuroendocrine cells’’. Given the similarity between neurons and endocrine cells, Stmn2
being important in neuronal maintenance and regulating secretory granules in
neuroendocrine cells may imply its potential regulatory role in glucagon secretion of a
cells. In addition, microtubule dynamics have also been shown to mediate insulin-
containing vesicle movements and, in turn, mediate glucose-stimulated insulin secretion
(GSIS) in B cells’®. Specifically, the movement of insulin granules from the RP to the
RRP is regulated by microtubules’®2%. As a result, Stmn2, as a microtubule regulator, is
a desirable target for investigating the intracellular trafficking of glucagon and changes to

secretion in physiological conditions, during paracrine inhibition, and pathological states.
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Previous work from the Dhanvantari lab showed that overexpression of stathmin-2
abolished both basal and K*-stimulated glucagon secretion in «aTC1-6 cells. In addition,
overexpression of Stmn2 also increased the localization of glucagon in the endosomal-
lysosomal compartment®. In addition, previous work has shown Stmn2 to be
downregulated in diabetic mice and potentially humans and that Stmn2-mediated
trafficking of glucagon to lysosomes was disrupted in a mouse model of diabetes with
hyperglucagonemia??’182_ Nevertheless, the role of Stmn2-mediated lysosomal
trafficking of glucagon as a normal physiological mechanism of controlling glucagon

secretion needs to be investigated, and | will answer these questions in my thesis.

1.7 Central hypothesis

My studies focus on understanding how paracrine factors like insulin and somatostatin
interact with Stmn2-mediated lysosomal trafficking of glucagon and if this is a possible

mechanism of paracrine inhibition of glucagon secretion.

Hypothesis: | hypothesize that paracrine factors inhibit glucagon secretion through

Stmn2-mediated lysosomal trafficking and biogenesis.
The aims of this project are:

1. To investigate paracrine regulation of glucagon secretion in relation to Stmn2 and

cellular compartment markers in aTC1-6 cells by immunofluorescence microscopy.

2. To determine how Stmn2 affects lysosomal biogenesis in aTC1-6 cells using

immunofluorescence microscopy and qPCR.

3. To determine if paracrine factors inhibit glucagon secretion by Stmn2-dependent

lysosomal trafficking using live-cell imaging.
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Chapter 2
2 Material and Methods
2.1 Cell Type
2.1.1 Alpha TC1-6 cells

Alpha TC1 clone 6 (aTC1-6) cells (a kind gift from C. Bruce Verchere, University of
British Columbia, VVancouver, BC, Canada) are a glucagon-secreting cell line derived
from an adenoma created in transgenic mice expressing the simian virus 40 (SV40) large
T antigen under the control of the mouse preproglucagon promoter. This cell line has
previously been used in our lab for studies involving intracellular trafficking of glucagon,
the glucagon interactome, and glucagon processing along the secretory

pathWay54,57,69,70,82_

2.1.2 Human pancreatic alpha-like cells

Experiments involving human pancreatic alpha-like cells (Celprogren, cat#35002-05)
were provided by our collaborator, Dr. Danielle Dean, and conducted with the help of Dr.
Madushika Wimalarathne at VVanderbilt University Medical Center. This cell line is SV40
negative and derived from transplant rejects from cadaveric adult donors. All other

information about the cell line is proprietary.

2.2 Cell culture

For all aTC1-6 cells experiments, cells were maintained in 25 mM glucose Dulbecco’s
modified eagle medium (DMEM) (Gibco™, cat#11995073) supplemented with 15%
horse serum (HS), 2.5% fetal bovine serum (FBS), and 100 units/ mL penicillin-
streptomycin (Life Technologies, cat#15070063) at 37°C and 5% CO>. When aTC1-6
cells reached 80% confluency, cells were washed with phosphate-buffered saline (PBS),
lifted using 0.25% trypsin/EDTA (Thermo Fisher Scientific, cat#25200072), and
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resuspended with DMEM. Cells were seeded on 6-well plates for all experiments and 10-
centimeter plates for passage continuation. New cells were thawed every three months
and propagated until passage 12. For the human pancreatic alpha-like cell experiment,
cells were maintained in 13 mM glucose human pancreatic alpha cell culture with

complete growth media (Celprogen, cat#M35002-05).

2.3 Transient transfection

LAMP1-RFP was a gift from Walther Mothes (Addgene plasmid#1817;
http://n2t.net/addgene:1817;RRID:Addgene_1817)%. Stmn2-GFP fusion protein was
obtained as the Stmn2 mouse tagged ORF clone (OriGene, cat#NM_025285) and
pcDNA3-eGFP was used as the empty vector. Cells were transiently transfected at 60-
70% confluency in 6-well plates. For overexpression experiments, around 7-10 ng of
plasmid DNA (Stmn2-GFP, LAMP1-RFP, or GFP-alone) were diluted in Opti-MEM
reduced serum medium (Thermo Fisher Scientific, cat#31985062) and combined with
Lipofectamine 2000 (Invitrogen, cat#1168019) in Opti-MEM medium for 5 minutes at
room temperature before the addition to serum-free media (Gibco™. cat#11960044)
supplemented with sodium pyruvate to induce uptake of plasmids. For gene silencing
experiments, 40 nM pooled siRNAs targeting Stmn2 were used (Thermo Fisher
Scientific, cat#4390771; s73354, s73355, s73356) in addition to the SiRNA negative
control (Thermo Fisher Scientific, cat#4390846) with scrambled sequences that do not
target any gene product, as done previously with some modifications®"®. Cells were
incubated with transfection reagents for 6 h before replacement to normal growth DMEM
for cell recovery. The transfection efficiency and localization of Stmn2-GFP were
compared to GFP-alone in Appendix Figure 1. Cell viability in various transfection

conditions is shown in Appendix Table 1.
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2.4 Glucagon secretion experiments

Glucagon secretion experiments aimed to detect quantifiable changes in glucagon release
by detecting glucagon levels in media using ELISA and normalizing secretion to total
cell protein concentration. Treatments included paracrine factors in order to confirm the
physiological inhibition of glucagon secretion by paracrine factors in the cell line. Also,
as done previously, Stmn2-GFP(OE) or Stmn2 siRNAs (KD) were transfected to reveal

the protein’s direct influence on glucagon secretion.

2.4.1 Glucagon secretion in the presence of paracrine factors

aTC1-6 cells under passage 6 were grown to 70-80% confluency in six biological
replicates. 25 mM glucose DMEM was replaced with serum-free media (supplemented
with sodium pyruvate) containing 25 mM glucose and 100 pM insulin (Sigma-Aldrich,
cat#10516) or 1 nM insulin plus 25 uM GABA (Sigma-Aldrich, cat#A2129) for 24 h. The
experiments were repeated with media containing 5.5 mM glucose (Gibco™,
cat#11885084). Media were removed and replaced with serum-free media containing
treatments, and cells were incubated for 2 h for basal secretion. Media were collected,
and cells were sequentially treated for 2 x 15 min periods without and with 55 mM
potassium chloride (KCI) to induce exocytosis, after which media were collected for
measuring regulated glucagon secretion. Cell protein was extracted using
Radioimmunoprecipitation Assay (RIPA) buffer (Pierce™, cat#89900) for Bicinchoninic
Acid Assay (BCA) (Pierce™, cat#23225) to measure total protein concentration.
Secreted glucagon in the media was quantified using the glucagon ELISA kit (Thermo

Fisher Scientific, cat#37072423) and normalized to the total protein concentration.
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2.4.2 Glucagon secretion inhibition by insulin post-Stmn2-
transfection

The glucagon sequential secretion experiment aimed to determine the functionality of our
Stmn2-GFP and siRNAs targeting Stmn2 in altering glucagon secretion in aTC1-6 cells.
Cells were transfected for 6 h with either Stmn2 siRNAs (KD), Stmn2-GFP (OE),
scrambled siRNA or GFP alone. Twenty-four hours post-transfection, media was
replaced with serum-free media for 2 h, and subsequently with media containing 1 nM
insulin for 2 h, and these media were collected to measure glucagon secretion. Collected
media was analyzed using the glucagon ELISA kit and normalized to the total protein

concentration measured by BCA as previously done.
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2.5 Immunofluorescence microscopy

2.5.1 Immunostaining

Coverslips were coated with sterile collagen as the extracellular matrix (ECM) for cell
adherence and dried overnight. 100,000 cells per well were seeded on coverslips and
allowed for adherence overnight. Treatments were applied accordingly for different
experiments described below. Cells were fixed with 2% paraformaldehyde for 30 min
and permeabilized with 0.1% Triton X-100 for 5 min. Background was blocked by
blocking buffer (2% BSA in PBS and 0.05% Tween 20) for 2 h at room temperature
(RT). Primary antibodies were diluted in blocking buffer as described below and added to
cells overnight at 4°C. Cells were then washed with PBS and incubated in the appropriate
secondary antibodies as described below at RT for 90 min. DAPI (1:1000 in PBS) was
added, coverslips were mounted on microscope slides with anti-fade medium (Invitrogen,

cat#2527959), sealed with nail polish, and stored at 4°C until analysis.

2.5.2 Antibodies

Secondary fluorophore-conjugated antibodies were chosen based on matching primary

antibodies and avoiding emission overlap.

A) Glucagon (mouse anti-glucagon antibody, cat#10988, Abcam; 1:250): This primary
antibody targeting glucagon was used in combination with either B), C), or D) to
visualize glucagon distribution in various cellular compartments and its association with

the protein of interest, Stmn2.

B) Stmn2 (goat anti-SCG10 antibody, cat#115513, Abcam; 1:250): This primary
antibody targeting Stmn2 was combined with A) to visualize its association with
glucagon. In addition, its immunofluorescence intensity was used to confirm Stmn2-KD

and OE upon transfection.
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C) LAMP1 (rabbit anti-LAMP1 antibody, cat#208943, Abcam; 1:100): A general
lysosomal marker targeting dynamic components of the lysosomes, endosomes and the
plasma membrane84. This primary antibody targeting LAMP1 was combined with B) to
visualize glucagon inside lysosomes. In addition, its immunofluorescence was used to
define the intracellular region as the relation of its fluorescence intensity to the position

of the signal within a cell.

