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Abstract

Systemic glucose levels, an essential metabolic fuel in the mammalian organism,
undergo intricate regulation to prevent hypo- or hyperglycemia. Insulin secretion
deficiencies in Type 1 Diabetes (T1D) or altered tissue insulin sensitivity in Type 2
Diabetes (T2D) significantly impact glucose homeostasis. Genome-wide association
studies linked the gene encoding the sortilin-related VPS10 domain-containing receptor
2 (SORCS2) to T2D and body mass index (BMI), another indicator of glucose imbalance.
Yet, SORCS2's underlying mechanism remained unclear. Intriguingly, SORCS2 shares
structural homology with T2D-associated SORCS1, implicated in regulating insulin

vesicle production in pancreatic B cells.

Hypothesizing SORCS2's role in pancreatic glucose metabolism, | conducted
comparative studies in wild-type mice (Sorcs2**) and genetically deficient mice (Sorcs2-
M. Investigations substantiated SORCS2's involvement in glucose metabolism by
showing its’ expression in pancreatic a, 8, and pancreatic polypeptide (PP) cells, crucial
for insulin secretion regulation. Studies on insulin secretion dynamics, in vivo and in vitro,
revealed reduced insulin secretion upon glucose stimulation in Sorcs2” mice islets. By
contrast, hormone secretion from a, 8, and PP cells was unchanged, and morphological
analyses found no SORCS2-related changes in 8 cell mass or areas of a, 8, and PP cell
types. However, the (B cell insulin vesicles maturation was altered upon SORCS2

deficiency.

Single-cell RNA sequencing (scRNA-seq) of Sorcs2”- and Sorcs2** pancreatic islets
revealed a loss of metabolically active and a gain of proliferative 3 cell clusters in Sorcs2
- islets, with unaffected a, &, and PP cells. Transcriptomics confirmed Sorcs2's
predominant expression in a, &, and PP cell types, and in progenitor 3 cells. Gene
ontology (GO) analysis indicated dampened endoplasmic reticulum (ER) stress in a and

B cells, while & or PP cell types showed minimal impact from Sorcs2 deficiency.

Differentially expressed genes (DEG) analysis in a cells revealed decreased Sppl
expression, encoding osteopontin (OPN), a stress response factor capable of inducing
glucose-stimulated insulin secretion through Ca?*-dependent mechanisms. Reduced

OPN expression and secretion in Sorcs2” islets suggested SORCS2's role in Sppl



expression control. Additionally, AKT pathway activation, regulating OPN expression in a

cells, was diminished in Sorcs2™ islets.

In conclusion, my findings underscore SORCS2's pivotal role in pancreatic a-cells,
controlling OPN expression and secretion via modulation of the AKT pathway. This
regulatory mechanism improves insulin secretion, possibly by fostering an adaptive ER
stress response in B cells under glucose stress. Future studies should unveil SORCS2's
molecular role in promoting AKT signaling during ER stress and identify SORCS2-
dependent factors secreted from a cells, potentially enhancing ER stress responses and

fine-tuning insulin secretion in 3 cells.



Zusammenfassung

Die systemischen Glukosespiegel im Sdugerorganismus werden aufwendig reguliert, um
Zustande einer Hypo- oder Hyperglykdmie zu verhindern. Insbesondere
Insulinsekretionsdefizite bei Typ 1 Diabetes oder reduzierte Insulinempfindlichkeit bei
Typ 2 Diabetes (T2D) beeintrachtigen die Glukosehomoostase betrachtlich. Genetische
Studien zeigten eine Assoziation des Gens fir SORCS2 mit T2D und dem Body-Mass-
Index. SORCS2 ist dem SORCS1 strukturell verwandt, einem an der
Insulinvesikelproduktion in B-Zellen beteiligten Rezeptor. Die Rolle von SORCS2 im

Glukosestoffwechsel war jedoch ungeklart.

Um die Funktion von SORCS2 im Glukosestoffwechsel aufzuklaren, fihrte ich Studien
an Wildtypen (Sorcs2**) und genetisch defizienten Mausen (Sorcs2”) durch. Meine
Untersuchungen zeigten die Expression von SORCS2 in a-, d- und PP-Zellen der
Langerhans-Inseln bei Wildtypen sowie eine verminderte Insulinsekretion bei Sorcs2”
Mausen. Morphologische Untersuchungen deuteten auf einen Defekt in der Reifung von

Insulinvesikeln der B-Zellen als Ursache dieser Sekretionsstérung hin.

In der Einzelzell-RNA-Sequenzierung von murinen Inselzellen zeigten sich
transkriptionelle Veranderungen in einzelnen Sorcs2” B-Zellclustern, welche auf eine
gestorte Insulinvesikelproduktion sowie einen Verlust metabolisch aktiver B-Zelltypen
schlieRen lieBen. Obwohl transkriptionelle Veranderungen in Sorcs2”- a-Zellen weniger
ausgepragt waren, deuteten weiterfihrende bioinformatische Analysen auf eine
verminderte Stressantwort in diesen Zellen hin. Diese verminderte Stressantwort zeigte
sich insbesondere in einer reduzierten Expression von Osteopontin (OPN), einem von a-
Zellen sezernierten Stressfaktor zur Stabilisierung der Glukose-stimulierten
Insulinsekretion in B-Zellen. Eine Rolle von SORCS2 in der Expressionskontrolle von
OPN wurde durch Befunde untermauert, welche zeigten, dass Signalwege zur Induktion

der OPN Expression in Sorcs2”- Inseln weniger aktiv waren als in Wildtypen.

Zusammenfassend deuten meine Ergebnisse auf eine wichtige Rolle von SORCS2 in der
protektiven Stressantwort pankreatischer a-Zellen hin. Diese SORCS2-abhéangige
Stressantwort induziert die Expression und Ausschittung von OPN und mdglicher

weiterer Stressfaktoren, welche eine adaptive Stressantwort in 3-Zellen auslésen. Diese



adaptive Stressantwort fordert die pankreatische Insulinausschittung unter
Glukosestress. Zukinftige Studien sollten die zugrunde liegende molekulare
Wirkungsweise von SORCS2 in der pankreatischen Stressantwort und der Entstehung

von T2D aufklaren.
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1 Introduction

1.1 Structure and function of vacuolar protein sorting 10 protein domain
receptors

The family of vacuolar protein sorting 10 protein (VPS10P) domain receptors comprises
seven evolutionarily conserved receptors: mammalian sorting protein-related receptor
containing LDLR class A repeats (SORLA), sortilin, and sortilin-related VPS10 domain-
containing receptors 1-3 (SORCS1, SORCS2, SORCS3), as well as yeast VPS10P and
hydra (head-activating binding) HAB protein [1] (Figure 1). All seven receptors share a
700 amino acid residue VPS10P domain at the extracellular N-terminus, forming a ten-
bladed B-propeller and serving as the primary ligand binding site. Additional unifying
motifs include a 10CC domain and a 164-residue cytoplasmic tail, crucial for receptor
internalization and recycling [1,2]. Furthermore, the structure of receptors varies based
on additional structural domains [1,2]. While all seven receptors function in sorting
proteins between the cell surface and endocytic or secretory compartments, their

intracellular localization and sorting paths differ [3].

The first VPS10P domain receptor was discovered in Saccharomyces cerevisiae,
differing from other family members by having two extracellular VPS10P domains instead
of one [1] (Figure 1). The yeast VPS10P domain receptor binds the soluble vacuolar
hydrolase carboxypeptidase Y (CPY) in a late Golgi compartment to segregate it from the
constitutive secretory pathway [4]. Subsequently, receptor-CPY complexes are packaged
into clathrin-coated vesicles and transported to a pre-vacuolar endosomal compartment
[4]. There, CPY isreleased, and VPS10P domain receptors are recycled back to the Golgi
[4,5].

Similar to the yeast VPS10P receptor, the sortilin receptor carries only an extracellular
VPS10P domain, a 10CC domain, and an intracellular cytoplasmic tail, lacking additional

structural elements [1] (Figure 1).

On the contrary, the HAB hydra protein possesses additional structural domains,
including low-density lipoprotein (LDL)-receptor class A and B repeats, epidermal growth
factor (EGF)-type repeats, and a fibronectin type Il domain [6].
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SORLA is composed of complement-type and EGF-type repeats, along with six
fibronectin type Ill domains crucial for protein-protein interactions [7]. Additionally, it
features a six-bladed B-propeller facilitating pH-dependent ligand release in endosomes
[1,8] (Figure 1).

The subgroup of sortilin-related receptors, central nervous system (CNS) expressed
(SORCS1, SORCS2, SORCS3), existing in homo- and dimeric configurations, are
characterized by one VPS10P domain, two 10CC domains (10CC-a and 10CC-b), and a
leucine-rich domain [1,9]. This leucine-rich domain comprises two polycystic kidney

disease domains (PKD1 and PKDZ2), in addition to a cytoplasmic tail [1,9] (Figure 1).

VPS10P domain © 10CC B - propeller

Complement-type repeat EGF-type repeat
Fibronectin-type Il repeat ) Leucine-rich domain
% :
A~ ) 0 Q
'Y ‘:7\ % ’ Ci 0 extracellular

o 3 T
SORLA Sortilin SORCS1 SORCS2 SORCS3 VPS10P HAB
Figure 1: Structure of VP10P domain receptors

The figure depicts the structure of currently known VPS10P domain receptors. The structure and function
of each varies depending on the additional domains (complement type repeats, fibronectin-type Ill repeats,
leucin-rich domains, EGF-type repeats).

VPS10P, vacuolar protein sorting 10 protein; EGF, epidermal growth factor; SORLA, sorting protein-related
receptor containing LDLR class A repeats; SORCS, sortilin-related receptor CNS expressed; HAB, head-

activator binding protein.

Newly synthesized VPS10P receptors are activated in the trans-Golgi network (TGN)
through the proteolytic removal of an amino-acid terminal propeptide by the pro-protein
convertase furin [2,10,11] (Figure 2, step 0). Subsequently, VPS10P domain receptors

can operate in ligand binding in various cell compartments, including secretory vesicles,
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early and recycling endosomes, multivesicular bodies, lysosomes, exosomes, and the
cell surface [3,12,13] (Figure 2).

Genome-wide association studies (GWAS) have linked VPS10P domain receptors to
several brain diseases. SORL1, SORCS1, and SORT1 were associated with Alzheimer’s
disease and other age-related dementias [14—-19]. SORT1 was also linked to brain aging
[20], schizophrenia, bipolar disorder, and major depressive disorder [21]. Finally,
SORCS3 was associated with multiple psychiatric diseases, including insomnia, bipolar
disorder, attention deficit/hyperactivity disorder (ADHD), schizophrenia, and major

depressive disorder [22—-24].

The importance of VPS10P domain receptors for functional integrity of neurons was

confirmed by a multitude of studies.

Sortilin plays a crucial role in controlling neuron viability and function by sorting
neurotrophins, a family of proteins that regulate neuronal survival, development, and
function [25]. Specifically, sortilin associates with huntingtin-associated protein 1 (HAP-
1) to sort pro- or mature BDNF, a key regulator of multiple neuronal processes, including
synaptic transmission, cell survival, and growth of dendrites, from the TGN to the
secretory vesicles for activity-dependent release [3,25-29] (Figure 2, steps 1, 1.1). In the
absence of HAP-1, sortilin/BDNF or sortilin/pro-BDNF complexes are directed to late
endosomes/lysosomes for degradation [28,29] (Figure 2, step 1, 1.1). Additionally, sortilin
transports tropomyosin receptor kinase (TRK) receptors, responsible for cellular signal
reception from neurotrophins such as BDNF or nerve growth factor (NGF), from the TGN

to constitutive vesicles and the cell surface [27,30,31] (Figure 2, step 2, 2.1).

SORLA performs multiple sorting functions at the TGN, particularly relevant in controlling
proteolytic processing of the amyloid precursor protein (APP) into amyloid beta peptides,
the cause of Alzheimer's disease. SORLA traps APP in the TGN, reducing APP
processing in post-Golgi compartments and at the cell surface (Figure 2, steps 6-6.1).
Additionally, SORLA facilitates the anterograde recycling of endocytosed APP from early
endosomes back to the TGN (Figure 2, steps 6.3-6.4) [1,32,33]. These sorting paths
involve interactions between the receptor tail and sorting adaptors such as phosphofurin

acidic cluster sorting protein 1 (PACS1), activator protein-1 (AP-1), or retromer (Figure 2,
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steps 6.3-6.4) [1,32,33]. The anterograde shuttling of SORLA from the TGN to
endosomes requires the binding of sorting adaptors Golgi-localizing, y-adaptin ear
homology domain ARF-interacting proteins (GGA) and AP-1 (Figure 2, step 6.2)
[1,32,33]. In pancreatic beta cells, SORLA acts as an endocytic receptor for the pro-form
of islet amyloid polypeptide (prolAPP), preventing amyloid fibril formation in islets [34]
(Figure 2, steps 7.1-7.2). Once internalized, prolAPP is transported to lysosomes from
early endosomes for catabolism, while SORLA returns to the cell surface via recycling

endosomes [34] (Figure 2, steps 8.2-8.4).
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Figure 2: Sorting paths for VPS10P domain receptors

Step 0: Activation of VPS10P domain receptors starts at TGN, where the pro-peptide is cleaved from the
receptor [8,9]. Step 1-5: Sortilin is present in the TGN wherefrom it can translocate to secretory granules
(1) [11], to constitutive secretory vesicles [9,12,13] (2) and to early endosomes (via the interaction with
GGA) (3) [9,14,15]. From secretory granules sortilin transports BDNF and pro-BDNF to the cell surface for
secretion (1.1) [11]. From TGN and constitutive secretory vesicles sortilin transports TRK or pro-peptide to
the cell surface (2-2.1) [12] . From the cell surface sortilin may either be endocytosed into early endosomes
and transported back to the TGN (via PACS1) (2.3, 5) [12] or its’ luminal domain may be cleaved from the
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transmembrane and cytosolic domains with ADAM10/17 and y-secretase (2.2) [9,12,13]. From early
endosomes sortilin may also be transported to multivesicular bodies, wherefrom it is exported out of the
cell in exosomes (4-4.2) [12]. Step 6-7.2: SORLA present in the TGN traps APP (6-6.1). SORLA can be
transported to early endosomes (via the interaction with GGA and AP-1), wherefrom it anterogradely
recycles endocytosed APP back to the TGN (via interaction with PACS1 and AP-1) (6.2-6.4) [1,19,20].
SORLA also functions on the cell surface (7.1), where it captures and transports prolAPP to an early
endosome for further lysosomal degradation [1,16,17]. SORLA from early endosomes is transported back
to the cell surface with recycling endosomes (8.3-8.4) [1,16,17]. Steps 8.2-8.4: SORCS1-3 are present at
the cell surface. SORCS1 can transport AMPAR from early endosomes to recycling endosomes with the
help of Rab11FIP5/Rabl1 interacting protein and further to the cell surface to prevent AMPAR lysosomal
destruction (8.2-8.4) [35,36]. SORCS2 can transport EAAT to the cell surface from recycling endosomes
(8.4) [22-24].