D) SyntaxinlA (rabbit anti-Syntaxin1A antibody, cat#272736, Abcam; 1:50): This
primary antibody targeting Syntaxin1A was used in combination with B) to visualize
glucagon inside of secretory granules ready for exocytosis. In addition, its
immunofluorescence was used to define the cell periphery region as the relation of its

fluorescence intensity to the position of the signal within a cell.

E) Transcription Factor EB (TFEB) (rabbit anti-TFEB antibody, cat#264421, Abcam;
1:50): This primary antibody targeting TFEB was used to detect its nuclear translocation
from the cytoplasm, which indicates upregulation of genes involved in lysosomal

biogenesis and autophagy.

F) Alexa Fluor™ 594 donkey anti-mouse 1gG antibody, cat#A21203, Thermo Fisher
Scientific; 1:500): This long-wavelength secondary antibody was used in conjugation
with A) to stain for glucagon due to its higher abundance compared to other proteins of
interest. Immunofluorescence signals in this wavelength were visualized on the TRITC

channel on the confocal microscopy and displayed in red.

G) Alexa Fluor™ 488 donkey anti-goat 1gG antibody, cat#A11055, Thermo Fisher
Scientific; 1:500): This short-wavelength secondary antibody was used in conjugation
with B) to stain for Stmn2 due to its lower abundance compared glucagon.
Immunofluorescence signals in this wavelength were visualized on the FITC channel on

the confocal microscopy and displayed in green.



19

H) Alexa Fluor™ 488 donkey anti-rabbit 1gG antibody, cat#A21206, Thermo Fisher
Scientific; 1:500): This short-wavelength secondary antibody was used in conjugation
with C), D) or E) to stain for LAMP1, SyntaxinlA, and TFEB due to their natural lower
abundance compared glucagon. Immunofluorescence signals in this wavelength were

visualized on the FITC channel on the confocal microscopy and displayed in green.

2.5.3 Confocal microscopy

2.5.3.1 Image acquisition

For fixed cells, imaging was done on the Nikon A1R confocal microscope (Canada),
equipped with NIS-Elements AR 5.41.01 software, using 60X oil-immersed objective
with Galvano laser, at 1024 x 1024, pinhole size (1), average (16), and dwell time (2.4).
The microscope was equipped with four lasers, including DAPI (405 nm), FITC (490
nm-519 nm), TRITC (561-594 nm), and Cy5 (633-647 nm). Images were processed using
the Al algorithm (restore.ai) to restore lost signals and then 2D deconvolution for
maximum contrast and brightness. For live-cell imaging, parameters remained the same
except for average (1) and dwell time (1.1), sacrificing resolution in exchange for

minimal rendering delays and real-time capture of signals over time.

Zeiss LSM710 (Vanderbilt University Medical Center, Nashville) was used to capture

images of human primary pancreatic alpha-like cells using the same parameters.
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2.5.3.2 Image analysis

A) Cellular region definition: Pearson Correlation Coefficient (PCC) was used initially
to measure colocalization between protein markers at the whole cell level; however, this
method does not account for the change in the distribution pattern and the intensity of the
signals. In addition, the distribution of intracellular vesicles reveals important information
about cellular trafficking and secretion®. As a result, inspired by how do Couto et al.
(2020) measured intracellular vesicle density and dispersion using plot profiles, cellular
regions aTC1-6 cells were defined using the fluorescence intensity of different known
cellular region markers along a distance from the center of the nucleus to the end of the
cell periphery®. Specifically, DAPI, LAMP1 and Syntaxin1A fluorescence were used to
define the nuclear region, the intracellular region containing lysosomes and the cell
periphery where exocytosis occurs, respectively. Lines were drawn from the center of the
nucleus to the cell membrane and were drawn to include signals from all regions. The
intensity of signals was quantified along the distance on ImageJ Fiji. Therefore, using
plot profile quantification of ImageJ allowed for quantification of immunofluorescence as
a function of distance from the nucleus. The intensity across the distance was then
normalized to the individual cell’s nuclear radius for cell shape and size differences.
Across multiple cells, an average plot profile was created for LAMP1, a general
lysosomal marker, and its distance range was defined as the “intracellular region”. The
average plot profile generated for Syntaxinl1A, an exocytosis marker, marked the range of

distance was defined as the “cell periphery” region.

C) Co-localization of proteins and re-distribution analysis: Images from individual
channels were processed using the “Image Calculator” function on ImageJ Fiji under the
“AND” operation so that only the pixels containing two wavelengths would be captured
with adjusted intensity. Plot profiles of the co-localized pixels were generated, and the re-
distribution of the co-localized signals was quantified and categorized to the

“intracellular region” or the “cell periphery” region, as described above.
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2.5.4 Paracrine inhibition of glucagon exocytosis

This experiment aimed to visualize how paracrine factors such as insulin and
somatostatin altered glucagon trafficking towards the lysosomes. o TC1-6 cells under
passage six were grown to 60 to 70% confluency in 6-well plates and treated in various
conditions in triplicates. Specifically, cells were treated overnight with vehicle alone in
25 mM glucose DMEM, 1 nM insulin plus 25 uM GABA to mimic -cell co-secretion, or
400 nM somatostatin (Sigma-Aldrich, cat#S1763) to mimic &-cell secretion. Glucagon
(mouse anti-glucagon, 1:250, cat#ab10988) was co-stained with Stmn2 (goat anti-
SCG10, 1:250, cat#ab115513), LAMP1A (1:100, cat#ab208943), and Syntaxinl1A (1:50,
cat#ab272736). The intensity of colocalized signals was compared across different
cellular regions and treatment groups. Four to five fields of view were captured per

biological replicate, and data was analyzed with 2-way ANOVA with post-hoc tests.

2.5.5 Lysosomal dynamics mediated by Stmn2

This live-cell imaging experiment aimed to investigate the role of Stmn2 in changing
lysosomal dynamics and if paracrine factors inhibited glucagon secretion through Stmn2-
mediated change in lysosomal trafficking. a TC1-6 cells were transfected with GFP-alone
or scrambled siRNA as negative controls for Stmn2-GFP (OE) and Stmn2 siRNAs (KD),
respectively. LAMP1-RFP was co-transfected across all four groups to detect changes in
intensity and distribution of lysosomal signal with Stmn2 (OE) and (KD). Upon 24 h
post-transfection, lysosomal dynamics in real-time were captured before, during and five
minutes after 1 nM insulin or 400 nM somatostatin treatment. A follow-up experiment
examining lysosomal dynamics with 1 nM insulin was repeated in the presence of 10 nM
insulin receptor tyrosine kinase inhibitor (Abcam, cat#ab141566) to test the receptor-
mediated effect of insulin on the lysosomal network.
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2.5.5.1 Stmn2 and LAMP1 co-expression in human
pancreatic alpha-like cells

This live timepoint experiment aimed to investigate the role of Stmn2 in changing
lysosomal distribution in a human pancreatic alpha-like cell line. | conducted these
experiments in the lab of our collaborators, Dr. Danielle Dean and Dr. Madushika
Wimalarathne, at VVanderbilt University. This preliminary experiment was conducted to
compare the human alpha-like cells to the mouse pancreatic aTC1-6 cells in terms of cell
morphology, lysosomal, and Stmn2 distribution.

2.5.6 Glucagon distribution mediated by Stmn2

This fixed-cell experiment aimed to connect Stmn2’s role in the lysosomal dynamics and
its role in changing glucagon distribution. aTC1-6 cells were transfected with GFP-alone
as a negative control for Stmn2-GFP (OE) and Stmn2 siRNAs (KD). Anti-Stmn2
antibody was used to confirm Stmn2-OE and KD using fluorescence intensity, while
glucagon was stained to visualize changes in its distribution pattern.

2.5.7 Paracrine inhibition of glucagon exocytosis mediated by
Stmn2

This fixed-cell experiment aimed to determine if paracrine factors inhibit glucagon
secretion via the Stmn2-mediated lysosomal pathway. aTC1-6 cells were transfected with
GFP-alone, Stmn2-GFP (OE) and Stmn2 siRNAs (KD), followed by a 24-hour
incubation with 1 nM insulin or 400 nM somatostatin. Stmn2 and glucagon were co-

stained as done previously, and changes in glucagon distribution patterns were analyzed.
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2.5.8 Nuclear translocation of TFEB mediated by Stmn2

Transcription Factor EB (TFEB), a transcription factor involved in lysosomal biogenesis,
was stained (Abcam, 1:50, #ab264421, anti-rabbit) along with DAPI (1:1000 in PBS)
(Thermo Fisher Scientific, cat#62248) upon transfection with GFP-alone or Stmn2-GFP
(OE). The nuclear translocation of TFEB was calculated as the fluorescence intensity of
TFEB within the nucleus stained by DAPI, normalized to the cytoplasmic fluorescence
intensity of TFEB. This analysis method was used by Wessel & Hanson (2015) to detect

the nuclear translocation of p65°°.

2.6 Gene expression of MCOLNI1 in Stmn2-overexpression

Quantitative polymerase chain reaction (QPCR) was conducted to evaluate and quantify
the relative expression of genes involved in lysosomal biogenesis with Stmn2-OE and
KD. By performing a qPCR on mucolipin 1 (MCOLNL1), a known gene target upstream
of TFEB, findings from the nuclear translocation of TFEB by immunohistochemistry and

Stmn2’s transcriptional role can be validated.

2.6.1 Primer design

B-actin was used as the housekeeping gene to analyze MCOLNL1 expression in Stmn2-
KD and OE models. The primer for f-actin (NM_007393.3, Gene ID: 11461) had the
forward sequence of 5'-CCACCATGTACCCAGGCATT-3' (tM 66.80) and the reverse
sequence of 5'-~AGGGTGTAAAACGCAGCTCA-3' (tM 64.6) (product length 253 bps)
as previously used®’. Primers for mouse MCOLN1 (NM_053177.1, Gene 1D:94178) had
the forward sequence S>’TGACGTGCTCACCATCTCGG-3’ (tM 62.21) and reverse
sequence of 5’-CACTCGCAACGTGGCAATCA-3’ (tM 61.84) (product length 178 bps),
designed using Primer-BLAST. An end-point PCR was run and visualized on a 2%
agarose gel to confirm primer specificity and verify the product length of the amplicons.
(Appendix Figure 2 a).
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2.6.2 Treatment, RNA Extraction and cDNA Synthesis

aTC1-6 were grown to 60-70% confluency in regular 25 mM glucose media in 6-well
plates. Cells were transiently transfected with either 40 nM GFP-alone, scrambled
SiRNA, Stmn2-GFP or siRNAs targeting Stmn2 in six biological replicates. RNA was
then extracted using the PureLink™ RNA Mini Kit (Thermo Fisher Scientific,
cat#12183018A), and cDNA was generated using the iScript™ Reverse

Transcription Supermix from the extracted RNA (BIO-RAD, cat#1708840). The 5x
iScript No-Reverse Transcription Control Supermix was used for the qPCR no-enzyme
control (NEC).

2.6.3 qPCR

gPCR was used to amplify cDNA with primers targeting the MCOLN1 sequence as the
gene of interest and beta-actin as the housekeeper to quantify the relative gene expression
of MCOLNZ1 upon overexpressing Stmn2. SSoAdvanced universal SYBR® Green
Supermix (BIO-RAD, cat#1725270) was used to amplify targeted sequences with the
annealing temperature of 58 °C using the built-in thermocycler set-up cycles in the
QuantStudio™ 5 Real-Time PCR System. Primer efficiency was assumed, the 2-AACT
quantification method was used to calculate relative fold changes in various treatment

groups, and a one-way ANOVA was conducted, followed by a t-test.
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2.7 Statistical analysis

Individual wells of a plate were considered biological replicates for all experiments.
Technical replicates for microscopy included multiple fields of view per coverslip (3-4).
Secretion experiments consisted of three treatment variables, including differential
glucose concentration, paracrine factors, and potassium stimulation, and analysis was
conducted using a three-way ANOVA, followed by a Tukey post-hoc test. The Stmn2-
manipulated secretion experiment with two treatment variables was analyzed using a
two-way ANOVA, followed by a Tukey post-hoc test. As for microscopy, plot profiles
were used to quantify the fluorescence intensity of different proteins along a distance
within an individual cell, then a two-way ANOVA analysis was conducted with variables
including paracrine treatment and protein localization. A direct comparison of
transcription factor EB fluorescence intensity was conducted using a two-sample t-test.

Significance for all statistical analyses was set at o < 0.05.
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Chapter 3
3 Results
3.1 Regulation of glucagon secretion

3.1.1 Regulation of basal and stimulated glucagon secretion by
glucose and insulin

This secretion experiment aimed to examine the physiological regulation of glucagon
exocytosis through glucose-induced, paracrine and membrane-depolarizing (55 mM K™)
mechanisms. Glucagon secretion was significantly increased by 55 mM K™ at 25 mM
glucose condition, both in the absence (p<0.001) and presence (p<0.01) of 100 pM
insulin, respectively (Figure 2). At 5.5 mM glucose, there was no K*-stimulated
secretion, either in the absence or presence of 100 pM insulin; however, insulin caused a
decrease in basal (p<0.001) and K*-stimulated secretion (p<0.05). Lastly, lowering
glucose concentration without insulin or K* significantly increased basal glucagon

secretion from (p<0.001) (Figure 2).
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Figure 2. Basal and K*-stimulated glucagon secretion in response to insulin under either
high (25 mM) or low (5.5) glucose. Alpha TC1-6 cells were incubated for 24 h in media
containing 25 mM or 5.5 mM glucose in the absence or presence of 100 pM insulin. Cells were

then treated with or without 55 mM KCI for 15 min. Glucagon in the media was measured by
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ELISA and normalized to total protein. Values were expressed as mean + SEM (n=6) and
compared among groups using a three-way ANOVA, followed by a post-hoc test (o = 0.05).
*p<0.05. **p<0.01, ***p<0.001.

3.1.2 Regulation of basal and stimulated glucagon secretion by
glucose and co-secreted B cell effectors

This secretion experiment was a follow-up experiment of the previous with minor
changes, including an increased insulin concentration from 100 pM to 1 nM with 25 uM
GABA to mimic the co-secretion of these effectors by B cells. Under high and low
glucose conditions, 1 nM insulin and 25 uM GABA did not inhibit glucagon secretion. In
addition, the glucose concentration also did not inhibit glucagon secretion. In addition,
the glucose concentration also did not affect glucagon secretion in this experiment.
Nevertheless, 55 mM K™ significantly (p<0.001) stimulated glucagon secretion across all

four groups (Figure 3).

Fokokok *kkk *kkk *%k

- 25 mM Glucose
D 5.5 mM Glucose
L]

204

Glucagon release (pg/mg protein)

o
1

N > ol \ N \ \ N
S S S I
-INS/GABA -INS/GABA  +INS/GABA +INS/GABA

Figure 3. Basal and K*-stimulated glucagon secretion in response to insulin and GABA
under either high (25 mM) or low (5.5) glucose. Alpha TC1-6 cells were incubated for 24 h in
media containing 25 mM or 5.5 mM glucose in the absence or presence of 1 nM insulin and 25
uM GABA. Cells were then treated with or without 55 mM KCI for 15 min. Glucagon in the
media was measured by ELISA and normalized to total protein. Values were expressed as mean +
SEM (n=6) and compared among groups using a three-way ANOVA, followed by a post-hoc test
(o0 =0.05). ***p<0.001, ****p<0.0001.
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3.1.3 Regulation of basal glucagon secretion by Stmn2

This experiment aimed to quantify changes in glucagon secretion in response to 1 nM
insulin inhibition upon overexpressing or knocking down Stmn2. This experiment reveals
the role of Stmn2 in the paracrine inhibition of glucagon secretion. In Figure 4, glucagon
secretion was significantly lower (p<0.05) in Stmn2-KD compared to Stmn2-OE.
Treatment with 1 nM insulin post-transfection did not result in any significant changes.
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Figure 4. Basal glucagon secretion post-Stmn2 knockdown (KD), overexpression (OE),
before and after 1 nM insulin treatment. Glucagon in the media was determined using ELISA
and normalized to total protein concentration. Values were expressed as mean £ SEM (n=3) and
compared among groups using a two-way ANOVA, followed by a post-hoc test (o = 0.05).
*p<0.05.
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3.2 Paracrine factors regulate intracellular glucagon trafficking

At first, colocalization analysis between protein markers was conducted using the
Pearson Correlation Coefficient (PCC) with the Costes auto-threshold by ImageJ Fiji.
Upon treatment of aTC1-6 cells with 1 nM insulin and 25 uM GABA, the colocalization
between glucagon and SyntaxinlA decreased significantly (p < 0.01), while there were
no significant changes in the colocalization between glucagon/Stmn2, and
glucagon/LAMP1 (Figure 5).
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Figure 5. Colocalization between glucagon and Stmn2, SyntaxinlA and LAMP1 treated
with 1 nM insulin/25 pM GABA cultured under high glucose (25 mM) media. Regions of
interest were drawn around individual cells and analyzed by ImageJ Fiji using Pearson
Correlation Coefficient (PCC) at Costes auto-thresholds (BIOP JaCOP plugin). Values were
expressed as mean £ SEM (n=3) and compared among groups using a two-way ANOVA,

followed by a post-hoc test (o = 0.05). **p<0.01.
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3.3 New analysis tool defining cellular regions as “Intracellular” or
“Cell periphery”

Upon developing the new analysis tool, average plot profiles for cellular region markers
were generated, as seen in Figures 6 and 7. LAMP1 was used to detect lysosomes, which
are generally localized to the intracellular region, while Syntaxin1A was used to detect
secretory granules ready for exocytosis, typically docked at the plasma membrane. In
Figure 6 a), LAMP1 displayed higher intensity in a region right next to the nucleus, and
the intensity decreased when moving towards the cell periphery. On average, 0-1 times
the distance of the nuclear radius from the center of cells contained minimal fluorescence
signal, while 1-2 times the distance of the nuclear radius from the center of the cell, the
LAMP1 fluorescence signal was the strongest, which defines this region as the
“intracellular region” or where the lysosomes typically reside, as shown in Figure 6 b).
In contrast, the immunofluorescence image of Syntaxin1A showed signals aligning at the
plasma membrane (Figure 7 a), and this distribution pattern was reflected by the high
fluorescence intensity in the region that was 2-3 times nuclear radius away from the
center Figure 7 b). This region was defined as the “cell periphery” region near the cell

plasma membrane, where exocytosis typically occurs.
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Figure 6. Immunofluorescence and average plot profile of the general lysosomal marker,
LAMP1, cultured under high glucose (25 mM) media. Straight lines were drawn across
multiple cells (n=6) from the center of the nucleus to the plasma membrane, and LAMP1
immunofluorescence intensity was measured along the line, with the distance normalized to the
individual cell’s nuclear radius to account for differences in cell shapes and sizes. Each data point
represents the fluorescence intensity of an individual pixel with its relative distance to the cell

nucleus.
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Figure 7. Immunofluorescence and average plot profile of the exocytosis marker,
SyntaxinlA, cultured under high glucose (25 mM) media. Straight lines were drawn across
multiple cells (n=6) from the center of the nucleus to the plasma membrane, and Syntaxin1A
immunofluorescence intensity was measured along the line, with the distance normalized to the
individual cell’s nuclear radius to account for differences in cell shapes and sizes. Each data point
represents the fluorescence intensity of an individual pixel with its relative distance to the cell

nucleus.
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3.4 Microscopy shows paracrine redistribution of colocalized
vesicles