The significance of the various sorting paths for directing receptor cargo is also detailed in the main text.
AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AP-1, Activator-protein 1; APP,
amyloid precursor protein; BDNF, brain-derived neurotrophic factor; EAAT, Excitatory amino acid
transporter; GGA, Golgi-localizing, y-adaptin ear homology domain ARF-interacting proteins; HAP-1,
huntingtin-associated protein 1; PACS1, phosphofurin acidic cluster sorting protein 1; prolAPP, Pro islet
amyloid polypeptide; Rabl11FIP5, Rab1l GTPase effector Rabl1ll family-interacting protein 5; Ripl1,
Rab11-interacting protein; TRK, receptor tyrosine kinase; TGN, trans-Golgi network.

As with sortilin, ligand sorting by SORCSL1 also plays a crucial role in controlling neuronal
plasticity, the ability of neurons to structurally and functionally reorganize their
connectivity in response to stimuli [37]. For SORCS1, this function lies in its ability to sort
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptor (AMPAR), glutamatergic
receptors involved in synaptic plasticity during learning and memory acquisition [35,36]
(Figure 2, steps 8.3-8.4).

Through interaction with the Rabl1l GTPase effector Rab11 family-interacting protein 5
(Rab11FIP5)/Rab11l interacting protein, SORCS1 also sorts neuroligin and neurexin,
adhesion molecules necessary for synapse assembly [38,39] (Figure 2, steps 8.3-8.4).
Consistent with the association of SORCS1 with Alzheimer’s disease [40], the receptor
has also been documented to be involved in the trafficking of y-secretase, the protease

responsible for the final cleavage step in amyloid-f3 formation from APP [40,41].
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1.2 Role of SORCS2 in protein function

1.2.1 Neuronal SORCS2 functions

Similar to other VPS10P domain receptors, SORCS?2 is associated with bipolar disorder,
schizophrenia, and ADHD [42,43]. Here, | will describe some of the underlying cellular

mechanisms in which SORCS2 is implicated.

In the brain, SORCS2 is present in ~123 kDa and ~105 kDa forms, where the ~123 kDa
form is a full-form protein, while the ~105 kDa form arises from the cleavage of the 18
kDa ectodomain [44,45]. Among brain regions, SORCS2 localizes to neurons in the
hippocampal Cornu Ammonis 2 (CA2) region, specifically to the postsynaptic density and

dendritic vesicles [44].

Similarly, to SORCS1, SORCS?2 is also involved in the regulation of neuronal plasticity.
Although the sorting mechanism is not yet clear, SORCS2 regulates the trafficking of
glutamate-gated cation channels with high calcium permeability N-methyl-D-aspartate
(NMDA) receptors to the dendritic and synaptic surface of neurons [44]. NMDA receptors
are crucial for synaptic plasticity [48]. Consequently, their aberrant sorting in SORCS2-
deficient mice leads to a decrease in dendritic spine density in the CA2 region and results

in altered social memory [44].

Similarly, in striatum medium spiny neurons, SORCS2 traffics N-methyl-D-aspartate
receptor 2A (NR2A), a subunit of NMDA receptors, to the dendritic membrane [46].
Sorting requires the interaction of SORCS2 with VPS35, a core component of the adaptor
complex retromer [46]. SORCS2 deficiency in striatum medium spiny neurons leads to
motor coordination deficit [46]. Additionally, SORCS2 selectively binds to mutant
huntingtin (HTT), the etiological agent in Huntington’s disease [46]. Binding leads to
mislocalization of SORCS2, causing a decrease in the abundance of NR2A and,

consequently, motor deficits in patients with Huntington’s disease [46].

Brain specimens from individuals with temporal lobe epilepsy show an increased
expression of SORCS2 in the hippocampal CA2 region [47,48]. This phenotype was
confirmed in an epilepsy model in mice [47]. The reason for induced SORCS2 expression

in epilepsy was shown in subsequent studies that identified a role for the receptor in
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protection against epilepsy-induced oxidative stress in neurons through the sorting of
excitatory amino acid transporter 3 (EAAT3) [47]. EAAT3 is responsible for neuronal
uptake of cysteine, required for the production of the reactive oxygen species scavenger
glutathione [47]. SORCS2 sorts EAAT3 to the neuronal cell surface, increasing cysteine
uptake, glutathione production, and neuronal oxidative stress protection (Figure 2, step
8.4) [47].

1.2.2 Astrocytic SORCS2 functions

Mice subjected to middle cerebral artery occlusion, a murine model of stroke, exhibit
increased expression of SORCS2 in astrocytes around the ischemic core [49]. Similar
upregulation of SORCS2 expression is observed in stroke patients [49]. The induced
expression of the receptor is associated with its ability to enhance the secretion of
endostatin from astrocytes, a mechanism that promotes the revascularization of ischemic

brain regions [49].

1.3 Role of VPS10P domain receptors in metabolic disorders

In addition to their involvement in brain diseases, VPS10P domain receptors are
genetically associated with various metabolic conditions. For instance, SORCS1 [50-52],
SORLA [53], and SORCS2 [54] are linked to T2D, SORLA [55] and SORCS2 [56] to BMI,
SORCS2 to hypertension [57] and non-alcoholic fatty liver disease [58], while SORLA to
obesity [59-61]. In the following sections, | will delve into our current understanding of the

roles of VPS10P domain receptors in metabolism.

1.3.1 Role of SORCS1 in insulin secretion and sensitivity

The absence of SORCS1 in obese mice, attributed to a leptin° mutation, leads to
impaired glucose-stimulated insulin secretion from pancreatic islets. This defect may be
linked to the delayed replenishment of the insulin vesicle pool in pancreatic beta cells
lacking the receptor [62]. The precise mechanisms through which SORCS1 deficiency
hinders effective insulin vesicle replenishment, transport, and/or release remain unknown
[62].
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1.3.2 Role of SORLA in insulin receptor signaling

In adipocytes, SORLA regulates the sorting of insulin receptors (IR) to the cell surface
[63]. Increased SORLA expression results in a higher abundance of IRs on the cell
surface, enhancing insulin signaling and reducing lipolysis. This, in turn, contributes to
obesity in mice overexpressing SORLA [63]. Specifically, after insulin binding, IRs
undergo internalization and translocate to early endosomes (Figure 3, step 1). In the
absence of SORLA, IRs are subsequently transported to lysosomes for degradation
(Figure 3, step 2) [63]. However, in the presence of SORLA in early endosomes, IRs are
sorted and directed to recycling endosomes before being transported back to the cell
surface (Figure 3, steps 3-4) [63]. The continuous recycling of IRs by SORLA increases
their abundance on the cell surface, allowing for prolonged inhibition of lipolysis (Figure
3, step 5) [63].

insulin

@ VO
Gj \i +~" | recycling
B X endosome

A B QAP

&

secreto = L
T _Lipolysis—_

early
endosome

>

A4

N7 15 ’.

& G
AR

&

late endosome/
lysosome

TGN SORLA

Figure 3: Sorting pathways of insulin receptor by SORLA in adipocytes

Step 1: Insulin binding leads to internalization and translocation of IR into early endosomes.

Step 2: Unsorted IR is transported to lysosomes/late endosomes for destruction.

Step 3: Sorting of IR by SORLA.

Step 4: Sorted IR together with SORLA is transported to recycling endosomes.

Step 5: From recycling endosomes IR is transported back to the cell surface.

Step 6: Increased number of IR on the cell surface due to SORLA sorting further inhibits lipolysis.

AP-1, activator-protein 1; IR, insulin receptor.
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1.3.3 Role of sortilin in glucose metabolism

Studies on 3T3-L1 adipocytes have demonstrated the involvement of sortilin in the sorting
of vesicles containing glucose transporter 4 (GLUT4), a glucose transporter facilitating
insulin-stimulated glucose uptake in myocytes and adipocytes [64]. In non-stimulated
cells, GLUT4 resides in specialized GLUT4 storage vesicles (GSVs). Insulin stimulation

promotes GLUT4 translocation to the cell membrane, increasing glucose uptake [65,66].

Sortilin-deficient 3T3-L1 cells exhibit reduced levels of GLUT4, a decrease in the number
of GSVs, and impaired glucose uptake [64]. It is hypothesized that sortilin, in complex
with GGA-budding machinery, may interact with GLUT4 via its N-terminal domain to
facilitate GLUT4 sorting into storage vesicles and prevent GLUT4 lysosomal degradation
(Figure 4, step 1) [64]. Other studies suggest that sortilin is capable of retrograde sorting
of GLUT4 to the trans-Golgi network through interaction with a retromer [67]. In this
model, sortilin's luminal domain binds the first luminal loop of GLUT4, while its
cytoplasmic tail binds to the retromer, stabilizing sortilin-GLUT4 complexes for sorting to

the TGN (Figure 4, steps 4-5) [67].
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Figure 4: Sorting of GLUT4 by sortilin
Step 1: Formation of specialized GLUT4 vesicles via complex formation of the transporter with sortilin and

GGA.
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Step 2-3: Insulin signals through PI3K-PDK pathway or through indirect activation of TC10. Both PDK and
TC10 stimulate translocation of GLUT4 vesicles to the plasma membrane.

Step 4: Sortilin complexed with retromer retrogradely transports GLUT4 to the TGN.

Step 5: GLUT4 not bound by sortilin is moved from early endosomes to lysosomes for degradation.

APS, Adaptor protein containing PH and SH2 domains; AKT, Protein kinase B; GGA, Golgi-localizing, y-
adaptin ear homology domain ARF-interacting proteins; GSVs, GLUT4 storage vesicles; IRS, Insulin
receptor substrate; PDK, 3'phosphoinoside-dependent kinase 1; PI3K, Phosphoinositide 3-kinase; PIP3,
Phosphatidylinositol (3,4,5)-trisphosphate.

Despite clear experimental evidence of sortilin's involvement in GLUT4 sorting and
glucose uptake in adipocytes, mouse models of sortilin deficiency (Sort17) do not exhibit
obvious insulin resistance or glucose intolerance phenotypes [12,68]. In fact, one study
showed increased insulin sensitivity in mice lacking sortilin [12,69]. Additionally, GLUT4

protein levels in white adipose tissue or muscles were not affected in Sort1”- mice [12,68].

1.4 Systemic regulation of the glucose metabolism

In consideration of the previously demonstrated involvement of SORLA, SORCS1, and
sortilin in glucose metabolism, and the genetic association of SORCS2 with diabetes and
changes in BMI [50-55,58-63,65,67], | will further discuss the mechanisms involved in

the regulation of glucose metabolism.

Glucose stands as a primary metabolic fuel in mammalian organisms. Hence, precise
regulation of glucose metabolism is crucial for survival, as both the lack and abundance

of glucose can lead to severe complications or death

Hypoglycemia, defined as plasma glucose levels < 2.8-3.1 mmol/L, triggers adrenergic
symptoms (sweating, hunger, tingling, trembling, palpitations, and anxiety) or
neuroglycopenic symptoms (visual disturbance, poor concentration, drowsiness,
lethargy, personality change, seizures, coma, confusion) [70]. Prolonged and severe

hypoglycemia may also lead to permanent neurological damage and mortality [71-73].

Hyperglycemia, defined as plasma glucose levels > 125 mg/dL during fasting and > 200
mg/dL two hours after a meal [74], primarily damages neuronal cells, capillary
endothelium, and renal mesangial cells due to their inability to control intracellular glucose

concentrations [75]. Complications associated with hyperglycemia include retinopathy,
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nephropathy, neuropathy, coronary artery diseases, cerebrovascular diseases, and

peripheral vascular diseases [75].

Several tissues control glucose metabolism. The liver is a central hub for glucose
production and storage [76,77]. The pancreas serves as a principal control center for
glucose metabolism in the liver and other tissues through insulin and glucagon secretion
[76,78]. The small intestine, brain, adipose tissue, adrenal glands, parasympathetic and
sympathetic systems regulate pancreatic hormones secretion or directly influence

glucose metabolism in tissues [76,78].

Glucose in the bloodstream originates from absorption in the small intestine from the diet
or from breakdown processes such as glycogenolysis or new synthesis through
gluconeogenesis in the liver [76]. Glucose metabolism is regulated by hormones released
from the pancreas, small intestine, adrenal glands, and brain, as well as by the

sympathetic and parasympathetic systems [76].

The anabolism and catabolism of glucose are tightly regulated by hormones, including
insulin, glucagon, and amylin secreted from the pancreas [76]. Insulin stimulates glucose
uptake and glycogen synthesis while inhibiting lipolysis, gluconeogenesis, and
glycogenolysis [76]. Conversely, glucagon stimulates liver glucose production [76].
Amylin, by acting on calcitonin-like receptors and thereby stimulating vagal nerve efferent
signals, suppresses glucagon synthesis [76]. Additionally, amylin slows down gastric

emptying and reduces food intake, thereby limiting glucose availability [76].