3.4.1 Paracrine factors redistribute glucagon and Stmn2 towards
the intracellular region

Alpha TC1-6 cells were treated with 1 nM insulin/25 uM GABA or 400 nM SST, and the
intensities of the colocalized glucagon/Stmn2, glucagon/LAMP1 or glucagon/Syntaxin1lA
were analyzed by plot profiles. In Figure 8 a), the immunofluorescence images of the
colocalized signal between glucagon and Stmn2 showed the strongest signal intensity
near the plasma membrane in the control media containing regular 25 mM high glucose.
Upon treatment with 1 nM insulin/25 uM GABA or 400 nM SST, the co-localized
signals redistributed intracellularly, and the signals in the periphery were no longer as
prominent. This distribution pattern was reflected in the plot profile analysis (Figure 8b).
There was a significant reduction in colocalized fluorescence intensity in the cell
periphery upon treatment with either insulin/fGABA (p<0.0001) or somatostatin
(p<0.0001) (Figure 8 b). In addition, there were around 2.3 folds of more colocalized
glucagon and Stmn2 in the cell periphery in the 25 mM glucose condition compared to
the intracellular region. In contrast, the opposite distribution pattern was observed upon
treatment with paracrine factors. Specifically, insulin and GABA induced around 2.5
folds and somatostatin 2.2 folds more colocalized glucagon and Stmn2 in the intracellular

region than the cell periphery.
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Figure 8. Redistribution of colocalized glucagon and Stmn2 upon 1 nM insulin/25 pM
GABA or 400 nM somatostatin treatment. a) Merged immunofluorescence images of glucagon
and Stmn2 in the presence of insulin/fGABA and SST, showing only the colocalized pixels
processed by the “AND” operator with the image calculator plug-in by ImageJ Fiji. b) Plot profile
analysis of colocalized signals across different cell regions in the presence of paracrine factors.
Values were expressed as an average colocalized fluorescence intensity + SEM (n=3) and
compared among groups and cellular regions using a two-way ANOVA, followed by a post-hoc
test (o = 0.05). ***p<0.001, ****p<0.0001.
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3.4.2 Paracrine factors redistribute glucagon and LAMPI1
towards the intracellular region

The colocalized signal between glucagon and LAMP1 in the presence of 1 nM insulin/25
uM GABA or 400 nM SST reveals the paracrine-induced distribution of glucagon
contained in lysosomes. In Figure 9 a), the colocalized signal was the most prominent
near the plasma membrane in the 25 mM glucose condition and redistributed significantly
to the intracellular region upon treatment of insulin/GABA and somatostatin. Plot profile
analysis showed the colocalized signal between glucagon and LAMPL1 increased
significantly (p<0.0001) in the intracellular region in response to 1 nM insulin/25 uM
GABA or 400 nM somatostatin (Figure 9 b). In addition, the colocalized signal between
glucagon and LAMPL1 in the intracellular region was around 2.4 folds of those in the
periphery upon treatment of insulin and GABA and around 2.6 folds with the treatment

of somatostatin.
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Figure 9. Redistribution of colocalized glucagon and LAMP1 upon 1 nM insulin/25 pM
GABA or 400 nM somatostatin treatment. a) Merged immunofluorescence images of glucagon
and LAMP1 in the presence of insulin/fGABA or SST, showing only the colocalized pixels
processed by the “AND” operator with the image calculator plug-in by ImageJ Fiji. b) Plot profile
analysis of colocalized signals across different cell regions in the presence of paracrine factors.
Values were expressed as an average colocalized fluorescence intensity + SEM (n=3) and
compared among groups and cellular regions using a two-way ANOVA, followed by a post-hoc
test (o = 0.05). ****p<0.0001.



37

3.4.3 Paracrine factors redistribute glucagon and Syntaxinl A
towards the intracellular region

The colocalized signal between glucagon and SyntaxinlA in the presence of 1 nM
insulin/25 uM GABA or 400 nM SST reveals the paracrine-induced distribution of
glucagon inside secretory granules. In Figure 10 a), the colocalized signal was the most
prominent near the plasma membrane in the 25 mM glucose condition and redistributed
significantly to the intracellular region upon treatment of insulin/GABA and
somatostatin. Plot profile analysis showed the colocalized signal between glucagon and
SyntaxinlA increased significantly (p<0.0001) in response to either 1 nM insulin/25 uM
GABA or 400 nM somatostatin (Figure 10 b). In addition, 400 nM somatostatin
significantly reduced (p<0.001) the peripheral colocalized signal by approximately 42%.
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Figure 10. Redistribution of colocalized glucagon and SyntaxinlA upon 1 nM insulin/25 pM
GABA or 400 nM somatostatin treatment. a) Merged immunofluorescence images of glucagon
and SyntaxinlA in the presence of insulin/GABA or SST, showing only the colocalized pixels
processed by the “AND” operator with the image calculator plug-in by ImageJ Fiji. b) Plot profile
analysis of colocalized signals across different cell regions in the presence of paracrine factors.
Values were expressed as an average colocalized fluorescence intensity + SEM (n=3) and
compared among groups and cellular regions using a two-way ANOVA, followed by a post-hoc
test (o= 0.05). ****p<0.0001.
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3.5 Stmn2 induces nuclear translocation of TFEB

In order to determine if Stmn2 had an effect on transcriptional regulation of lysosomal
biogenesis, nuclear translocation of transcription factor EB (TFEB), a master regulator of
lysosomal gene transcription, was measured upon overexpression of Stmn2.
Quantification of the nuclear translocation of TFEB was calculated by the fluorescence
intensity of TFEB within the nucleus normalized to the fluorescence intensity of TFEB in
the cytoplasm. In Figure 11 a), TFEB (white) redistributed from the cytoplasm in the
GFP-transfected (control) condition to the nucleus after Stmn2-GFP overexpression. The
nuclear translocation of TFEB was quantified in Figure 11 b), and showed that
overexpression of Stmn2 significantly increased the nuclear TFEB intensity (p <0.0001).

Transfection distribution differentiation and efficiency are shown in Appendix Figure 1.
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Figure 11. Nuclear translocation of transcription factor EB (TFEB, white) upon
overexpressing Stmn2 with Stmn2-GFP. Cells were transfected with either GFP-alone or
Stmn2-GFP plasmids, then immunostained using primary antibodies against TFEB. (A) Merged
immunofluorescence images of TFEB (white) and cell nuclei (blue). (B) Values were expressed
as the average nuclear TFEB intensity £SEM (n=6) normalized to the average cytoplasmic TFEB

intensity analyzed by ImageJ Fiji, followed by a two-sample t-test (a.= 0.05). ****p <0.0001.
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3.5.1 Stmn2 upregulates MCOLNI1, upstream of TFEB

Mucolipin 1 (MCOLNTZ) is an ion channel that releases lysosomal Ca?*, activating
calcineurin phosphatase that dephosphorylates TFEB into its active state®. The relative
gene expression of MCOLNL in the Stmn2-overexpressed model was significantly higher
(p<0.05) than the knockdown model (Figure 12). Two specific amplicons are represented
by beta-actin and MCOLN1 on the amplification plot in Appendix Figure 2 c). The
amplicon sizes were also verified on a 2% agarose gel. Specifically, beta-actin amplicons
were above the 200-bps ladder mark, comparable to the theoretical yield of 253 bps,
while MCOLN1 amplicons were below the 200-bps ladder mark, comparable to the
theoretical yield of 187 bps (Appendix Figure 2 a). Lastly, melt curve analysis post
gPCR further validated the production of two specific amplicons with two peaks, one
representing the melting temperature (tM) of MCOLNZ1 primers at (84.10 = 0.02 °C) and
another representing beta-actin primers at (87.14 + 0.01°C) (Appendix Figure 2 b).
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Figure 12. Relative gene expression of MCOLN1 upon Stmn2 overexpression (OE) and
knockdown (KD) to the control normalized to beta-actin. Cells were transfected with GFP-
alone, Stmn2-GFP, scrambled siRNA, or Stmn2 siRNAs (KD). Relative changes in MCOLN
mMRNA transcripts were quantified by its Cq values normalized to beta-actin compared to the
control, calculated by the 2-AACT method. Values were expressed as the average fold change
+SEM (n=6) of MCOLN1 and compared by one-way ANOVA, followed by post-hoc test (a =
0.05). *p<0.05.
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3.6 Stmn2 regulates lysosomal dynamics

The fluorescent reporters Stmn2-GFP and LAMP1-RFP allowed for visualization of the
temporal and spatial dynamics of Stmn2 and its association with lysosomes. Negative
controls were GFP-alone for Stmn2-overexpression and scrambled siRNA sequences for
Stmn2-knockdown. As shown in Figure 13 a), the fluorescence signal from GFP-alone
diffused across the entirety of the transfected cell, and LAMP1-RFP displayed some
fluorescence signals in the cell periphery and some in the intracellular region. Stmn2-
GFP overexpression caused almost complete colocalization with LAMP1-RFP in the
intracellular region, with almost no fluorescence in the cell periphery (Figure 13 b).
After transfection with scrambled siRNA-transfected cells, LAMP1-RFP displayed some
fluorescence signals in the cell periphery and some in the intracellular region (Figure 13
c). In contrast, Stmn2-knockdown resulted in LAMP1-RFP exclusively in the cell

periphery (Figure 13 d).
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Figure 13. Live imaging of LAMP1-RFP in response to Stmn2 overexpression (OE) or
knockdown (KD). Cells (n=3) were transfected with 40 nM plasmids or siRNAs overnight, and
live images were captured 24 hours post-transfection. a) LAMP1-RFP is present in the cell
periphery and the intracellular region (yellow arrowheads) after co-transfection with GFP-alone
as a negative control for Stmn2-overexpression (OE). b) After co-transfection with Stmn2-GFP
(OE), LAMP1-RFP appears exclusively in the intracellular region (yellow arrowheads). c)
LAMP1-RFP is present in the cell periphery and the intracellular region (yellow arrowheads)
after co-transfection with scrambled siRNA sequences as a negative control for Stmn2-KD. d)
Stmn2 siRNAs (KD) resulted in LAMP1-RFP exclusively in the cell periphery (yellow

arrowheads).
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3.6.1 Stmn2-mediated lysosomal network is sensitive to
paracrine factors

Upon observing the change in lysosomal distribution after knockdown or overexpression
of Stmn2, | investigated the effects of insulin and somatostatin on lysosomal dynamics
after Stmn2 knockdown or overexpression to determine the role of Stmn2 in paracrine
inhibition of glucagon trafficking via the lysosomal network. As previously, negative
controls were GFP-alone for Stmn2-overexpression and scrambled siRNA sequences for
Stmn2-knockdown. In Figure 14 a), the fluorescence intensity of LAMP1-RFP in the
intracellular region increased in response to 1 nM insulin treatment after the co-
transfection with GFP-alone. Stmn2-GFP overexpression caused almost complete
colocalization with LAMP1-RFP in the intracellular region and did not redistribute in
response to 1 nM insulin (Figure 14 b). In Figure 14 ¢), LAMP1-RFP fluorescence in
the cell periphery reduced while the fluorescence in the intracellular region increased in
response to 1 nM insulin after the co-transfection with scrambled siRNA sequences. This
change in the lysosomal redistribution in response to 1 nM insulin was captured frame-
by-frame over the span of 15 seconds post-treatment (Figure 15). In contrast, Stmn2-
knockdown resulted in LAMP1-RFP exclusively in the cell periphery, and there was no
redistribution in response to 1 nM insulin treatment (Figure 14 d). Lastly, the co-
transfection of GFP-alone and LAMP-RFP was repeated in the presence of 10 nM insulin
receptor antagonist, and there was no redistribution of lysosomes in response to 1 nM
insulin (Appendix Figure 3).
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Figure 14. Live imaging of LAMP1-RFP in response to 1 nM insulin in cells with Stmn2
overexpression (OE) or knockdown (KD). Cells (n=1) were transfected overnight, and live cell
images were captured 24 hours post-transfection. Images were captured in the same cell before,
during, and five minutes after treatment with 1 nM insulin. a) LAMP1-RFP intensity increased
intracellularly in response to 1 nM insulin treatment after co-transfection with GFP-alone, as the
negative control for Stmn2-overexpression (OE) (yellow arrowheads). b) Stmn2-GFP(OE)
colocalized with LAMP1-RFP exclusively in the intracellular region before and after 1 nM
insulin treatment (yellow arrowheads). ¢) LAMP1-RFP redistributed intracellularly in response to
1 nM insulin treatment after co-transfection with scrambled siRNA sequences, as a negative
control for Stmn2-KD (yellow arrowheads). d) Stmn2 siRNAs (KD) resulted in LAMP1-RFP

exclusively in the cell periphery before and after 1 nM insulin treatment (yellow arrowheads).
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Figure 15. Temporal changes in lysosomal dynamics upon 1 nM insulin treatment. Frame-
by-frame capture (3s/ frame for 15s) of image in Figure 14 c) illustrates the immediate response

of lysosomal redistribution in response to insulin (yellow arrowheads).
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Likewise, treatment of alpha TC1-6 cells with 400 nM somatostatin elicited similar
responses of lysosomal trafficking (Figure 16). LAMP1-RFP redistributed towards the
intracellular region upon treatment with somatostatin (Figure 16 a). Upon
overexpressing Stmn2 (Figure 16 b), the LAMP1-RFP fluorescence signal remained in
the intracellular region and did not change upon treatment with 400 nM somatostatin. In
Figure 16 c), the co-transfection of scrambled siRNA sequences and LAMP1-RFP
showed LAMP1-RFP redistribution intracellularly upon 400 nM somatostatin treatment.
Lastly, upon knocking down Stmn2 (Figure 16 d), LAMP1-RFP was exclusively in the
cell periphery, and no change in distribution pattern was observed after 400 nM

somatostatin treatment.
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Figure 16. Live imaging of LAMP1-RFP in response to somatostatin in cells with Stmn2
overexpression (OE) or knockdown (KD). Cells (n=1) were transfected overnight, and live cell
images were captured 24 hours post-transfection. Images were captured in the same cell before,
during, and five minutes after treatment with 400 nM somatostatin. a) LAMP1-RFP redistributed
intracellularly in response to 400 nM somatostatin after co-transfection with GFP-alone, as the
negative control for Stmn2-overexpression (OE) (yellow arrowheads). b) Stmn2-GFP(OE)
colocalized with LAMP1-RFP exclusively in the intracellular region before and after 400 nM
somatostatin (yellow arrowheads). ¢) LAMP1-RFP redistributed intracellularly in response to 400
nM somatostatin after co-transfection with scrambled siRNA sequences, as a negative control for
Stmn2-KD (yellow arrowheads). d) Stmn2 siRNAs (KD) resulted in LAMP1-RFP exclusively in

the cell periphery before and after 400 nM somatostatin (yellow arrowheads).
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3.7 Stmn2 mediates the intracellular trafficking of glucagon

This fixed-cell experiment quantified the intracellular distribution of glucagon in
response to Stmn2 overexpression or knockdown. GFP-alone transfection was the
negative control for Stmn2-GFP(OE) and Stmn2 siRNAs (KD). Across Figure 17 a), b),
and c), the channels showed the relative fluorescence intensity of Stmn2 across
treatments, with Stmn2-KD showing the least amount of fluorescence signal. In contrast,
Stmn2-OE showed the strongest signal while distributing mainly in the intracellular
region. Glucagon remained mostly in the cell periphery in the control (Figure 17 a) and
the Stmn2-KD model (Figure 17 b). In the Stmn2-OE model, glucagon was localized to
the intracellular region with Stmn2 (Figure 17 c). Quantitatively, the integrated
fluorescence intensity of the knockdown model was significantly lower than the control
(p<0.0001). In contrast, Stmn2-GFP fluorescence in the overexpression model was
significantly higher than the control (p<0.01) (Figure 17 d). In Figure 17 e), plot profile
analysis showed that in control cells, most glucagon was in the periphery, around 2.7
times the amount of glucagon in the intracellular region (p<0.0001). Upon Stmn2-
knockdown, the fluorescence intensity of glucagon in the intracellular region decreased
significantly (p<0.05) compared to the control, by approximately 64%. Upon Stmn2
overexpression, glucagon fluorescence intensity was about 2.1 folds higher in the
intracellular region than in the cell periphery (p<0.0001).
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Figure 17. Fixed-cell immunostaining showing glucagon distribution changes in response to
Stmn2-GFP (OE) and Stmn2 siRNAs (KD). Cells were transfected overnight and cultured in 25
mM glucose media, with GFP-alone as the visible negative control. Cells were then
immunostained using primary antibodies against Stmn2 and glucagon. a) Cells transfected with
just GFP resulted in a normal Stmn2 (green) distribution pattern with a majority of glucagon (red)
in the cell periphery. b) The Stmn2-KD model diminished Stmn2 fluorescence and resulted in
most glucagon in the periphery. ¢) The Stmn2-OE model increased Stmn2 fluorescence intensity
while colocalizing strongly with glucagon in the intracellular region. d) Changes in integrated
Stmn2 fluorescence intensity in the Stmn2-KD and OE compared to the control (GFP-alone).
Values were expressed as average integrated fluorescence intensity +SEM (n=6) and compared
among groups using a one-way ANOVA, followed by a post-hoc test (o. = 0.05). €) Glucagon
distribution in response to Stmn2-KD (red bars) and OE (green bars) with values expressed as
average glucagon fluorescence intensity +SEM (n=6), compared among groups and cellular
regions using a two-way ANOVA, followed by a post-hoc test (o = 0.05). *p<0.05. **p<0.01,
***p<0.001, ****p<0.0001.
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3.7.1 Insulin directs lysosomal trafficking of glucagon in a
Stmn2-dependent manner

In this fixed-cell imaging experiment, Stmn2 was overexpressed or silenced, and cells
were treated with 1 nM insulin for 24 h. The distribution of glucagon was quantified
using previously defined cellular regions. GFP-alone transfection was the negative
control for Stmn2-GFP (OE) and Stmn2 siRNAs (KD). Glucagon distribution in the
fluorescence images showed a majority of glucagon in the intracellular region in the
control and the Stmn2-OE model, while glucagon remained mainly in the periphery in the
Stmn2-KD model upon treatment with 1 nM insulin, as shown in Figure 18 a), b) and c).
Quantitatively, plot profile analysis (Figure 18 e) showed that insulin treatment
significantly shifted the distribution of glucagon from the periphery to the intracellular
region (p<0.0001), where glucagon fluorescence intensity was 57% higher in the
intracellular region compared to the cell periphery. This glucagon distribution pattern did
not change upon Stmn2-GFP (OE). However, insulin treatment did not appear to override
the effects of Stmn2-KD, as glucagon fluorescence intensity in the cell periphery was
significantly (p<0.0001) higher compared to the intracellular region by approximately 2.7
folds, a pattern consistent from the previous experiment in the absence of insulin (Figure
17 e).



56

DAPI Stmn2 Glucagon MERGED

Control (GFP) + 1 nM INS

b)

DAPI Stmn2 Glucagon MERGED

Stmn2-KD + 1 nM INS

DAPI Stmn2 Glucagon MERGED

Stmn2-OE + 1 nM INS




57

d)

skekkk

skkokk \

skdkokk Fkokk

I 1 |
sokkk  dkokkok kKoK Bl GFP (Control)

3!103— - siRNA-Stmn2 (KD)
h 1 Stmn2 GFP (OE)

2x10°% -

4x103 -

1x103

Glucagon signal intensity

Figure 18. Fixed-cell immunostaining showing glucagon distribution changes in the
presence of 1 nM insulin in cells with Stmn2-GFP (OE) and Stmn2 siRNAs(KD). Cells were
transfected, recovered in 25 mM glucose media overnight, and treated with 1 nM insulin for 24
hours. Cells were then immunostained using primary antibodies against Stmn2 and glucagon. a)
Cells transfected with just GFP and treated with 1 nM insulin resulted in Stmn2 (green) and
glucagon (red) redistributing intracellularly. b) The Stmn2-KD model diminished Stmn2
fluorescence and resulted in glucagon in the periphery, even after 1 nM insulin treatment. ¢) The
Stmn2-OE model increased Stmn2 fluorescence intensity and colocalized strongly with glucagon
in the intracellular region after 1 nM insulin treatment. d) Glucagon distribution in response to
Stmn2-KD (red bars) and OE (green bars) with values expressed as average glucagon
fluorescence intensity +SEM (n=6), compared among groups and cellular regions using a two-
way ANOVA, followed by a post-hoc test (a = 0.05). ****p<0.0001.
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3.7.2 Somatostatin directs lysosomal trafficking of glucagon in
a Stmn2-dependent manner