Intestinal hormones, such as glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP), regulate glucose metabolism by potentiating glucose-

stimulated insulin release [76].

The adrenal glands play a role in regulating glucose metabolism via the secretion of
glucocorticoids and epinephrine [76]. Glucocorticoids increase liver gluconeogenesis and
glycogen synthesis [79]. However, they inhibit glucose uptake synthesis in skeletal
muscles and white adipose tissue, as well as glycogen synthesis in muscles [79].
Epinephrine stimulates liver gluconeogenesis and glycogenolysis while inhibiting glucose

utilization by insulin-dependent tissues [80].
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Growth hormone, secreted from the pituitary gland, stimulates gluconeogenesis and

lipolysis, thereby increasing circulating glucose and free fatty acids levels [81].

The sympathetic nervous system stimulates liver gluconeogenesis and glycogenolysis,
thereby increasing bloodstream glucose concentration, while the parasympathetic

system inhibits liver gluconeogenic pathways to lower circulating glucose levels [82].

1.4.1 Tissue glucose uptake

Two families of glucose transporters are involved in glucose handling in mammalian
tissues, namely glucose transporters (GLUTSs) and sodium-glucose transporters (SGLTS)
[83]. GLUTs are present in all cell types of the organism. They transport glucose via
facilitative diffusion along a concentration gradient in and out of the cell [83]. SGLTs are
present on intestinal and kidney cortex cells and transport glucose inside cells together

with two Na* molecules [83].

1.41.1 GLUTs

GLUTs involved in glucose transport include GLUT1, -2, -3, -4 as well as GLUT7 and
GLUT11. GLUT7 and 11 transport both glucose and mannose [83].

Although GLUT1 is present in all tissues, it's function is most important in erythrocytes,
neurons, and cell types at the blood-brain barrier, eye, placenta, and lactating mammary
glands [84]. Low expression of GLUTL1 is also seen in hepatocytes, endothelial, and
Kupffer cells in the liver [85]. Protein kinase C (PKC) modulates GLUT1 transport activity
via direct phosphorylation [86], while thioredoxin interaction protein (TXNIP) suppresses
cellular glucose uptake by binding to GLUT1 and internalizing the transporter via clathrin-
coated pits and by decreasing GLUT1 mRNA [87].

GLUT2 is present on pancreatic p-cells, hepatocytes, enterocytes, and cells in the kidney
and the CNS [88,89]. GLUT2 plays a crucial role in glucose sensing in enterocytes and
pancreatic pB-cells due to its low affinity for glucose [88]. In hepatocytes, GLUT2 is
important for rapid glucose uptake and release upon hyper- or hypoglycemia, respectively
[84,88]. In the CNS, GLUT2 is present in the brain stem nuclei where glucose sensing is

crucial for the regulation of sympathetic and parasympathetic signaling, feeding behavior,
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thermoregulation and energy expenditure [88,89]. In kidneys, GLUT2 regulates glucose

reabsorption on the basolateral membrane of the epithelial cells [84].

GLUT3 has a predominantly neuronal expression [84]. It has the highest turnover among
all GLUTSs to ensure rapid control of glucose uptake in neurons. GLUT3 is also present in
white blood cells [84]. However under normal condition, it stays in resting storage GLUT

vesicles and translocates to the cell surface only upon proliferative stimuli [84].

GLUT4 is mainly expressed in skeletal muscles and adipocytes and translocates from
storage vesicles to the cell surface in response to insulin stimulation. In detail, insulin is
sensed by IRs on the cell surface which, on the one hand, activates IR substrate (IRS),
phosphoinositide 3-kinase, and 3'phosphoinoside-dependent kinase 1 (PDK1), On the
other hand, it indirectly activates TC10 and PDK1 [90]. Both stimulate GLUT4

translocation to the plasma membrane to facilitate glucose uptake [90].

1.41.2 SGLTs

Among the six SGLTs identified in the human organism, only the functions of SGLT1 and
SGLT2 are described [83]. As mentioned above, SGLT1 is present in enterocytes where
it facilitates glucose and galactose absorption from the intestine [83]. SGLT2 is present

in the renal cortex and primarily facilitates glucose reabsorption in the kidney [83].

1.4.2 Intestinal control of glucose metabolism

Small intestine consists of different types of cells, such as enterocytes, goblet cells,
Paneth cells, M-cells, enterochromaffin and enteroendocrine cells (L-, K-, I-, N-, and S-
cells) [91]. Enterocytes are the major part of intestinal epithelium and they play role in
nutrient absorption [91]. Goblet cells secrete mucus, which protects the small epithelium
from digestive enzymes [91]. Paneth cells secrete antimicrobial peptides [91]. M-cells
initiate mucosal immune response [92]. Enterochromaffin cells are mechanosensory
cells, that secrete serotonin in response to epithelial mechanical forces [93]. I-cells
secrete cholecystokinin, which promotes gull bladder contraction [94]. N-cells secrete
neurotensin, which has numerous peripheral and central level functions, including the
promotion of intestinal blood flow, nutrient absorption, and stimulation of pancreas

exocrine function [95]. S-cells secrete secretin, which stimulates bile, bicarbonate, and
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gastric pepsin secretion [96]. L-cells secrete GLP-1 and GLP-2, and Peptide YY (PYY)
[97]. GLP-1 regulates glucose homeostasis by increasing glucose-stimulated insulin
secretion; additionally, it reduces gastrointestinal motility and secretion of gastric
enzymes and decreases food intake [97]. GLP-2 promotes gastric motility, gastric acid
secretion and nutrient absorption [98]. PYY reduces food intake and weight [99]. K-cells
secrete GIP, which regulates glucose metabolism by increasing glucose-stimulated

insulin secretion and modulates fat absorption by reducing intestinal motility [97].

After food ingestion, glucose is absorbed in the small intestine into enterocytes and
intestinal L-cells through SGLT-1 transporters located on the apical cell membrane
(Figure 5) [100,101]. Enterocytes release glucose into the portal vein via facilitated
diffusion and via GLUT2 transporters on their basolateral membranes (Figure 5)
[100,101]. In response to glucose uptake, L-cells secrete GLP-1, GLP-2, and PYY, while
K-cells secrete GIP [100-102] (Figure 5).
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Figure 5: Regulation of glucose uptake by cells of the small intestine

Enterocytes as well as K- and L-cells absorb glucose through SGLT1 transporters on their apical cell
membrane. Glucose is released into the portal vein via facilitated passive diffusion through GLUT2
transporters on the basolateral cell membrane. In response to glucose uptake, L-cell secrete GLP-1 and
PYY, which function in regulation of glucose metabolism by potentiating insulin secretion. K-cell secrete
GIP, which also stimulates insulin secretion.

GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic peptide; GLUT2, glucose
transporter 2; PYY, peptide YY; SGLT1, sodium-dependent glucose transporter 1.
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1.4.3 Pancreatic control of glucose metabolism

Increased glucose levels in the circulation are sensed by pancreatic 3 cells. Glucose is
taken up by islet B cells through high-capacity and low affinity GLUT2 transporters
[103,104]. In B cells glucose is phosphorylated to glucose-6-phosphate (G6P) by
glucokinase, and subjected to glycolysis producing pyruvate, NADH, and ATP [103,104].
Glucokinase serves as a glucose sensor in B cells, as it has a lower glucose affinity
compared to other hexokinases and it function is not inhibited by glucose metabolites
[103,104]. Secreted insulin binds to IR on all mammalian cells and functions to decrease
circulating glucose levels [76,105]. Insulin stimulates glucose uptake, which removes
glucose from the circulation [76,105]. It also promotes glucose storage in a form of
glycogen in liver and muscles by stimulating glycogenesis [76,105]. Similarly, insulin
promotes triglycerides storage in adipose tissue, which prevents triglycerides catabolism
with further glucose formation [76,105]. Moreover, insulin inhibits liver lipolysis and
gluconeogenesis, to prevent new glucose formation [76,105]. And finally, insulin is able
to inhibit glucagon secretion from a cells, to prevent activation of gluconeogenesis and

lipolysis in the liver [76,105].

Prolonged low levels of circulating glucose lead to activation of glucagon secretion from
pancreatic a cells [106,107]. The exact mechanism of activation of glucagon secretion is
not entirely clear. However, the current model suggests that a lack of inhibitory action of
GABA, Zn?*, GLP-1, somatostatin, and insulin on a cells leads to glucagon secretion
[106,107]. Additionally, glucagon secretion from a cells may be stimulated by adrenaline
[108].

Furthermore, some studies report the importance of K*arp channels for glucagon
secretion [107]. In this model, a cells take up glucose through GLUT1 transporters, and
similarly, to B cells, subject it to glycolysis to produce ATP. However, contrary to f cells,
in a cells a decrease in ATP concentrations upon hypoglycemia closes K*atp channels,
leading to reduced K* efflux, depolarization of a cells’ plasma membrane, opening of
voltage-gated Ca?* channels, increase in Ca?* influx, and glucagon secretion [107].

Ca?* channels playing role in glucagon release in mice include L- and P/Q-type Ca?*

channels [109,110]. Similarly to mice, human a-cells also express L- and P/Q-type Ca?*
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channels but also a low-threshold T-type Ca?* channels [109,110]. Additionally, voltage-
gated Na* channels have an important role in glucagon vesicles exocytosis [109,110].

Upon release, glucagon stimulates liver gluconeogenesis and glycogenolysis, and
adipocytes lipolysis to increase circulating free fatty acids levels, which negatively
regulate glucose production by influencing glucose-controlling hormone secretion in

pancreas and gastrointestinal tract [76,111,112].

1.4.4 Liver control of glucose metabolism

The liver is the primary organ responsible for regulating glucose availability in the
organism [113]. After intestinal absorption, dietary glucose travels via the portal vein to
the liver, where hepatocytes take it up through GLUT2 transporters [113]. Internally,
glucose undergoes conversion to G6P by glucokinase, which cannot be secreted back
into the bloodstream [113]. Therefore, it is either metabolized to pyruvate via glycolysis,
or NADPH via the pentose phosphate pathway, and can also serve as a precursor for

glycogen synthesis [113].

1.4.4.1 Liver glycogen synthesis and glycogenolysis

In the fed state of the organism, insulin stimulates glycogen synthesis from G6P to
promote the storage of glucose. The action of IRs in hepatocytes leads to a
conformational change and activation of the tyrosine kinase activity of IRs [114]. Activated
IRs recruit and phosphorylate IRS proteins on multiple tyrosine residues, allowing the
binding of intracellular molecules with Src-homology 2 domains, such as
phosphoinositide 3-kinase (PI3K) [114]. The binding of IRS and PI3K activates the PI3K
catalytic subunit, which phosphorylates phosphatidylinositol 4,5-bisphosphate, producing
phosphatidylinositol (3,4,5)-triphosphate and recruiting AKT [113-116] (Figure 6, step 1).
AKT, in turn, phosphorylates glycogen synthase 3 (GSK-3), thereby inhibiting its inhibitory
action on glycogen synthase (GS) and stimulating glycogen production and storage
(Figure 6, step 1) [114].
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Figure 6: Liver metabolism is regulated by glucagon and insulin

Insulin and glucagon have opposite functions in regard of glucose metabolism in hepatocytes, where insulin
stimulates storage of glucose, while glucagon triggers intrinsic glucose synthesis and glycogen breakdown
to increase circulating glucose levels. This figure displays mechanisms by which insulin and glucagon affect
glucose metabolism in hepatocytes.

Steps 1-3: Insulin secreted from pancreatic islet B cells activates the PISK/AKT pathway by interacting with
IR and phosphorylating insulin receptor substrate. Activation of the PISK/AKT pathway leads to the
inhibition of gluconeogenesis through the suppression of FOXOL1 (3), stimulation of glycogen synthesis by
suppressing GSK3 and releasing GS (1), and activation of lipogenesis through subsequent activation of
MTORC and SREBL1 (2).

Steps 4-6: Glucagon, secreted from pancreatic islet a cells, stimulates Ga-protein-coupled receptors,
triggering cAMP and PKA. Activation of PKA stimulates gluconeogenesis by activating CREB/CRTC2 (5),
activates lipolysis through the activation of ATGL (6), and induces glycogenolysis through the activation of
GP (2).

ATGL, Adipocyte-Triglyceride-Lipase; AKT, Protein kinase B; CREB, CAMP response element-binding
protein; cAMP, Cyclic adenosine 3'5-monophosphate; CRTC2, CREB Regulated Transcription
Coactivator 2; FOXO1, Forkhead box protein Ol; GP, Glycogen phosphorylase; GPK, Glycogen
phosphorylase kinase; GS, Glycogen synthase; GSK-3, Glycogen synthase kinase 3; HSL, Hormone-
sensitive lipase; IRS-1, Insulin receptor substrate 1; mTORC1, Mammalian target of rapamycin complex 1;
PI3K, Phosphoinositide 3-kinase; PKA, Protein kinase A; SREB1, Sterol regulatory element-binding protein
1.
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During fasting, glycogen degradation is induced to release glucose into the circulation
through GLUT2 or GLUT1 transporters [113,115,116]. This process is triggered by
glucagon secreted from pancreatic a cells and by epinephrine and norepinephrine
secreted from the adrenal medulla [117]. Glucagon binding to glucagon receptors induces
a conformational change in the glucagon receptor, allowing interaction with the Gs protein
[118]. The a subunit of the Gs protein, upon releasing guanosine triphosphate (GTP) and
binding guanosine diphosphate (GDP), dissociates from the G-y protein subunits and
interacts with adenylate cyclase [118]. This interaction leads to production of cyclic
adenosine monophosphate (CAMP) from ATP [118]. cAMP changes the conformation of
protein kinase A (PKA), leading to PKA activation [118]. PKA phosphorylates and
activates glycogen phosphorylase kinase, which, in turn, phosphorylates glycogen
phosphorylase [119]. Activated glycogen phosphorylase then phosphorylates glycogen,
initiating glycogen breakdown (Figure 6, step 4). [117,119].

1.4.4.2 Liver lipogenesis and lipolysis

In a fed state of the organism, hepatocytes also produce fatty acids and store them in
intracellular lipid droplets or export them to fat and other tissues [113,115,116]. During
fasting, these fatty acids are oxidized by mitochondria as a metabolic fuel for energy
production [113,115,116].

Insulin is able to stimulate lipogenesis in hepatocytes through PI3K/AKT and downstream
target mMTORC1, which activates sterol regulatory element-binding proteins (SREBP)
(Figure 6, step 2) [120]. In absence of insulin stimulation, SREBP precursors are located
in ER membranes bound with SREBP cleavage activating protein (SCAP) [121]. SCAP
additionally interacts with insulin induced gene 2a (INSIG2A) [121]. Interaction of SREBP
with both SCAP and INSIG2A keeps SREBP in the ER [121]. Upon insulin stimulation,
AKT suppresses expression of Insig2a, allowing transport of SREBP/SCAP complex in
coat protein Il vesicles to the Golgi apparatus [120]. In the Golgi apparatus, SREBP is
processed with Site-1 protease and Site-2 proteases [122]. Processing of SREBP with
proteases allows the release of transcriptionally active SREBP fragment into the cytosol
[123]. From the cytosol the transcriptionally active SREBP migrates to the nucleus, where
it binds to sterol-regulatory element (SRE) sequences of genes that encode proteins

involved in lipid uptake and synthesis [123]. Two types of SREBP are known: SREBP-1
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(SREBP-1la and SREBP-1c) and SREBP-2 [123]. SREBP-1 proteins activate
transcription of genes involved in synthesis and uptake of fatty acids and triglycerides,
while SREBP-2 protein activates transcription of genes that control cholesterol synthesis
and uptake [123]. AKT downstream target mTORC1 ensures SREB-1 nuclear
accumulation via phosphorylation of Lipin-1, a phosphatidic acid phosphatase [121].
MTORC1 phosphorylation of Lipin-1 leads to Lipin-1 nuclear exclusion and cytoplasmic
accumulation [121]. The absence of Lipin-1 in the nucleus allows SREBPs nuclear

accumulation, by the mechanism yet to be determined [121].

Glucagon initiates lipolysis by increasing intracellular cAMP concentrations, activating
PKA, hormone sensitive lipase (HSL), and perilins (P), which dissociates comparative
gene identification-58 (CGI-58) from P and activates adipose triglyceride lipase (ATGL),
thereby activating lipolysis (Figure 6, step 6) [124].

1.4.4.3 Liver gluconeogenesis

During prolonged fasting, liver glycogen stores are depleted, and gluconeogenesis is
induced to generate glucose from lactate, pyruvate, glycerol, and amino acids
[113,115,116]. Precursors for gluconeogenesis are either produced in hepatocytes or
imported from the circulation [113,115,116]. Lactate is converted into pyruvate by lactate
dehydrogenase [113,115,116]. Pyruvate is then translocated to the mitochondria, where
pyruvate carboxylase turns it into oxaloacetate, which is then converted by malate
dehydrogenase to malate [113,115,116]. Malate is then exported to the cytoplasm and
converted back to oxaloacetate by malate dehydrogenase [113,115,116]. A critical step
in gluconeogenesis is oxaloacetate's conversion to phosphoenolpyruvate by
phosphoenolpyruvate carboxylase [113,115,116].

Gluconeogenesis is primarily stimulated by glucagon [117]. Secreted glucagon activates
the cAMP-PKA pathway, which phosphorylates and activates cCAMP response element-
binding protein (CREB) and dephosphorylates its coactivator CREB Regulated
Transcription Coactivator 2 (CRTC2) to prevent its degradation [117] (Figure 6, step 5).
Additionally, PKA activates inositol-1,4,5-trisphosphate receptors (IP3Rs), thereby
increasing ER-secreted Ca?*, which activates calcineurin, thereby additionally stabilizing

CRTC2 [117]. Glucagon may further stabilize CRTC2 by stimulating its acetylation by
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p300/CREB-binding protein (CBP) [117]. Activation of CREB and its coactivator CRTC2
promotes gluconeogenesis [117].

In a fed state, insulin suppresses gluconeogenesis by activating IRS-1 and IRS-2, thereby
activating the PI3-kinase/AKT pathway and mammalian target of rapamycin (nTORC2),
which additionally activates AKT (Figure 6, step 3) [120]. Consequently, AKT
phosphorylates and inactivates forkhead box protein O (FOXO) 1, -3, -4, and -6 to
suppress gluconeogenesis (Figure 6, step 3) [120].

1.5 Regulation of insulin synthesis and secretion

1.5.1 Insulin synthesis regulation

Transcription of the insulin gene is regulated by the binding of several transcription factors
to sequence elements known as A, C, E, Z, and CRE (cyclic AMP response element) in
the promoter region [103,125,126]. Duodenal homeobox-1 (PDX-1), caudal-type
homeobox 2 (CDX2), ISL LIM homeobox 1 (ISL-1) bind to sequence element A
[103,125,126]. PDX-1 also binds to sequence element Z [103,125,126]. MAF BZIP
transcription factor A (MAFA) binds to sequence element C1 and Z, while paired box 6
(PAX®6) binds to sequence element C2 [103,125,126]. BETA2/NeuroD1, E2/5, E12, and
E47 bind to sequence element E [103,125,126]. CREB/ATF family bind to sequence
element CRE [103,125,126].

Insulin synthesis begins with the translation of a 110-amino acid preproinsulin mRNA,
comprising an N-terminal signal peptide, B chain, connecting peptide (C-peptide), and C-
terminal A chain (Figure 7) [103,125,126].

Preproinsulin translation is regulated by the mTOR pathway and the ATP-dependent RNA
helicase DEAD-box helicase 1 (DDX1) complex with eukaryotic initiation factor 3a (EIF3a)
and EIF4b [103,125,126]. The N-terminal signal peptide of preproinsulin is cleaved in the
ER, resulting in a proinsulin molecule with intramolecular disulfide bridges connecting
chains A and B, and one interchain disulfide bridge in the A chain (Figure 7)
[103,125,126]. Proinsulin is then translocated to the TGN and sorted into secretory
granules, where the C-terminal is cleaved by proprotein convertase 1/3 (PC1/3) (in
humans) or PC2 (in rodents), and the dibasic residues are removed from the C-terminal
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end of the B chain by exopeptidase carboxypeptidase E/H (CPE), forming mature insulin.
Mature insulin exists in secretory vesicles as a hexamer formed from three insulin dimers
joined by Zn?* (Figure 7) [103,125,126].
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Figure 7: Insulin synthesis

Preproinsulin in the Golgi is converted to proinsulin though removal of the signaling sequence (SS) and
formation of intramolecular disulfide bridges by PDIA1 and ERO1a/B. In the secretory granules, proinsulin
is cleaved into insulin and the C-peptide by PC2, PC1/3 and CPE. Zn?" imported through ZnT8 transporter
shapes insulin molecules into hexamers.

CPE, exopeptidase carboxypeptidase E/H; ERO1a/B, oxidoreductases ER oxidoreductin 1a/B; PC1/3,
proconvertase 1/3; PC2, proconvertase 2; PDIAL, disulfide isomerase; SS, signaling sequence; ZnT8, Zn

transporter 8.

1.5.2 Glucose-stimulated insulin secretion

Although insulin secretion can be stimulated by amino acids, fatty acids, and
monosaccharides, glucose is the main stimulator of insulin secretion, and the amplitude
of secretion upon glucose stimulation is much higher than for any other nutrient [103].
Upon uptake into pancreatic -cells, glucose is metabolized through glycolysis, initiating

a two-phase insulin signaling process [110].

In the first phase of insulin secretion, increased intracellular ATP concentrations,
produced in glycolysis, closes Potassium-ATP (K*atp) channels, leading to an increase
in potassium levels in the cells, an increase in membrane potential and subsequent
membrane depolarization and influx of Ca?* through voltage gated Ca?* channels (Figure
8, step 1-6) [110]. Murine B-cells rely on Cavl.2 L-type Ca?* channels as a primary Ca?*
channel, and on R-type Ca?* channel to supply new vesicles to the plasma membrane

[110]. By contrast, human B-cells depend on P/Q type and T-type Ca?* channels [110].
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Increased Ca?* levels in B-cells induce insulin release from primed and docked vesicles
(Figure 8, step 7) [103,104].

In the second phase of insulin secretion, Ca?* influx is amplified by metabolic coupling
factors produced from glucose (NADPH, pyruvate, malate, citrate, isocitrate, acyl-CoA
and glutamate), as well as by GIP secreted from intestinal K-cells, GLP-1 from intestinal
L-cells and pancreatic a-cells, acetylcholine from a-cells, vasoactive intestinal

polypeptide, and gastrin-releasing polypeptide (Figure 8, step 8) [127-130].

1.5.3 Hormonal control of insulin secretion

GLP-1, GIP, and acetylcholine, vasoactive intestinal polypeptide and gastrin-releasing
polypeptide all enhance insulin secretion through PKA, PKB, and exchange protein
directly activated by cAMP 2 (EPAC2) (Figure 8, step 8) [130,131]. EPAC2 modulates
insulin secretion by supporting the inhibitory action of ATP on K*are channels [132], while
PKA and PKB modulate insulin secretion by increasing the number of Ca?*-sensitive

insulin vesicles (Figure 8, step 8) [133].

Another hormone involved in insulin secretion stimulation is estrogen. Estrogen acts
through nuclear estrogen receptor o or § (ER o or ) or membrane ERY, thereby activating
protein kinase G (PKG), which directly phosphorylates CREB. CREB binds to CRE
sequence element, activating transcription of genes with cAMP/Ca?* response elements,
ultimately amplifying intracellular Ca?* oscillations and consequently insulin secretion
[103].

Hormones exerting inhibitory action on insulin secretion include leptin, insulin growth
factor-1 (IGF-1), somatostatin, neuropeptide Y (NPY), PYY and ghrelin. Adipocyte-
secreted leptin and liver-produced IGF-1 exert their inhibitory function by activating
phosphodiesterase 3B (PDE3B), which breaks down cAMP, inhibiting cAMP-dependent

induction of insulin secretion (Figure 8, step 11) [103].
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Figure 8: Glucose stimulated insulin secretion and its hormonal regulation

Step 1: Glucose conversion to G6P by hexokinase initiates glycolysis and ATP production.

Steps 2-3: Inhibition of ATP-mediated K*ATP channels cause increase in intracellular K* levels.

Steps 4-7: Membrane depolarization leads to opening of Ca?* channels, to increased intracellular Ca?*
concentration, and to insulin secretion from primed and docked cellular vesicles.

Step 8: Amplifying effects of GIP, GLP-1, and ACh signaling on insulin secretion through increase in cAMP
concentration and further activation of EPAC2, which inhibits K*ATP channels, PKC and PKA, which in turn
stimulates new vesicles formation and priming.

Step 9: SST stimulates opening of K*ATP channels, thereby hyperpolarizing the plasma membrane and
inhibiting insulin secretion.

Step 10: SST may also decrease cAMP levels thereby inhibiting the cAMP insulin secretion amplifying
pathway.

Step 11: Leptin and IGF-1 activate PDE3B, which breaks down cAMP and inhibits amplification of the
insulin secretion pathway.

AChR, Acetylcholine receptor; cAMP, cyclic adenosine monophosphate; EPAC2, exchange protein directly
activated by cAMP 2; G6P, glucose 6 phosphate; GIPR, glucose-dependent insulinotropic polypeptide
receptor; GLP1R, glucagon-like peptide 1 receptors; GK, glucokinase; GLUTZ2, glucose transporter 2;
IGF1R, insulin growth factor 1 receptor; LEPR, leptin receptor; PDE3B, phosphodiesterase 3B; PKA,
phosphokinase A; PKC, phosphokinase C; SG, secretory granules; SSTR5, somatostatin receptor 5.

Somatostatin-28, predominantly expressed in intestinal D-cells, and Somatostatin-14
produced in the hypothalamus, peripheral nerves, and pancreatic d cells both act on the

somatostatin receptor 5 (SST5) on pancreatic B-cells [134,135]. This signal stimulates
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GpBy to induce the opening of K* atp and G protein-coupled inwardly rectifying potassium
channels (GIRK), which hyperpolarize B-cells plasma membranes and inhibits insulin
secretion (Figure 8, step 9) [134,135]. Additionally, somatostatin may decrease cAMP

levels, which also inhibits insulin secretion (Figure 8, step 10) [135].

NPY, secreted from the hypothalamus or pancreatic islets PP cells, elicits its insulin
inhibitory functions via the NPY receptor Y1, which activates Ga subunit, thereby acting
on pathways downstream of cAMP, excluding Ca?* signaling [136]. PYY acts through
similar mechanism as NPY as it binds to NPY receptors Y1, Y2 and Y4 [137].

Ghrelin, secreted from X/A-like cells in the stomach or pancreatic e-cells, can directly and
indirectly inhibit insulin secretion by mechanisms still not entirely clear [138,139]. Ghrelin
directly binds to the growth hormone secretagogue receptor (GHS-R1a) on B-cells and
elicits its inhibitory functions [138,139]. Additionally, ghrelin activates the afferent vagus
nerve in the liver, which leads to the inhibition of efferent nerve fiber in the brain and
reduces insulin secretion [138]. Furthermore, ghrelin can indirectly inhibit the sympathetic

nervous system, decreasing stimulation of a-adrenergic receptors on B-cells [138,139].