In this fixed-cell imaging experiment, Stmn2 was overexpressed or silenced, and cells
were treated with 400 nM somatostatin for 24 h. The distribution of glucagon was
quantified using previously defined cellular regions. GFP-alone transfection was the
negative control for Stmn2-GFP (OE) and Stmn2 siRNAs (KD). Glucagon distribution in
the fluorescence images also showed a majority of glucagon in the intracellular region in
the control and the Stmn2-OE model, while glucagon remained mainly in the periphery in
the Stmn2-KD model upon treatment with 400 nM somatostatin, as shown in Figure 19
a), b) and c). Quantitatively, plot profile analysis (Figure 18 e) showed that somatostatin
treatment significantly shifted the distribution of glucagon from the periphery to the
intracellular region (p<0.01), where glucagon fluorescence intensity was 37% higher in
the intracellular region compared to the cell periphery. Stmn2-GFP(OE) also showed
glucagon redistribution intracellularly (p<0.0001) in response to somatostatin and a
significant reduction (p<0.01) in glucagon fluorescence intensity in the periphery
compared to the control by approximately 42%. Somatostatin treatment did not appear to
override the effects of Stmn2-KD, as glucagon fluorescence intensity in the cell periphery
was significantly (p<0.0001) higher compared to the intracellular region by
approximately 2.7 folds, a pattern consistent from the previous experiments in the

absence and presence of insulin.
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Figure 19. Fixed-cell immunostaining showing glucagon distribution changes in the
presence of 400 nM somatostatin in cells with Stmn2-GFP (OE) and Stmn2 siRNAs(KD).
Cells were transfected, recovered overnight in 25 mM glucose media, and treated with 400 nM
somatostatin for 24 hours. Cells were then immunostained using primary antibodies against
Stmn2 and glucagon. a) Cells transfected with just GFP and treated with 400 nM somatostatin
resulted in Stmn2 (green) and glucagon (red) distributing mostly in the intracellular region. b)
The Stmn2-KD model diminished Stmn2 fluorescence intensity, and most glucagon remained in
the periphery, even after 400 nM somatostatin treatment. ¢) The Stmn2-OE model increased
Stmn2 fluorescence intensity while colocalizing strongly with glucagon in the intracellular region
after 400 nM somatostatin treatment. d) Glucagon distribution in response to Stmn2-KD (red
bars) and OE (green bars) with values expressed as average glucagon fluorescence intensity
+SEM (n=6) and compared among groups and cellular regions using a two-way ANOVA,
followed by a post-hoc test (o = 0.05). *p<0.05. **p<0.01, ****p<0.0001.
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3.8 A novel human alpha-like cell line expresses Stmn2-GFP and
LAMP1-RFP similarly to mouse pancreatic aTC1-6 cells

The experiments in this body of work have shown that the fluorescent reporters Stmn2-
GFP and LAMP1-RFP allowed for live visualization of the spatial dynamics of lysosomal
trafficking in response to paracrine factors. Since all my experiments have been
conducted in a mouse cell line, I sought to replicate some of my findings in a novel
human pancreatic alpha-like cell line. In Figure 20 a), transfection of LAMP1-RFP alone
human alpha-like cell line showed a typical LAMP1 distribution, in which lysosomes
primarily distributed in the intracellular region with some in the cell periphery. Upon co-
transfection of GFP, LAMP1-RFP showed an unchanged pattern (Figure 20 b).
However, upon co-transfection with Stmn2-GFP, LAMP1-RFP showed very strong
colocalization in the intracellular region (Figure 20 c) with some RFP fluorescence in the

cell periphery.



62

a)
LAMP1-RFP MERGED

b)

GFP LAMP1-RFP MERGED

c)

Figure 20. Human pancreatic alpha-like cells express LAMP1-RFP and Stmn2-GFP in

patterns similar to aTC1-6 cells. Cells (n=1) were transfected similarly to «TC1-6 cells and

imaged 24 hours post-transfection. a) Human alpha-like cells transfected with only LAMP1-RFP,
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display fluorescence in the intracellular region and cell periphery the typical LAMP1 distribution
pattern. b) LAMP1-RFP co-transfected with GFP-alone as a negative control for Stmn2-
overexpression (OE) displays the same LAMP1-RFP distribution pattern as in a). ¢) LAMP1-RFP
co-transfected with Stmn2-GFP(OE) shows strong co-localization in the intracellular region,
while LAMP1-RFP alone is detected in the cell periphery.
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Chapter 4

4 Discussions and Future Direction

Diabetes mellitus is a condition characterized by dysregulated glycemia resulting from
excess glucagon secretion and insulin deficiency. Current disease management involves
exogenous insulin administration(T1DM), drugs enhancing insulin secretion or
sensitivity (T2DM), and closely monitoring blood glucose levels. However, there is no
cure for diabetes mellitus to date, and the dysfunctions of islet cell types other than the 8
cell contributing to the disease progression have been heavily overlooked. To better
understand the development and control of hyperglycemia, glucagon-secreting alpha cells
need to be studied intricately, as glucagon is the major glucose counterregulatory
hormone. Understanding the regulation of glucagon secretion could open new doors for
therapeutics that target excess glucagon secretion, thus better controlling hyperglycemia.
In the work described in this thesis, | sought to characterize Stmn2 as a regulator of
glucagon trafficking through the lysosomal network during paracrine regulation in oTC1-
6 cells. In doing so, my work may lead to a therapeutic target that increases glucagon
trafficked towards the lysosomes to reduce excess glucagon secretion and, in turn,
alleviate hyperglucagonemia and in turn hyperglycemia of diabetes.

The main objectives were 1. To investigate paracrine regulation of glucagon secretion in
relation to Stmn2 and cellular compartment markers in aTC1-6 cells by
immunofluorescence microscopy; 2. To determine how Stmn2 affects lysosomal
biogenesis in aTC1-6 cells using immunofluorescence microscopy and gPCR; and 3. To
determine if paracrine factors inhibit glucagon secretion by Stmn2-dependent lysosomal

trafficking using live-cell imaging.
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4.1 Measurement of overall glucagon levels masked treatment
effects due to heterogeneity in cell circadian phase, secretion
capacity and inhibition

My results showed inconsistent glucagon secretion responses to different glucose
concentrations and insulin and GABA after a 24-hour accumulation period. While K*-
stimulated secretion was more consistent and prominent over a 15-minute accumulation
period, there was no response to insulin and GABA. There are many potential reasons for
this discrepancy. The unique dynamics of glucagon secretion may not be well captured at
a singular time point, and the heterogeneity of cell accessibility to paracrine treatment
and the different cellular phases of individual cells may result in differences in their
secretion capacities that were masked when glucagon levels were measured at the
population level®®®. In addition, differences in transfection efficiency and cell viability
across Stmn2-OE and KD samples may have also contributed to the inconsistency of
overall secreted glucagon levels, which have contradicted my hypothesis and my
immunofluorescence data showcasing glucagon at the cell membrane and potentially
ready for exocytosis in the Stmn2-KD model and glucagon in lysosomes and potentially
not available for exocytosis in the Stmn2-OE model. A study that compared the dynamics
of glucagon secretion in alpha cells and insulin secretion in  cells of isolated human
islets found that glucagon secretion responds to changes in glucose concentration and not
the absolute glucose levels, unlike insulin®. Glucagon’s autocrine signalling capacity and
its more dominant electrophysiological properties allow its secretion to be much more
robust and transient, which is needed in a hypoglycemic emergency®%. As a result,
glucagon secretion in a constant glucose concentration in response to a 24-hour treatment
in my secretion experiments may have resulted in a heterogeneity of cells of those
transiently inhibited and those that have desensitized to the treatment over the incubation
time. In addition, the surface available for the cell-to-cell and cell-to-environment
interactions differs depending on the growth of a subpopulation and the location of cells
within the clustered population®. Specifically, cells near the center of a clustered
population have more of their surface in contact with neighboring cells, leaving less
surface available for access to treatment than those in the periphery and those growing
more independently. Heterogeneity also exists in the cellular phase the individual cells
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are in at the time of media collection, which impacts their secreting capacity. A study
conducted temporal transcriptional profiling of rodent islets and found individual B cells
to display distinct phases of either cell growth and repair or maximal insulin synthesis
and secretion, regulated by circadian clock genes®®2, Interestingly, these oscillating
phases of either cell growth and repair of secretion are found in human pancreatic islets
and dispersed human islet cells, suggesting self-sustaining circadian rhythms even in
individual cultured cells®®. Given that heterogeneity lies in accessibility to treatment,
transfection efficiency, cell viability, and the cellular phase that alters their sensitivity to
treatment and secretion capacity, measuring overall secreted glucagon levels was
confounded by many variables and may not be able to capture the true secretory response
to our treatment. A study concerning cellular heterogeneity stated, “Ensemble-averaged
measurements can mask information contained in heterogeneity, and decompositions of
heterogeneity may be tested for functionally important information.””*. As a result, we
shifted focus to immunofluorescence microscopy to visualize, identify and analyze
individual cells with the dominant phenotype, understanding that heterogeneity exists. In
addition, immunofluorescence microscopy allowed us to eliminate some heterogeneity or
confounding variables in measuring regulated glucagon trafficking. Specifically, we
excluded highly confluent and clustered cells with potentially unequal access to
treatment, cells of the minor phenotype, and unsuccessfully transfected cells in our
transfection experiments. Lastly, microscopy allowed us to visualize the spatial
localization of glucagon in specific cellular compartments, revealing information about

glucagon trafficking and possibly exocytosis at the single-cell level.
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4.2 Paracrine factors affect glucagon trafficking to lysosomes via
Stmn?2

Studies have performed colocalization analysis on LAMP1 and glucagon as a measure of
glucagon crinophagy in aTC9 cells using the Pearson Correlation Coefficient, validated
by western blot®, | developed another type of colocalization analysis that quantified two
proteins’ colocalized signal intensity and intracellular distribution, thereby revealing
information on trafficking between associated cytoplasmic compartments®. Specifically,
my results showed that paracrine treatment of insulin and GABA or somatostatin alone
increased the colocalization intensity of glucagon and LAMPL1 in the intracellular region.
These results suggested that the inhibitory effects of insulin/GABA or somatostatin on
glucagon secretion may operate through lysosomes®2. Interestingly, paracrine factors also
reduced the amount of colocalized glucagon and Stmn2 in the cell periphery and
increased the amount of colocalized glucagon and SyntaxinlA in the intracellular region,
potentially suggesting that glucagon at the cell periphery along with exocytotic proteins
were trafficked in the retrograde direction by Stmn2 along the secretory pathway. By
using previously defined cellular regions and colocalizing glucagon and multiple cellular
markers, | showed that the paracrine factors insulin/GABA and somatostatin induced
glucagon crinophagy. Nevertheless, it was important to determine that Stmn2 is, in fact,
involved in the lysosomal network and has a direct influence on paracrine-induced
crinophagy. | therefore examined glucagon and lysosome distribution in response to
insulin/fGABA or somatostatin after Stmn2-OE or siRNA-mediated Stmn2 KD.