1.5.4 Central regulation of insulin secretion

1.5.4.1 Sympathetic and parasympathetic control of insulin secretion

The sympathetic and parasympathetic nervous systems are both involved in the
regulation of insulin secretion. Activation of sympathetic innervation inhibits insulin
secretion through the action of noradrenaline on a2-adrenergic receptors on B cells
[140,141]. In contrast, the parasympathetic nervous system stimulates insulin secretion
by acting on muscarinic M3 receptors [142]. Vasoactive intestinal peptide (VIP), pituitary
adenylate-cyclase-activating polypeptide (PACAP), gastrin-releasing peptide (GRP), and
acetylcholine all stimulate insulin secretion [142-145]. The parasympathetic nervous
system also stimulates insulin release in response to sensory stimuli (olfactory, visual
information), ensuring insulin release before the elevation of blood glucose levels [142].
Furthermore, parasympathetic inputs from the intrapancreatic ganglia synchronize insulin

secretion throughout islets in the pancreas [146].
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1.5.4.2 Hypothalamic insulin secretion regulation

Oxytocin neurons in the paraventricular hypothalamic neurons exert inhibitory actions on
insulin secretion via sympathetic preganglionic neurons located in the thoracic segments
9-13 of the spinal cord [147]. Postganglionic sympathetic neurons inhibit insulin secretion
by releasing norepinephrine [148]. The hypothalamic ventromedial nucleus is also
implicated in the inhibition of insulin secretion, as documented by the inhibition of
hypothalamic prolyl endopeptidase expression leading to decreased fasting insulin
secretion [149]. As mentioned above, hormones secreted by the hypothalamus, including

NPY, somatostatin, leptin, and growth hormones, also regulate insulin secretion.

1.6 Beta cell dysfunction

Diseases linked to the loss of insulin function encompass T1D and T2D. Diabetes
primarily arises from 3 cell dysfunction. Etiologically, it is classified into various subtypes,
including gestational diabetes, monogenic diabetes (such as neonatal diabetes and
maturity-onset diabetes of the young), and other forms like pancreatitis- or drug-induced

diabetes [150,151]. Nevertheless, T1D and T2D are the most prevalent among them.

According to the 10th edition of the International Diabetes Federation Diabetes Atlas,
approximately 10.5% of adults aged 20 to 79 worldwide are presently affected by
diabetes. However, this number is projected to rise to 12.2% by the year 2045 [152]. T1D
affects over 1.2 million individuals globally, while T2D accounts for 90% of all diabetes
cases [152]. Tragically, diabetes claims the lives of around 6.7 million people worldwide
[152]. Besides straining healthcare systems globally, with costs exceeding 966 billion US
dollars and expected to surpass 1,054 billion US dollars by 2045 [153], diabetes
diminishes the productivity of individuals by roughly 11% [154].

T1D is an autoimmune condition distinguished by immune-mediated B cell destruction,
resulting in insulin insufficiency and hyperglycemia [155,156]. TLDM exhibits symptoms
like polyuria, weight loss, constant hunger, blurred vision, polydipsia, and ketoacidosis
[155,156]. The exact causes of T1D are still a subject of debate, but potential triggers for
its etiology include genetic predisposition (specifically the DR3-DQ2 and DR4-DG8
haplotypes of HLA class Il genes), viral infections (such as enterovirus and
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coxsackievirus B), human endogenized retroviruses, epigenetic factors, and certain non-
coding RNAs [155].

The central mechanism underlying T2D is tissue resistance to insulin, leading to
decreased glucose uptake and the constantly activated lipolysis and gluconeogenesis,
ultimately resulting in hyperglycemia [157,158]. While 3 cell function and viability remain
intact during the early stages of T2D, the prolonged need for increased insulin production
to combat tissue resistance eventually leads to 8 cell failure and death. Risk factors for
T2D encompass obesity, hypertension, elevated triglyceride levels, polygenic changes,
and genetic predisposition [157,158]. GWAS have identified risk genes for Type Il
diabetes, including calpain 10 (CAPN10), transcription factor 7-like 2 (TCF7L2),
proliferator-activated receptor gamma (PPARG), insulin receptor substrate 1 (IRS1) and
IRS-2, potassium inwardly-rectifying channel, subfamily J, member 11 (KCNJ11),
Wolfram syndrome 1 (WFS1), HNF1 homeobox A (HNF1A), HNF1 homeobox B
(HNF1B), hematopoietically expressed homeobox (HHEX), solute carrier family 30
member 8 (SLC30A8), cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B), insulin-like
growth factor 2 mRNA binding protein 2 (IGF2BP2), SORCS2, and SORCS1, among
others [54,159,160].

Both diseases share a common feature of § cell population loss in the pancreas due to
autoimmune-induced cell death in the case of T1D or the exhaustion of 8 cells in T2D. In
the subsequent section, | will delve into various pathological mechanisms, such as

inflammation and cellular stress, that trigger 3 cell death.

1.6.1 Effect of inflammation on beta cell function

The infiltration of immune cells into the pancreas plays a central role in the pathology of
T1D [161,162]. This phenomenon arises from the production of auto-antibodies by
compromised B cells, including insulin, proinsulin, islet antigen 2 (IA-2), glutamic acid
decarboxylase 65 (GAD®65), islet amyloid polypeptide (IAPP), glucose-regulated protein
78 (GRP78), islet-specific glucose-6-phosphatase catalytic subunit-related protein
(IGRP), the cation efflux transporter zinc transporter 8 (ZNT8), and chromogranin
[161,162]. Additionally, it can be attributed to the heightened immune presentation by 3

cells [161,162]. Nevertheless, the role of B cell auto-antibodies in the pathogenesis of



Introduction 31

T1D remains a subject of debate. Therefore, the focus here will be on the mechanisms

of B cell antigen presentation and immune cell-triggered cell death [163].

1.6.1.1 B cell as antigen-presenting cells

In some individuals with T1D and non-obese diabetic (NOD) mouse models, B cells take
on the role of antigen-presenting cells (APCs), marked by the expression of major
histocompatibility complex class Il (MHCII) and the class Il major histocompatibility
complex trans-activator (CIITA) [161,162]. These elements are essential for the
recognition and activation of CD4* T cells [161,162]. Furthermore, human B cells may
also exhibit human leukocyte antigens of class I, which are necessary for engaging CD8*
cytotoxic T cells [161,164].

Moreover, 3 cells possess the capability to release cytokines such as interleukin-1 (IL-
1B), IL-6, IL-8, granulocyte colony-stimulating factor (G-CSF), and macrophage
inflammatory protein-1 [165]. These cytokines can further enhance the infiltration of
immune cells into the pancreas [165]. In response to metabolic challenges or exposure
to cytokines, B cells can also produce intracellular proinflammatory factors, including
nuclear transcription factor kB (NFkB), inducible nitric oxide synthase (iNOS), NADPH
oxidase (NOX), and toll-like receptors (TLRs) [165].

1.6.1.2 Mechanism of immune cell-initiated p cell death

Multiple mechanisms underlie the immune cell-mediated death of B cells. These
mechanisms encompass phagocytosis triggered by macrophages and dendritic cells, the
production of cytokines by CD4* and CD8* T cells, and the activation of death receptors,

leading to apoptosis [165—-168].

1.6.1.2.1 Function of CD8* T cells in mediating g cell death

CD8" T cells employ three distinct mechanisms to induce B cell apoptosis. Firstly, upon
recognizing auto-antigens or cytokines produced by B cells, CD8* T cells release
specialized lysosomes known as lytic granules, containing perforin and granzymes [169].
Perforin creates pores in the lipid bilayer of target cells, enabling the influx of water and

salts, leading to cell destruction [169]. Granzymes, which enter through these perforin-
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formed pores, cleave caspase 3, initiating genomic DNA degradation through caspase-
activated deoxyribonuclease [169]. Secondly, CD8* T cells carry ligands for Fas ligand
(FasL) receptors in B cells. The formation of receptor-ligand complexes triggers caspase-
dependent apoptosis in B cells [169]. Thirdly, CD8* T cells release interferon-y (IFN-y)
along with tumor necrosis factors a and B (TNF-a and TNF-B) [169] . IFN-y induces the
expression of MHC class | on (3 cells, facilitating their swift recognition by immune cells
for destruction [169]. Moreover, all three cytokines possess the capability to activate and

engage macrophages [169].

1.6.1.2.2 Function of CD4* T cells in mediating £ cell death

Three subsets of CD4* T cells play a crucial role in the progression of T1D, specifically
Thl, Thl7, and T follicular helper cells (Tth) [170]. The Thl subset of CD4* T cells is
known for its production of IFN-y [170]. The Th17 subset exerts a pro-diabetic effect by
differentiating into the Th1 subtype [170]. Additionally, both Tfh and Th17 subsets secrete
interleukin-21 (IL-21), which is essential for the proliferation of CD4* T cells and the
activation of CD8* T cells [170]. CD4* T cells and macrophages collaborate to deactivate
immunosuppressive Treg cells, promote the maturation and migration of dendritic cells,

and reduce the production of immunosuppressive IL-10 by B-cells [170].

1.6.1.2.3 Macrophages directed g cell death

Macrophages are commonly found in the pancreatic islets. Under normal conditions, they
play a vital role in sensing ATP released by [ cells, along with insulin, through purinergic
receptors [171,172]. This allows them to monitor B cell activity and secrete the anti-
inflammatory cytokine IL-10, as well as metalloproteinase MMP9 [171,172]. Resident 3
cell macrophages also promote connective tissue growth factor (CTGF)-mediated  cell
proliferation [173]. Moreover, macrophages serve as the primary source of IGF-1,
transforming growth factor B (TGF-B), and epidermal growth factor (EGF) within the
pancreatic islets [173]. These molecules stimulate 8 cell proliferation in response to 3 cell
death [173].

However, under pathological conditions, cytokines and chemokines released by CD4*
and CD8* T cells, such as IFN-y, IL-1B, C-X-C motif chemokine ligand 10 (CXCL10), C-
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Cligand 2 (CCL2), C-Cligand 20 (CCL20), and interleukin-15 (IL15), trigger the activation
of a B cell destruction program by macrophages [171,174]. In particular, infiltrating
macrophages secrete cytokines that activate the pro-apoptotic nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) pathway, and act as antigen-presenting cells

to recruit cytotoxic T-cells, and directly phagocytose 8 cells [173].

1.6.2 ER stress initiated B cell apoptosis

Pancreatic B cells exhibit significant biosynthetic capacity to meet the continuous demand
for insulin production, particularly in response to fluctuations in nutrient levels in the
bloodstream [175-178]. However, the high rate of insulin synthesis and folding in the ER
makes them susceptible to errors, resulting in the accumulation of improperly folded
proteins and triggering ER stress [175-178]. During ER stress, binding immunoglobulin
protein (BiP) binds to exposed hydrophobic regions of unfolded proteins, such as
proinsulin, initiating factors in the unfolded protein response (UPR) [175-178]. These
factors include protein kinase RNA-like ER kinase (PERK), transcription factor 6 (ATF6),
and inositol-requiring enzyme type 1 (IRE1) [175-178].

PERK, functioning as an endoribonuclease, phosphorylates the a subunit of eukaryotic
initiation factor 2 (elF2a) upon activation, thereby inhibiting ER protein translation [175—
178]. PERK also activates activating transcription factor 4 to regulate ER homeostasis
[175-178]. ATF6 moves to the Golgi apparatus where it is cleaved by site 1/2 proteases
(S1P, S2P), creating an active transcription factor that, upon translocation to the nucleus,
activates the transcription of genes encoding chaperones and components of the ER-
associated protein degradation (ERAD) machinery, as well as X-box binding protein 1
(XBP1) [175-178]. IRE1 is another endoribonuclease that splices XBP1 transcripts,
generating an active transcription factor that in turn promotes the transcription of ERAD

genes and the restoration of ER homeostasis [175-178].

While ER stress and the UPR are essential for restoring ER homeostasis and -cell
survival, prolonged or unresolved ER stress can lead to (3 cell apoptosis. Notably, IRE1
can recruit TNF-receptor-associated factor 2 (TRAF2) to phosphorylate c-Jun N-terminal

kinase (JNK), which, in turn, induces apoptosis through the phosphorylation and
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transactivation of c-Jun, resulting in increased expression of pro-apoptotic genes
[178,179].

PERK triggers apoptosis through prolonged elF2a-mediated activation of ATF4, leading
to the activation of the C/EBP homologous protein (CHOP) [178,180]. CHOP promotes
apoptosis by increasing the expression of pro-apoptotic Bcl-2 family proteins, enhancing
Ca?* release through IPsRs, boosting the expression of Tribbles homolog 3 (TRIB3) an
AKT inhibitor, activating the growth arrest and DNA damage-inducible protein (GADD34),
which inhibits elF2a and boosts protein synthesis in the ER [178,180].

While the precise mechanism of how prolonged ATF6 activation can lead to 3 cell death
remains unclear, studies have shown that prolonged inhibition of insulin gene expression

leads to B cell dysfunction and death [178].

1.6.3 Oxidative stress initiated B cell apoptosis

Similar to ER stress, oxidative stress is essential for the normal functioning of 3 cells.
Reactive oxygen species (ROS) generated during oxidative stress enhance insulin
secretion by activating ryanodine receptors (RYRs) [181-184]. However, (3 cells have a
weaker defense system against ROS compared to other cell types, making them more

susceptible to cell death induced by oxidative stress [181-184].

ROS production in B cells is triggered by conditions like hyperglycemia or hyperlipidemia.
In detail, an excess of metabolic fuel elevates the levels of nicotinamide adenine
dinucleotide and flavin, overwhelming the electron transport chain [181-184]. As a result,
electrons leak through complexes | and Il of the mitochondrial electron transport chain
and, upon reacting with molecular oxygen, are converted into H202 and further
transformed into OH™ [181-184]. Other pathways involved in ROS production include the
activation of PKC, the hexosamine and polyol pathways, oxidative phosphorylation, and

advanced glycation [181-184].

Oxidative stress-induced B cell death is mediated by the prolonged activation of AMP-
activated protein kinase (AMPK) and JNK, along with sustained inhibition of mMTOR [181—
184]. Overactivation of AMPK leads to an increase in extracellular-signal-regulated
kinase (ERK) activity, which subsequently inhibits mTOR [181-184]. mTOR is crucial for
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regulating B cell growth, proliferation, autophagy, and apoptosis [181-184]. Inactivation
of mMTOR induces cell death due to the lack of expression inhibition of thioredoxin-
interacting protein (TXNIP) [181-184]. TXNIP translocates to the mitochondria and binds
to TXN2, releasing apoptosis signal-regulating kinase 1 (ASK1) and initiating
mitochondria-mediated apoptosis [181-184]. Furthermore, mTOR inhibition-induced cell
death occurs because TXNIP promotes the formation of the NLR family pyrin domain-
containing 3 (NLRP3) inflammasome, leading to pro-caspase 1 activation,

microperforation of the plasma membrane, and activation of IL-13 [181-184].

1.7 Aim of the thesis project

Given the clinical significance of B cell malfunctions as the underlying cause of
disturbances in glucose metabolism and the development of diabetes, investigating novel
risk genes associated with 8 cell function and pathology is a timely and important pursuit.
In this context, VPS10P domain receptors have emerged as intriguing candidate genes,
connecting targeted protein sorting with metabolic cell functions. This concept is
illustrated by SORCS1, a major risk gene for T2D with genome-wide significance
[51,160]. Notably, SORCSL1 bears a close structural resemblance to SORCS2, which is
also genetically linked to diabetes [54]. However, the precise role of these receptors in

the disease, if any, remains unknown.

Moreover, work conducted by Dr. V. Schmidt-Krtiger in the Willnow lab has provided initial
observations that support the functional relevance of SORCS2 in islet cell function and
systemic glucose homeostasis. Dr. Schmidt used indirect gas calorimetry to investigate
the primary metabolic fuel used by Sorcs2” mice [185]. The results of these studies
showed a decreased respiratory exchange ratio in mutant mice, suggesting a preference

for lipids over glucose as a fuel source [185].

Additionally, glucose tolerance tests, involving the injection of a glucose bolus and the
measurement of blood glucose levels before and after the injection every 15 minutes for
120 minutes, revealed reduced glucose tolerance in mutant animals [185]. This suggests
a potential defect in insulin secretion in response to glucose. In contrast, Sorcs2” mice
performed normally in insulin tolerance tests, which involve the injection of an insulin

bolus and the measurement of blood glucose levels before and after injection, showing
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no significant changes [185]. These findings indicate that metabolic tissues were not

resistant to insulin, and the glucose uptake machinery remained intact.

Based on this data and considering the structural similarity between SORCS2 and
SORCS1, which is involved in insulin granule biogenesis, we hypothesized that SORCS2
might play a role in the regulation of insulin secretion through as yet unknown

mechanisms.

Accordingly, the aim of my study was to investigate the role of SORCS2 in glucose
metabolism and assess its influence on the control of insulin secretion. Utilizing a Sorcs2"
~'mouse model and isolated pancreatic islets from Sorcs2” mice, we aimed to provide a
comprehensive understanding of SORCS2's impact on insulin and glucose regulation,
including the secretion of related hormones and the underlying molecular mechanisms.
The outcomes of this research are anticipated to enhance our comprehension of the
physiological significance of SORCS2 in metabolic regulation. Furthermore, the findings
may carry implications for the development of potential therapeutic strategies targeting

glucose-related disorders.
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2 Methods
2.1 Materials
2.1.1 Oligonucleotides and TagMan probes
Table 1: List of DNA primers used for genotyping PCR
Gene Primer orientation Primer sequence
Sores? Forward GTTCTGGGGACAAGGTCGTC
orcs
Reverse CTGAGCCAGTTGACTGATATGTC

Table 2: TagMan Probes used for gRT-PCR

All TagMan probes for RT-gPCR were ordered from Thermo Fisher Scientific.

Gene TagMan gene expression assay
Gapdh Mm99999915 g1
18SRNA Mm-03928990_g1
Sorcs2 (exon 14-15) MmO00473063_m1l
Sorcs2 (exon 15-16) MmO01217942_ml
Spp1 MmO00436767_m1
lbal MmO00479862_g1
CD40 MmO00441891 m1l
CD32 MmO00438875_m1
IL6 MmO00446190_m1
TNF-alpha MmO00443260-g1
Nos2 MmO00440502_m1
CD3 MmO00446171_m1l
CD40 MmO00441891 m1l
Argl MmO00475988_m1

2.1.2 Antibodies

All peroxidase-labeled antibodies used for Western Blot were purchased from Sigma-

Aldrich and used at a dilution of 1:10000. Fluorophore-conjugated antibodies Alexa

Fluor® 488, 555, 647 used for immunohistochemistry were purchased from Thermo
Fisher Scientific and utilized diluted to 1:1000.
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Table 3: Primary antibodies used for immunohistochemistry and Western Blotting

Target protein Source Catalog number Dilution Application
SORCS2 R&D systems AF4237 1:30 IF
Somatostatin Abcam ab111912 1:250 IF
Glucagon Abcam ab10988 1:150 IF
PPY Abcam ab9391 1:250 IF
Insulin Cell Signaling 8138 1:50 IF
Technology
Insulin Dako IR002 1:4 IF
SSP1 R&D systems MABB808 1:30 IF
DAPI Roche 10236276001 1:2000 IF
SORCS2 in-house 1:1000 wWB
AKT Cell Signaling 4691 1:1000 WB
Technologies
pAKT-T Cell Signaling 2965 1:1000 WwB
Technologies
pAKT-S Cell Signaling 9271 1:1000 wB
Technologies
ERK Cell Signaling 9102 1:1000 wB
Technologies
pPERK Cell Signaling 4370 1:2000 WB
Technologies
CAMP Abcam ab136960 1:500 wWB
PKCalpha Sigma-Aldrich SAB4502354 1:500 WB
Stat3 Cell Signaling 9139 1:1000 wWB
Technologies
pStat3 Cell Signaling 9145 1:2000 WB
Technologies
pPI3K Cell Signaling 4228 1:1000 WB
Technologies
pJINK Cell Signaling 9251 1:1000 wB
Technologies
Vinculin Invitrogen 700062 1:1000 wB
Alpha-tubulin Sigma DM1A 1:1000 wB

* WB, Western blotting; IF, immunofluorescence
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2.1.3 Buffer solutions and cell cultu

Table 4: Buffer solutions used in the study

re media

Buffer solution

Composition

Immun

ohistochemistry

10xTBS (pH 7.6)

200 mM Tris-Base

1500 mM NacCl

Wash buffer

1x TBS + 0.05 % Tween 20

Citrate buffer

10 mM Trisodium citrate dihydrate + 0.05% Tween
20

Blocking solution

10% Normal Donkey Serum (Linaris) +
1% Bovine Serum Albumin (Sigma) +
0.3% Triton X-100 (Sigma)

Primary antibody dilution solution

1x TBS +
1% Normal Donkey Serum +
1% Bovine Serum Albumin +
0.3% Triton X-100

Secondary antibody dilution solution

1xTBS + 0.05% Tween-20

Tissue lysate buffers

Lysis buffer
(pH 7.4)

20 mM Tris, pH 8+
10 mM EDTA + 1 % Triton X-100 + 1% NP40 +
phosphatase inhibitor (Thermo Fischer Scientific,
Cat# 78427) + protease inhibitor (Roche, Cat#
11836145001)

Western Blotting buffers

4x Laemmli sample buffer

250 mM Tris, pH 6.8 + 8% SDS +
1% Bromophenol blue +
40 % Glycerol + 5% 2-Mercaptoethanol

Running buffer

50 mM Tris + 384 mM Glycine +
0.1% SDS

Transfer buffer

18 mM Tris + 155 mM Glycine

Washing solution

20 mM Tris + pH 7.5, 150 mM NaCl + 0.1% Tween-
20

Blocking solution

20 mM Tris, pH 7.5 + 150 mM NaCl + 0.1% Tween-
20 +
5% Skimmed milk

Antibody diluent

5% BSA + 20 mM Tris, pH 7.5 + 150 mM NaCl +
0.1% Tween-20
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Pancreatic islet lysate buffer

NP40 lysis buffer

150 mM NaCl + 20 mM Tris +
1 mM EDTA + 0.5 mM EGTA +
5% Glycerol + 0.5% IGEPAL (NP40) +
1mM Phenylmethylsulfonyl fluoride (PMSF) (Serva,
#32395.03) +
25 pg/ml Aprotinin (Serva, #13718.01) +
25 pg/ml Leupeptin (Serva, #51867.02) +
3.3 pg/ml Pepstatin (Serva, #52682.02)

Buffers for pancreatic islet secretion assay

Kreb’s Ringer’s buffer Hepes (KRBH)
(pH 7.4)

129 mM NaCl + 4.8 mM KCI +
1.2 mM MgS0O4-7H20 + 1.2 mM KH2PO4 + 5mM
NaHCOs + 2.5 mM CaCl.+ 10 mM HEPES

KRBH with glucose/KCI

KRBH + 1.6- or 16-mM Glucose, or 30 mM KCI +
0.25% Bovine serum albumin + 600 KIU/ml Aprotinin

Table 5: Colorimetric and fluorometric kits for lipid analyses

Name Manufacturer Catalog number
Free Fatty Acid Quantification Colorimetric/Fluorometric Kit BioVision K612-100
Triglyceride Colorimetric Assay Kit Cayman 10010303
Chemicals
Amplex Red Cholesterol Assay Kit Invitrogen A12216
Glycogen Colorimetric/Fluorometric Assay Kit BioVision K646-100
Table 6: ELISA kits used in the study
Name Manufacturer Catalog number
Insulin Crystal Chemicals, USA 90080
C-peptide Crystal Chemicals, USA 90050
Glucagon Crystal Chemicals, USA 81518
GLP-1 Crystal Chemicals, USA 81508
Somatostatin Phoenix Pharmaceuticals Inc, USA EKE-060-03
Somatostatin-28 Phoenix Pharmaceuticals Inc, USA FEK-060-14
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Neuropeptide Y Phoenix Pharmaceuticals Inc, USA EK-049-03
Peptide YY Phoenix Pharmaceuticals. Inc, USA EK-059-04
Osteopontin Abcam, USA ab100734

2.2 Invivo experimental methods

2.2.1 Sorcs?2 deficient mice

The Sorcs2 deficient mouse model was established following previously published
protocols [186]. These mice were maintained through inbreeding on a C57BL6/N
background and were housed in a controlled environment featuring a 12-hour light/dark
cycle. The mice were provided with a standard chow diet containing 4.5% crude fat and
39% carbohydrates. For the study, male mice aged between 20 and 30 weeks were
selected as experimental subjects. Ethical approval for all experimental procedures was
obtained from the Berlin State Office for Health and Social Affairs (LAGESO, Berlin,

Germany), ensuring compliance with ethical guidelines and standards.

2.2.2 Animal body weight and length measurement

Prior to and following a 16-hour fasting period, animals underwent weighing to assess
changes in body weight. Additionally, the length of animals was measured from the nose

to the base of the tail.

2.2.3 Lipid levels measurements in metabolic tissues and plasma

Mice underwent a 16-hour overnight fast before the collection of blood from the retro-
orbital plexus into EDTA-coated tubes (Sarstedt, #20.1341). Plasma was obtained
through centrifugation (2000 g at 4°C for 20 minutes). Subsequently, mice were sacrificed
via cervical dislocation. Liver and gastrocnemius muscles were promptly dissected,
placed in plastic tubes and flash-frozen in liquid nitrogen, and stored at -80°C until further

analysis.

For lipid extraction, tissues from the liver and gastrocnemius muscles were processed
following the protocols outlined in the Free Fatty Acid Quantification Kit (Table 5).
Specifically, 200 pl of chloroform was added to 10 g of tissue, followed by homogenization

using an Ultra-Turrax (IKA T25B) and subsequent centrifugation for 10 minutes at
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161,000 g. The lower phase was collected, and to ensure complete chloroform
evaporation, samples were air-dried overnight. Dried lipids were then dissolved in 200 pl
of Free Fatty Acid Assay Buffer from the kit, vortexed vigorously for 5 minutes, and

prepared for subsequent analyses.

Levels of cholesterol, triglycerides, and free fatty acids were quantified following the
manufacturer's recommendations, utilizing commercially available colorimetric and

fluorometric kits (Table 5).

2.2.4 Glycogen level measurement in metabolic tissues.

After an overnight fast lasting 16 hours, mice were subjected to the extraction of liver and
skeletal muscles on the subsequent day. The extracted tissues were placed in plastic
tubes, promptly frozen in liquid nitrogen and preserved at -80°C until further analysis.
Glycogen extraction was carried out in accordance with the manufacturer's protocol
(Table 5).

Briefly, 10 g of tissue was homogenized with ice-cold distilled water (dH20), using an
Ultra-Turrax (IKA T25B), followed by boiling for 10 minutes. The homogenate was then
subjected to centrifugation for 10 minutes at 16,000 g. The resulting supernatant was

analyzed using a commercially available colorimetric kit (Table 5).

2.2.5 Immunohistochemistry

2.2.5.1 Co-staining of SORCS2 with pancreatic islet cell markers

After initial weighing, mice were injected with a pentobarbital dose of 2.5 mg/kg body
weight. Subsequently, transcardial perfusion was carried out consecutively using PBS
and 4% paraformaldehyde (PFA). Pancreata were harvested, fixed overnight in 4% PFA
at 4°C, and then subjected to a 24-hour dehydration process in sucrose solutions of
increasing concentrations (10%, 20%, and 30%). Following dehydration, the tissues were
frozen at -80°C in OCT-filled cryomolds (SAKURA, #4583). Tissue sections of 4 ym were

prepared using a sliding microtome SM2000R (Leica Biosystems).