Stmn2 overexpression redistributed glucagon intracellularly, and the pattern remained
unchanged upon treatment with insulin and somatostatin. This intracellular redistribution
by overexpressing Stmn2 was similar to the control treated with insulin or somatostatin,
suggesting a potential overlap of functions between Stmn2 and paracrine factors in
trafficking glucagon towards the lysosomes. This association was further validated in the
Stmn2 knockdown model in which glucagon remained exclusively in the cell periphery
with none in the intracellular region. In addition, insulin and somatostatin treatment had
no effect on glucagon trafficking to lysosomes after Stmn2 knockdown, suggesting

Stmn2 as a regulator in the paracrine redistribution of glucagon towards the lysosomes.
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Without Stmn2, glucagon remained in the cell periphery for exocytosis without
degradation, which may mimic excess glucagon secretion or hyperglucagonemia in
diabetes. Most importantly, our glucagon distribution data also aligned with our lab’s
previous work that showed Stmn2-OE abolished K*-stimulated glucagon secretion and
Stmn2-KD increasing basal glucagon secretion in o TC1-6 cells®®. I found the exact same
distribution pattern when I used live-cell imaging to track lysosomal dynamics with
LAMP1-RFP in the GFP-transfected, Stmn2-overexpressed and knockdown models, such
that both insulin and somatostatin redistributed lysosomes intracellularly in the control,
but lost the redistribution capacity after Stmn2 knockdown, suggesting a clear role for
Stmn2 in directing glucagon towards the lysosomes as a function of paracrine inhibition
of glucagon secretion. Interestingly, impaired lysosomal functions have also been shown
to contribute to B cell failure through stress-induced nascent granule degradation
(SINGD), which results in insufficient insulin secretion in T2D%. The loss of lysosomal
redistribution capacity after Stmn2 knockdown may indicate a change in functionality or
impaired overall function that results in insufficient glucagon degradation and excess

secretion.

4.3 Alpha cell membrane protrusions similar to filopodia and
neuronal axon

My live-cell imaging showed some oTC1-6 cells displayed neuron-like protrusions,
mostly in cells located in the periphery of clusters or in individual cells. These pancreatic
endocrine cell protrusions have been found to be important structures for overall islet
assembly in Zebrafish (Danio rerio) islets, such that these protrusions may be analogous
to epithelial filopodia as exploratory structures in mediating cell recognition and
adhesion®>%, Filopodia are membrane protrusions, typically regulated by cytoskeletal
mechanisms, which have also been found to be important in neuronal development and
differentiation®®%’. In Zebrafish islets, when cellular signalling pathways through PI3K
and Go and GBy components of the G-protein-coupled-receptor (GPCR) involving cell
morphology development, motility and cytoskeleton regulation were disrupted,

protrusions of pancreatic endocrine cells became minimal and islet cell aggregation
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reduced. Nevertheless, we found that once our aTC1-6 cells began to aggregate and
started to grow in large clusters, these protrusions typically disappeared, potentially
mimicking a later stage in islet development where exploratory cell recognition and
adhesions are no longer needed. Why such protrusions were not as common in human
pancreatic alpha-like cells remains to be investigated and requires further characterization
of the phenotype. Most interestingly, upon transfecting aTC1-6 cells with LAMP1-RFP, |
could visualize some peripheral lysosomes clustering in these membrane protrusion
regions. These peripheral lysosomes clustered in those regions may possess unique
functions such as cellular content clearance to mediate inter-cell recognition during islet
development®®°. In neurons, the spatial location of lysosomes is associated with
different functionalities, which suggests endocrine cells like alpha cells may also have
similar capacities as they highly resemble neurons in their physiology, functions, gene

expressions and pathways!%-103,

4.4 Stmn?2 levels alter lysosomal distribution

Upon manipulating Stmn2 levels using siRNAs and Stmn2-GFP, my results showed that
the lysosomal abundance and distribution pattern were visibly altered. In the Stmn2-
knockdown models, most of the lysosomes marked by LAMP1-RFP distributed in the
elongated membrane protrusions and near the cell membrane. In contrast, Stmn2
overexpression models caused LAMP1-RFP to colocalize very strongly with the Stmn2-
GFP in the intracellular region adjacent to the nucleus at an increased intensity. Most
importantly, this strong colocalization between Stmn2-GFP and LAMP1-RFP was found
in both our mouse-derived aTC1-6 cells and the human pancreatic alpha-like cells,
further validating the association between Stmn2 and lysosomes across models and
leading clinical significance to the association. As mentioned, the different patterns in
lysosomal distribution may reflect differences in functionality of those lysosomes,
commonly seen in neurons, which pancreatic endocrine cells share many similarities
with. Specifically, neuronal activity has been shown to induce lysosomal exocytosis by
lysosomes fusing with the plasma membrane to release contents specifically in the

dendrites and axons, which are morphologically almost identical to the membrane
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protrusions we observed in our aTC1-6 cells'®. In addition, lysosomes near the cell
periphery have also been found to have reduced acidity(higher pH), reduced RILP
density thus reduced RILP recruitment, and impaired proteolytic activity, which supports
the heterogeneity in lysosomal distribution and the versatility of lysosomal
functions'%1%, As a result, lysosomes near the membrane protrusions or the cell
periphery found in our Stmn2-KD model may be lysosomes with either impaired
degradative functions due to reduced acidity or lysosomes bound to fuse with the plasma
membrane to release contents such as glucagon. These results were also aligned with our
lab’s previous work showing evidence of lysosomal exocytosis of glucagon in aTC1-6
cells. Specifically, treating cells with the lysosomal inhibitor, bafilomycin A1, reduced
K*-stimulated glucagon exocytosis, further suggesting that glucagon can exocytose
through the lysosomal compartment near the plasma membrane®. Previous work from
our lab and my results both supported that Stmn2-KD models may mimic diabetes in
which degradative lysosomal function is impaired and peripheral secretory lysosomes
result in excess secretion of glucagon, which contributes to hyperglucagonemia. On the
other hand, Stmn2-OE models not only showed strong colocalization between Stmn2-
GFP and LAMP1-RFP in the intracellular region, where acidity is the highest and most
optimal for proteolytic activity but Stmn2-OE was also found to upregulate genes
involved in autophagy and lysosomal biogenesis and redistribute glucagon towards the
intracellular region, validating Stmn2’s role in trafficking glucagon to the lysosomal

network.
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4.5 Stmn2 induces nuclear translocation of TFEB

Autophagy is a general catabolic process which directs cellular materials to the
degradative lysosomes to meet energy demand under starvation'%. Nevertheless,
nutrient-sensing by the mTORCL is key in regulating autophagy®%1%’. Specifically,
mTORCL1 is activated under nutrient-rich conditions, which inhibits crinophagy. On the
other hand, mTORCL1 is inhibited during starvation, which increases crinophagy.
Downstream of mMTORC1 is a well-characterized key player in lysosomal biogenesis and
autophagy, known as transcription factor EB (TFEB)!%1%° TFEB is regulated by
phosphorylation at its serine residues, typically inactive in the cytoplasm, and localize to
the nucleus for downstream activation of autophagy genes when dephosphorylated*,
The master regulator of TFEB phosphorylation occurs at the lysosomal membrane by
mTORC1%, Under starvation, mMTORC1 becomes inactive, leaving the lysosomal
membrane to phosphorylate TFEB!°, At the same time, mucolipin 1 (MCOLNZ1), an ion
channel that releases lysosomal Ca?*, activates calcineurin phosphatase, which
dephosphorylates TFEB into its activation status during starvation or cellular clearance®.
In addition to meeting metabolic demands, activation of TFEB for downstream
mitophagy and autophagy has also been shown to be a key player in maintaining p-cell

function during metabolic stress.

My results showed that Stmn2 overexpression induced the nuclear translocation of TFEB
and the upregulation of MCOLNL1 transcripts, suggesting an increased release of
lysosomal Ca?* and increased activation of TFEB. In addition, our live-cell imaging
experiments showed distinctively increased LAMPL1 signal intensity in the intracellular
region, perhaps through the redistribution of lysosomes spatially or an actual increase in
the number of lysosomes, which had been previously found in models of TFEB
overexpression''!, Studies have also found that by inhibiting the lysosomal nutrient
sensor mTORC1, which typically inactivates TFEB, colocalization between LAMP1 and
glucagon in aTC9 cells increases while glucagon secretion decreases®?. This suggests that
TFEB, in its activated state, plays a part in the nutrient-sensing mechanism, which
regulates glucagon secretion by redistributing glucagon to degradative lysosomes. In

addition, given that Stmn2 overexpression increases activation of TFEB, Stmn2, in turn,
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must also redistribute glucagon towards the lysosomes and reduce glucagon secretion,
which was validated in our glucagon distribution and colocalization experiments.
Another transcription factor, TFE3 has been shown more recently to also play a major
role in the nutrient-sensing and ER stress pathway in upregulating autophagy-related
genes*'?. TFE3 function is TFEB-independent; however, both TFE3 and TFEB are
required for maximal induction of lysosomal biogenesis under starvation*?13, As a
result, TFE3, another potential master autophagy regulator, should be investigated in our
Stmn2-OE model to complete our understanding of the extent of lysosomal biogenesis in

regulating glucagon levels.