The tissue sections were rehydrated in 1x PBS for 15 minutes, underwent antigen

retrieval in sodium citrate buffer pH 8.5 (Table 4) at 80°C for 30 minutes [187], and were
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treated with a blocking solution for 1 hour at room temperature (Table 4). Primary
antibodies were applied overnight at 4°C, followed by the application of secondary
antibodies for 1 hour at room temperature. Nuclei were counterstained with DAPI.

Imaging was conducted using a Leica SP8 DLS confocal microscope with a 63x objective.

To delineate the SORCS2 expression pattern in pancreatic islets, co-staining was
performed with pancreatic cell markers, including glucagon (a cells), insulin (B cells),
somatostatin (6 cells), and PPY (PP cells) (Table 3).

2.2.5.2 Pancreatic islet morphological analysis

Animals were initially weighed, followed by the administration of a pentobarbital dose of
2.5 mg/kg body weight. Subsequently, transcardial perfusion was conducted
consecutively using PBS and 4% PFA. The harvested pancreata underwent fixation
overnight in 4% PFA. Tissues were then dehydrated and embedded in paraffin utilizing

an automatic tissue processor (Leica TP1020) with the following steps:

Step Reagent Time Times
1 70 % Ethanol in distilled water 1h 1x
2 90 % Ethanol in distilled water 1h 1x
3 96 % Ethanol in distilled water 1h 1x
4 100 % Ethanol in distilled water 1h 3x
5 Roti-Histol 1h 3x
6 Paroplast Plus 1lh 2X

The processed tissues were then sectioned into 4 ym slices using an automatic
microtome (Thermo ScientificTM HM 355S). Subsequently, rehydration was performed

with the following steps:

Step Reagent Time Times
1 Roti-Histol 5 min 2x
2 100 % Ethanol in distilled water 5 min 2x
3 95 % Ethanol in distilled water 5 min 1x
4 80 % Ethanol in distilled water 5 min 1x
5 70 % Ethanol in distilled water 5 min 1x
6 50 % Ethanol in distilled water 5 min 1x
7 Distilled water 10 min 1x
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The rehydrated tissues underwent antigen retrieval (citrate buffer, pH 6) at 95°C for 20
minutes (Table 4). Blocking and primary antibody solutions were prepared as previously
described (Table 4). Tissues were stained for pancreatic cell markers including glucagon,
insulin, somatostatin, and PPY (Table 3). Nuclei were counterstained with DAPI (Table
3). Images were captured using a Leica SP8 DLS confocal microscope with a 63x
objective. The CellProfiler software was employed to measure the surface area occupied
by different cell-type populations in islets of Langerhans [188]. Briefly, pancreata were
stained for DAPI and cell markers mentioned above. The percentage of cell-type areas
was quantified by dividing the marker area (defined by the software) by the total islet area

(defined manually).

2.2.5.3 Pancreatic beta cell mass analysis

The mice were sacrificed by cervical dislocation. Pancreata were subsequently dissected,
weighed, and fixed overnight in 4% PFA. The fixed tissues underwent process of
dehydration and embedding in paraffin as described in 2.2.5.2. The processed tissues
were sectioned into eight slices, each 6 ym thick and spaced 200 um apart. The tissue
sections were rehydrated using the previously described protocol (2.2.5.2). Following
rehydration, immunostaining for insulin (Table 3) was performed, and the stained tissues
were imaged on a Leica DMI6000 wide-field microscope with a 10x objective. Beta cell

mass was quantified as described previously [189], using provided formulas:

] ) insulin area
% insulin area = - X 100%
total tissue area

beta cell mass = pancreas weight X % insulin area

2.2.6 Glucose-stimulated insulin secretion (GSIS) in vivo

The experimental procedure involved a 16-hour fasting period for the mice. On the
subsequent day, the animals were weighed, and intraperitoneally (i.p.) injected with 2
g/kg of body weight of D-glucose in sterile filtered PBS [190,191]. Venous blood was
collected at 0, 2, and 30 minutes from the retro-orbital plexus into EDTA-coated tubes
containing 600 KIU/ml aprotinin. Plasma samples were obtained by centrifugation of

blood samples at 2000g at 4°C for 20 minutes (Eppendorf 5415R centrifuge). Following
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centrifugation, plasma samples were promptly frozen in liquid nitrogen and stored at -
80°C until further use.

2.3 Invitro experimental methods

2.3.1 Islet of Langerhans isolation

The collagenase dissociation method was applied to obtain isolated islets of Langerhans
from murine pancreata. Mice were sacrificed by cervical dislocation. The body cavity was
opened, and the duodenal was clamped from both sides of the ampulla of Vater. The
pancreas was inflated by injection of 3 ml of ice-cold dissociation solution (1000 U/ml
collagenase (Sigma, #C9407-16), 1xHBSS (Gibco, #14175053), and 0.04 % FBS (Gibco,
#0270106)) into the bile duct with a 27G needle. Pancreata were carefully removed and
placed into 2 ml of dissociation solution at 37°C for 12 min, followed by 20 seconds of
manual shaking. The activity of the collagenase was stopped with an ice-cold wash
solution (1xHBSS, 0.04% FBS, 1 mM CaClz). The tissue lysate was centrifuged twice at
2000 g. After each centrifugation step, the supernatant was removed, and a fresh
washing solution was added. The tissue pellet was dissociated in wash buffer and filtered
through a 70 um cell strainer (Falcon, #352350). Islets were handpicked into media (RPMI
1640 (PAN Biotech, #P04-16516)), 1% L-glutamine (Gibco, #25030-024), 1%
Penicillin/Streptomycin (Gibco, #15140-122), 10% FBS) and cultured overnight at 37°C
and with 5% COa.

2.3.2 Pancreatic islet collection for Western blot and RT-qPCR

Pancreatic islets were isolated following the procedure outlined in section 2.3.1. For
Western Blotting, pancreatic islets from two to three mice were pooled to achieve 300 -
350 islets per sample. To investigate inflammatory cell infiltration into pancreatic islets,
150 - 200 islets per sample were allowed to rest for 2 hours in a culture medium,
handpicked, washed in PBS, frozen in dry ice, and stored at -80°C for subsequent
analysis. For the analysis of target genes in single-cell RNAseq, 150 - 200 pancreatic
islets were isolated using the aforementioned method, left overnight in a culture medium,
and, on the following day, washed in PBS, frozen in liquid nitrogen, and stored at -80°C

for further use.
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2.3.3 Glucose-stimulated insulin secretion (GSIS) in vitro

Thirty islets per sample were handpicked into low protein-binding tubes (ThermoFisher,
#90410) and washed with KRBH containing 11 mM glucose. Following pre-incubation
with KRBH buffer containing 1.6 mM glucose for 1 hour at 37°C, the islets underwent
sequential incubation in 1.6 mM glucose KRBH and 16 mM glucose KRBH, for 1 hour at
37°C and in 30 mM KCI KRBH for 30 min at 37°C. Alternatively, islets were subjected to
a sequence of 1.6 mM glucose in KRBH and 16 mM glucose in KRBH for 1 hour at 37°C
each. The supernatant was collected after each round into new tubes coated with 600
KIU/ml aprotinin. After the final round, islets were washed once with 1x PBS (Gibco,
#14200-067). Both the supernatant and islets were promptly frozen in liquid nitrogen and

stored at -80°C until further use.

2.3.4 Isolated pancreatic islets perifusion studies

Islet perifusion studies were performed using the PERI4.2 set-up. Isolated and overnight
recovered pancreatic islets were initially consecutively preincubated with fresh medium
(30 min) and 1.6 mM glucose KRBH (30 min). Groups of 19-30 handpicked islets were
equilibrated in 1.6 mM glucose KRBH (flow-through discarded) for 1 h (rest), followed by
sequential perifusion with 1.6 mM glucose (18 min) and 16 mM glucose (1 h) in KRBH
with a flow rate of 100 ul/min. At the end of the experiment, islets were lysed in TE buffer
(10 mM Tris-HCI, 1 mM EDTA, 1% Triton X-100) and sonicated 10x for 30 sec with a 30
sec interval between sonication to measure DNA content. DNA content was measured

with Quand-iT Picogreen DNA Kkit. Insulin levels were normalized to DNA content.

2.3.5 Pancreatic islet protein content analysis

To assess the protein content of the islets, a rigorous process was followed. Islets were
vortexed for 1 minute and then incubated for 25 minutes at 4°C with NP40 lysis buffer
(Table 4). Following this, the samples were centrifuged at 14,0009 for 20 minutes at 4°C.
The resulting supernatant was carefully transferred to a new tube. Subsequently, the
protein concentration in the supernatant was determined using the Pierce BCA protein
assay kit (ThermoFisher, #23225).
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2.3.6 Total islet hormone content analysis

For the analysis of total islet hormone content, 30 handpicked islets were carefully

collected into low-protein binding tubes and subsequently lysed as described in 2.3.5.

2.3.7 Osteopontin secretion analysis

Pancreatic islets were isolated following the procedure outlined in section 2.3.1 and
allowed to rest in a cultural medium for 2 hours. Subsequently, 200 - 300 islets per sample
were placed in 6-well plates with 1.5 ml of cultural medium and left for 16 hours at 37°C.

The following day, both islets and the medium were collected for further analyses.

2.3.8 ELISA to determine secreted and total islet hormone levels

Hormone levels in plasma from in vivo GSIR experiments, supernatant from in vitro GSIR
experiments, medium from osteopontin studies, or total islet lysates were quantified using
commercially available ELISA kits, following the manufacturer's recommendations (Table
6). To ensure accuracy and relevance, hormone levels were normalized to the total islet

protein content, providing a standardized measure for comparative analyses.

2.3.9 Electron Microscopy analysis

2.3.9.1 Samples preparation

Pancreatic islets were isolated following the procedure detailed in section 2.3.1.
Subsequently, the isolated islets were cultured overnight in a culture medium. For further
experimentation, one hundred fifty islets per sample were handpicked into low protein-
binding tubes and washed with KRBH containing 11 mM D-glucose. The islets were then
incubated for 1 hour in 1.6 mM glucose, followed by another hour in either 1.6 mM or 16
mM D-glucose in KRBH. After this incubation, the islets were washed with PBS and fixed
by immersion in a solution comprising 4% (w/v) paraformaldehyde and 2.5% (v/v)

glutaraldehyde in 0.1 M phosphate buffer for 2 hours at room temperature.

2.3.9.2 Postfixation, sectioning, and imaging

The postfixation, sectioning and imaging of samples was performed by electron

microscopy facility in Max Delbueck Centre for Molecular Medicine. The samples were
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postfixed in 1% (v/v) osmium tetroxide in 0.1 M phosphate buffer for 2 hours at room
temperature, followed by an overnight incubation in 0.5% uranyl acetate at 4°C. The
samples were then further dehydrated through a graded ethanol series and embedded

according to the following protocol:

Step | Reagent Time Temperature Times
1 30% Ethanol in distilled water 30 min 4°C 1x
2 50% Ethanol in distilled water 30 min 4°C 2X
3 70% Ethanol in distilled water 30 min 4°C 1x
4 70% Ethanol in distilled water Overnight 4°C 1x
5 90% Ethanol in distilled water 30 min 4°C 2x
6 100% Ethanol in distilled water 30 min 4°C 2x
7 Propylene oxide 15 min RT 2X
8 Propylene oxide:PolyBed ® 812 (1:1) 30 min RT 2X
9 Propylene oxide: PolyBed ® 812 (1:2) 30 min RT 2X
10 100% EPON 2h RT 1x
11 100% EPON Overnight RT 1x
12 100% EPON 3h RT 2X

After embedding, the samples were polymerized at 60°C for 2-3 days, cut into 60-80 nm
sections, and stained consecutively with 0.5% uranyl acetate in H20 for 30 minutes and
with 3% lead citrate in H20 for 7 minutes using a contrasting automat Leica AC20. They
were then examined at 80 kV with an electron microscope Zeiss EM 910 equipped with

a Quemesa CCD camera and iTEM software.

2.3.9.3 Image analysis

Fifteen to thirty B cell images per sample (n = 4) were analyzed through manual
guantification of mature, immature, crystal-containing, and empty vesicles in the entire
cell (total) or within 0.2 pum from the plasma membrane (docked). The numbers are

reported as the total number of vesicles per cell area [192—-194].

2.3.10 Preparation of single-cell islet cell suspension for scRNA-seq

Islets were isolated in accordance with the procedure outlined in section 2.3.1. Following
an overnight recovery period, islets from three animals per genotype, totaling 400 - 600

islets per sample, were collected in tubes. The islets were washed once in PBS and
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subjected to digestion in 200 ul Accutase (Innovative Cell Technologies, #AT-104) with
the addition of 50 units/ml DNAse-1 (Roche, #EN0521) for 10 minutes at 37°C [195].
Throughout the digestion, islets were pipetted 10 times up and down every 5 minutes.
The digestion reaction was halted by adding 1 ml of 0.5 mM EDTA, 2% FBS in HBSS.
The resulting cell suspension was centrifuged for 3 minutes at 200 g and washed with the
same solution. The cell pellet was resuspended in 1% BSA in PBS by pipetting four times
up and down and subsequently filtered through a 40 ym Flowmi strainer (CarlRoth,
#KKE3.1).

To eliminate apoptotic and duplet cells, the cell suspension underwent staining with
propidium iodide (Invitrogen, #R37610), followed by flow cytometry using a BD FACSAria
lll (BD Biosciences, USA). Specifically, flow cytometry voltage and gain settings for the
forward scatter and side scatter were optimized to identify a cluster of single-cell
population based on the forward scatter area, as doublet and aggregated cells exhibit
higher forward scatter areas. To exclude dead cells, the cell suspension was incubated
with propidium iodide for 5 minutes before proceeding with flow cytometry analysis. Cells

with excitation/emission at 535/617 nm were counted as apoptotic.