4.6 Novel proposed mechanism of insulin and somatostatin
resistance of a cells in diabetes

According to the findings | have described in my thesis, | propose that Stmn2 found in
the secretory granules of o cells is involved in mediating retrograde trafficking of fused
secretory granules and lysosomes near the plasma membrane through changing
microtubule dynamics during paracrine-induced glucagon crinophagy. Upon Stmn2-
mediated retrograde trafficking of the fused granular-lysosomal compartment, acidity
within the compartment increases and becomes optimal for glucagon degradation, as
shown in Figure 21. Lysosomal biogenesis may be increased by Stmn2 via nuclear
translocation of TFEB. Therefore, a possible mechanism for normal paracrine regulation
of glucagon secretion may include Stmn2-mediated lysosomal trafficking and biogenesis.
Downregulated Stmn2 in diabetes results in insufficient retrograde trafficking, causing
the granule-lysosome compartment to remain at the periphery with insufficient
acidification for optimal proteolytic activity. Due to their localization, these
compartments result in glucagon secretion into the extracellular space, exacerbating
hyperglucagonemia. In addition, disrupting the paracrine inhibition of glucagon secretion
through the Stmn2-mediated lysosomal pathway may be a novel mechanism in which

insulin and somatostatin resistance of a cells develop in diabetes.
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Figure 21. Types of glucagon secretion and the proposed mechanism of Stmn2-mediated
crinophagy in a cells. 1) Basal glucagon secretion starts with small vesicles budding off the
immature secretory granule (ISG) from the Trans-Golgi Network (TGN), fusing with endosomes
destined for degradative lysosomes or the plasma membrane for constitutive basal secretion. 2)
Ca?*-SNARE regulated glucagon secretion starts with pro-glucagon within the 1SG undergoing
post-translational processing to become mature glucagon in the mature secretory granule (MSG),
which then in the presence of Ca?* influx binds to exocytotic proteins at the plasma membrane to
form SNARE complex for exocytosis. 3) Peripheral lysosomal exocytosis can occur via impaired
crinophagy, such that upon fusing of MSG with lysosomes at the plasma membrane, Stmn2
within the MSG is required to modulate microtubule dynamics to move fused granular-lysosomal
compartment in the retrograde direction. This movement allows for the buildup of acidity within
the compartment for optimal proteolytic activity. In the absence of Stmn2, retrograde trafficking
is lost, and the compartment loses proteolytic capacity and secretes its content, also known as

“lysosomal exocytosis.” Created with BioRender.com.
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4.7 Future directions

| demonstrated that Stmn2 could be a key regulator of the lysosomal network in aTC1-6
cells, responsible for trafficking glucagon towards degradative lysosomes in normal

physiological regulation by paracrine factors.

The inconsistencies across glucagon secretion experiments, potentially due to
heterogeneity in cellular phases, a long accumulation period, and the instantaneous
response of lysosomes to paracrine factors shown in live-cell imaging, suggest a much
faster cellular response to paracrine inhibition. Future secretion experiments should
consider collecting media at much shorter intervals over time and synchronizing cellular
phase before treatment, as done by other researchers with MING cells'4115, Secretion can
also be measured using a neuropeptide Y (NPY) fluorescent reporter and total internal

reflection microscopy (TIRF)!6:117,

In addition, most of the experiments were conducted using the mouse aTC1-6 clonal
cells. Although the cell line has been highly used to study islet biology, it has potential
deviations from islets in rodents, and the extrapolation of the results in a mouse cell line
to human physiology also needs to be confirmed. As a result, future studies should
consider implementing more models; specifically, the novel human alpha-like cell line
may be an attractive model upon better characterization. Findings from this work should

be replicated in the human alpha-like cell line.

Cellular regions were defined using lysosomal and exocytotic protein markers, and
proteins of interest were manually categorized based on their location relative to their
nucleus. As the plot profiles were generated manually, there could be bias in choosing the
regions of interest, which can be avoided in future upon automation of the process or
development of a protein distribution quantification method with immunofluorescence
images. In addition, colocalization analysis indicates only the localization of two proteins
but not that they are bound or interacting, so future studies can consider analyzing

protein-protein interactions upon finding colocalization with immunofluorescence!® .
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4.8 Concluding remarks

This study provides insight into the intracellular trafficking of Stmn2 and glucagon in
relation to lysosomes and exocytotic proteins in normal physiological regulation by
paracrine factors. With Stmn2 functioning at the transcriptional level in the lysosomal
network, Stmn2-knockdown showing a loss of sensitivity to paracrine-induced glucagon
and lysosome redistribution and a strong colocalization between Stmn2 with intracellular
lysosomes upon overexpression in both mouse and human cells, | showed that paracrine
factors mediate inhibit glucagon secretion through Stmn2-mediated lysosomal trafficking
and biogenesis. | showed that the loss of Stmn2 function induced excess glucagon
secretion via impairing lysosomal trafficking, potentially mimicking what could

contribute to hyperglucagonemia of diabetes, making it a potential therapeutic target.

Despite the advancements in the insulin-centered glycemic management of diabetes,
understanding the importance of paracrine interplay and an increased emphasis on
glucagon-secreting alpha cells can potentially further optimize glycemic management or
even alleviate disease progression. Investigating the intracellular trafficking of glucagon
in mouse and human alpha-like cells represents a step towards finding therapeutics to
optimize lysosomal function and reduce abnormal excess glucagon secretion, alleviating

hyperglucagonemia of diabetes.
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BRIGHT-FIELD _ MERGED

b)

Appendix Figure 1. 40 nM GFP-alone and Stmn2-GFP localization and efficiency in a TC1-6
cells. Cells were transfected with 40 nM plasmids overnight and imaged the following day at 20x
magnification using Galvano laser. a) GFP-transfected cells showing relatively high transfection
efficiency and diffusion of GFP fluorescence signal (green) across the entirety of individual cells.
b) Stmn2-GFP-transfected cells showing relatively high transfection efficiency and localization of

fluorescence signal (green) in the intracellular region.
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Appendix Table 1. aTC1-6 cell viability assay post-transfection (n=1).

Transfection

GFP-alone

Stmn2-GFP (OE)

siRNA-Stmn2 (KD)

# of cells

8.91 x 10° cells/ mL

9.03 x 10° cells/ mL

1.04 x 108 cells/ mL

% of live & dead cells

59 % live, 41% dead

59% live, 41% dead

47 % live, 53 % dead

Co-Transfection

GFP + LAMP1-RFP

Stmn2-GFP + LAMP1-RFP

SiRNA-Stmn2 + LAMP1-RFP

# of cells

1.05 x 10° cells/ mL

8.74 x 10° cells/ mL

1.09 x 108 cells/ mL

% of live & dead cells

54% live, 46% dead

58% live, 42% dead

36% live, 64% dead
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Appendix Figure 2. MCOLNZ1 and beta-actin amplicons post-gPCR, and their specificity,
purity and size in aTC1-6 cells cultured in regular 25 mM glucose growth media. a)
Amplicons showing primer specificity for beta-actin (housekeeper protein) and MCOLN1 (Gene
of interest) on a 2% agarose gel. Primers for beta-actin were expected to yield 253 bps product,
and primers for MCOLN1 were expected to yield a product length of 187 bps (n=2). b) Melt
curve analysis post-qPCR, displaying two specific amplicons produced and their associated
melting temperature (n=6). ¢) Amplification plot post-qPCR, displaying two specific amplicons

produced and their typical associated Cq values (n=6).
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Appendix Table 2. Raw MCOLN1 and beta-actin Cq values after Stmn2-OE and KD in
aTC1-6 cells cultured in regular growth media. Relative gene expression was calculated

through the 22T method with assumed primer efficiency. Fold change was compared to the

control normalized to housekeeper protein with £SEM (n=6).

Beta Actin Cq | MCOLN1 Cq|ACT|AACT([2*AACT Fold Change| SEM

GFP (Control) D 15.53 21.06 553 0.77 1.70 | Control 1.08 +0.20
GFP (Control) @ 16.55 20.95 4.40| -0.37 0.78
GFP (Control) ® 14.46 20.01 5.55| 0.78 1.72
GFP (Control) @ 16.17 20.59 4421 -0.35 0.79
GFP (Control) ® 16.40 20.84 4441 -0.32 | 0.80
GFP (Control) ® 16.35 20.61 426 -0.51 0.70

Stmn2-GFP (OE) D 14.82 20.52 569 093 | 1.90 |Treated 156  |+0.38
Stmn2-GFP (OE) @ 14.74 21.23 6.50 | 1.73 3.32
Stmn2-GFP (OE) ® 15.11 19.75 465 -0.12 [ 092
Stmn2-GFP (OE) @ 15.97 20.56 4591 -0.18 0.88
Stmn2-GFP (OE) ® 15.60 20.35 475 -0.02 | 0.99
Stmn2-GFP (OE) ® 15.68 20.87 5.19| 0.42 1.34

Scramble siRNA (Contro) D 16.10 2011 [401] -104| o049 [N
Scramble siRNA (Control) @ 15.12 20.04 492 -0.13 0.91
Scramble siRNA (Control) @ 15.32 21.01 5.69 | 0.64 1.56
Scramble siRNA (Control) @ 15.09 20.71 5.62| 0.56 1.48
Scramble siRNA (Control) ® 15.09 20.39 5.30( 0.24 1.18
Scramble siRNA (Control) ® 15.69 20.47 4.78 | -0.27 0.83
SIRNA-Stmn2 (KD) D 17.99 2103 [304] -201| o025 |[CEOEEEE

siRNA-Stmn2 (KD) @ 16.00 20.60 460| -045| 0.73
siRNA-Stmn2 (KD) @ 14.92 20.41 550 044 | 136
siRNA-Stmn2 (KD) @ 18.08 20.66 2.57| -2.48 | 0.18
siRNA-Stmn2 (KD) ® 16.00 20.42 4421 -0.63 0.64
siRNA-Stmn2 (KD) ® 16.93 20.58 3.66| -1.40 | 0.38
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Before Treatment + 10 nM INS Antag.

After 1 nM INS + 10 nM INS Antag.

Appendix Figure 3. Live imaging of LAMP1-RFP treated with 10 nM insulin receptor
antagonist in response to 1 nM insulin. Cells (n=1) were transfected with 40 nM plasmids
overnight, and live images were captured 24 hours post-transfection. Images were captured in the
same cell before, during, and five minutes after treatment with 1 nM insulin. Co-transfection of
LAMP1-RFP with GFP-alone showed no change in the LAMP1-RFP intensity and redistribution

upon 1 nM insulin treatment.
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