2.3.11 Single-cell RNA sequencing (scRNA-seq)

2.3.11.1 ScRNA-seq library preparation

SCRNA-seq library preparation and sequencing were conducted by Genomics

Technology Platform, Max Delbriick Center for Molecular Medicine.

For scRNA-seq library generation, the Chromium Next GEM Single Cell 3' Reagent Kit
v3.1 dual index (10X Genomics Inc., USA, Cat# PN-1000268) was employed. The

experiment involved six samples and was performed on two separate days.

SRNA-seq library preparation workflow:

3.3.10.1.1. Cell barcoding and separation

3.3.10.1.2. cDNA barcoding with reverse transcription

3.3.10.1.3. cDNA purification

3.3.10.1.4. cDNA amplification

3.3.10.1.5. 3 Gene expression library construction
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3.3.10.1.5.1. cDNA fragmentation, end repair, and A-tailing

3.3.10.1. 5.2. cDNA post-fragmentation, A-tailing double-sided size selection

3.3.10.1.5.3. cDNA adaptor ligation

3.3.10.1.5.4. cDNA post-ligation purification

3.3.10.1.5.5. Sample index PCR

3.3.10.1.5.6. Post Sample Index PCR double-sided size selection

3.3.10.1.5.7. Quality control analysis

2.3.11.1.1 Cell barcoding and separation

To create a droplet emulsion targeting 10,000 cells, a 75 pl solution was prepared by
combining 2 ul of nuclease-free water, 41.3 pl of single-cell suspension, and the Master
Mix. This solution was carefully added to the first row of the microfluidic Next Gem Chip
G (10X Genomics Inc., USA, Cat# PN-1000120).

Master Mix Catalog number 1x (uh)
RT Reagent B 2000165 18.8
Template Switch Oligo 3000228 2.4
Reducing Agent B 2000087 2
RT enzyme C 2000085 8.7

To optimize the droplet generation process, the unused wells in the first row of the Next
Gem Chip G were filled with 70 ul of 50% Glycerol. Moving to the second row, 50 pl of
either Single-cell 3’ v3.1 Gel Beads (2000164) or 50% Glycerol (for unused wells) was
added. The third row of the Next Gem Chip G was filled with 45 pl of Partitioning oil
(2000190) or 45 pl of 50% Glycerol for unused wells.

Subsequently, the prepared Gem Chip G was promptly loaded into the Chromium
Controller X (10X Genomics Inc., USA) and processed for 18 minutes. During this step,
the partitioning oil droplet facilitated the combination of a single cell with a unique
barcode, ensuring the separation of individual cells and the generation of droplets for

downstream single-cell analysis.

2.3.11.1.2 cDNA barcoding with reverse transcription

After the completion of single-cell barcoding and separation, the next step involves

reverse transcription to generate barcoded cDNA from polyadenylated mRNA. This
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process is carried out by incubating samples in a thermal cycler using the following

protocol:
Step Temperature (°C) Time (min)
1 53 45
2 85 5
3 4 Hold

Following the reverse transcription reaction, the recovery agent and partitioning oil were
discarded. Simultaneously, the aqueous phase, which contains the generated cDNA, was
retained for subsequent purification and amplification steps in the single-cell RNA
sequencing workflow. This separation allows for the isolation and processing of the
cDNA, ensuring the fidelity and quality of the sequencing data obtained from individual

cells.

2.3.11.1.3 cDNA purification

For the purification of first-strand cDNA from the reverse transcription reaction, a 200 pl
volume of Dynabeads Cleanup Mix was introduced to the aqueous phase. The entire
solution was then subjected to pipetting ten times and incubated for 10 minutes at room
temperature. An additional pipetting step was performed 5 minutes into the incubation
period. This purification step is crucial for removing unwanted components and
contaminants, ensuring the isolation of high-quality cDNA for subsequent analyses in the

scRNA-seq workflow.

Dynabeads Cleanup Mix Catalog number 1x (uh)
Cleanup buffer 2000088 182
Dynabeads MyOne SILANE 2000048 8
Reducing agent B 2000087 5
Nuclease-free water 5

Following the incubation period, magnetic separation was employed using a 10x
Magnetic Separator to effectively separate the Dynabeads. Subsequently, the
supernatant (containing the aqueous phase and recovery agent) was carefully removed,
leaving the Dynabeads behind. The remaining Dynabeads underwent two washes with
200-300 pl of freshly prepared 80% ethanol, each lasting for 30 seconds. After each



Results 52

wash, a brief centrifugation and magnetic separation were performed to remove the
remaining ethanol. The washed Dynabeads were then subjected to incubation with
Elution Solution | for 2 minutes, followed by one more round of magnetic separation to
isolate the purified cDNA. This multi-step process ensures the efficient removal of

contaminants and the recovery of high-quality cDNA for subsequent analyses.

Elution Solution | Catalog number Ix (ul)
Buffer EB Qiagen, 19086 98
10% Tween 20 1
Reducing Agent B 2000087 1

2.3.11.1.4 cDNA amplification

The cDNA amplification process involves mixing the samples with a cDNA amplification

mix and incubating them in a thermal cycler. The amplification protocol followed these

steps:
cDNA Amplification Reaction Catalog number 1x (uh)
Mix

Amp Mix 2000047 50

cDNA primers 2000089 15

Step Temperature (°C) Time (min) Cycles number
1 98 3 1
2 98 15s 11
3 63 20s 11
4 72 1 11
5 98 15s 11
6 72 1 1
7 4 Hold

After cDNA amplification, the next steps involved purification and elution. The amplified
cDNA was subjected to a 5-minute incubation with 0.6x SPRIselect reagent (Beckman
Coulter, B23318). Following this, a magnetic separation process was applied to separate
the cDNA from the reagent. Subsequently, the purified cDNA underwent two washes with
ethanol, each followed by a brief centrifugation. After removing the remaining ethanol, the

cDNA was eluted by pipetting it 15 times with 40.5 pl buffer EB. Finally, a final magnetic
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separation step was performed to obtain the purified and eluted cDNA, ready for further
downstream applications. This purification process ensures the removal of contaminants

and the recovery of high-quality amplified cDNA.

2.3.11.1.5 3’ Gene expression library construction

2.3.11.1.5.1 cDNA fragmentation, end repair, and A-tailing

For the library preparation of purified and amplified cDNA, a 10 pl of cDNA was employed.
The library preparation process began by mixing the cDNA with 25 pl of buffer EB and 15
pl of Fragmentation mix. This mixture was then pipetted 15 times to ensure thorough

mixing. The following protocol was applied to initiate fragmentation, end repair, and A-

tailing:
Fragmentation Mix Catalog number Ix (ul)
Fragmentation Buffer 200091 5
Fragmentation Enzyme 200090 10
Step Temperature (°C) Time (min)
Fragmentation 32 5
End repair and A-tailing 65 30
Hold 4 Hold

2.3.11.1.5.2 cDNA post-fragmentation, A-tailing double-sided size selection

After the fragmentation, end repair, and A-tailing steps in library preparation, the double-
sided size selection process proceeded as follows. Samples were pipetted 15 times and
incubated for 5 minutes at room temperature with 30 pl of 0.6x SPRIselect reagent,
followed by magnetic separation. The supernatant was then mixed with 10 pl of 0.8x
SPRIselect reagent, underwent a 5-minute incubation at room temperature, and was
subjected to magnetic separation. Two washes with 80% ethanol were performed,
followed by a final magnetic separation. The samples were mixed with 50.5 ul of buffer
EB, incubated for 2 minutes at room temperature, and then subjected to a final magnetic
separation. These steps ensure size selection, purification, and removal of unwanted

fragments, preparing the library for downstream sequencing applications.
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2.3.11.1.5.3 cDNA adaptor ligation

For adaptor ligation, the samples were combined with the Adaptor ligation mix and

incubated in a thermal cycler following the specified protocol:

Adaptor Mix Catalogue number 1x (uh)
Ligation Buffer 200092 20
DNA Ligase 220110 10
Adaptor Oligos 2000094 20
Step Temperature (°C) Time (min)
1 20 15
Hold 4 Hold

The process allows for the attachment of sequencing adaptors to the cDNA fragments,
enabling the identification and sequencing of individual molecules in the subsequent

steps.

2.3.11.1.5.4 cDNA post-ligation purification

Following adaptor ligation, post-ligation purification involved pipetting and a 5-minute
incubation at room temperature with 80 pl of 0.8x SPRIselect reagent. This was followed
by magnetic separation, two washes with 80% ethanol, brief centrifugation, addition, and

15x pipetting with buffer EB, and a final magnetic separation.

2.3.11.1.5.5 Sample index PCR

Samples (30 ul), were combined with 50 pl of Amp Mix (Cat# 20000470) and 20 pl of
Dual Index TT Set A (Cat# 1000215). The sample index PCR was then carried out,

following the specified protocol:
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Step Temperature (°C) Time (min) Cycles number

1 98 45 1
2 98 20s 16
3 54 30s 16
4 72 20s 16
5 98 20s 16
6 72 1 1
7 4 Hold

2.3.11.1.5.6 Post Sample index double-sided size selection

Samples (30 ul) were combined with 60 pl of 0.6x SPRIselect reagent. They underwent
15x pipetting, followed by a 5-minute incubation at room temperature and magnetic
separation. The supernatant was then mixed with 20 pl of 0.8x SPRIselect reagent,
pipetted 15 times, incubated for 5 minutes at room temperature, and subjected to
magnetic separation. Beads were washed twice with 80% ethanol, centrifuged,
magnetically separated, combined with 35.5 pl of buffer EB, incubated for 3 minutes, and
magnetically separated. This multi-step process ensured the purification and
concentration of the PCR-amplified samples, preparing them for downstream sequencing

applications.

2.3.11.1.5.7 Quality control analysis

Quality control was performed with High Sensitivity D1000 Screen Tape (Agilent, USA).

2.3.11.2 Sequencing

The library pools underwent denaturation by treating them with 0.2 M NaOH, followed by
centrifugation at 280g for 1 minute and an 8-minute incubation. The reaction was
neutralized by incubating the samples with 400 mM Tris-HCI pH 8.0 and then centrifuging
at 280g for 1 minute. Subsequently, the samples were sequenced on a NovaSeq 6000
instrument (lllumina, USA) to achieve a depth of 40,000 mean read pairs per cell. This
sequencing step is crucial for obtaining the genomic information from the prepared

libraries.
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2.3.11.3 Data analysis

Data analysis, encompassing sequence alignment, gene-level count analysis, data
normalization, and dimensional reduction, was conducted by Per Qvist, an associate

professor at the Department of Biomedicine of Aarhus University.

2.3.11.3.1 Data alignment to mouse genome

The sequence data underwent alignment to the mouse genome GRCm39 using STAR
version 2.7.8a [196] on Galaxy [197]. The workflow for sequence alignment involved two
main steps. First, genome index files were generated from the mouse reference genome
sequences and annotations. Subsequently, scRNA-seq reads generated during
sequencing were mapped to these genome index files. During the mapping process,
CellRanger > 3 was utilized to filter out unique molecular identifiers with lower counts that

matched to more than one gene.

2.3.11.3.2 Single count matrix creation

Gene-level counts for cells in each sample were aggregated into a single count matrix
using the DropletUtils tool [198] on Galaxy [197]. The process involved generating a
single count matrix from gene-level counts using the createDropletObject function.
Quality control was performed to filter out low-quality cells with the dropletFilter function.
Finally, the single counts matrix was obtained using the DropletUtils::counts function

from DropletUtils.

2.3.11.3.3 Pretreatment analysis, normalization and dimensional reduction

Pretreatment analysis, normalization and dimensional reduction were performed using
Automated Single Cell Analysis Platform VI (ASAP) [199]. The filtering criteria for cell
exclusion were based on the following thresholds: quantity of genes per cell (1000),
protein-coding gene count (80), mitochondrial content (20), ribosomal content (40), and
sequence reading depth (1000). After the pretreatment process, 8,846 cells and 22,106
genes were retained for further analysis.

Normalization of the data was performed using Seurat [200]. During this step, feature
counts for each cell were divided by the total counts for that cell, multiplied by the scale

factor (10000), and then natural log-transformed.
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Dimensional reduction was achieved through uniform manifold approximation and
projection (UMAP) [201]. This method calculates pairwise distances between cells based
on their gene expression profiles and identifies nearest neighbors for each cell [201].
Clusters of cells were annotated using Seurat based on highly upregulated differentially
expressed genes (DEGSs) for each cluster [202]. The gene count in cells from one cluster
was compared to all the other cells, and upregulated genes for each cluster were utilized

for cluster annotation.

2.3.11.3.4 Differential gene expression

Differentially expressed gene analysis was performed with linear models for microarray
data (limma) [203] or model-based analysis of single-cell transcriptomics (MAST) [204]
in RStudio.

Differentially expressed gene analysis workflow with limma:

Cluster data extraction

Gene filtering

Data normalization with timmed mean of M values (TMM) method

Design and contrast matrix creation

Linear model fit creation with design and contrast matrix

Empirical Bayes moderation of the standard errors

N o g M w N e

Differential gene expression with linear models for microarray data (limma)

From the normalized single-count matrix, cell gene counts for each cluster were extracted
based on a metadata file containing information on cell cluster accession, cell type, and
genotype. The extracted data underwent filtering to exclude genes present in fewer than
3 cells. Subsequently, the extracted and filtered data were normalized using the TMM
method, implemented through the calcNormFactors command [205,206]. The TMM
method normalizes the read count for each gene based on the total sum of counts across
all genes for each cell. It calculates the log2 fold change (M value) between Sorcs2** and

Sorcs2”- samples using the following formula:
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M Sorcs2™/~samples count

=lo
g2 Sorcs2*/*samples count

M values are then used to calculate an absolute expression count (A) with the following

formula:

_ log,(Sorcs2™/~ sample) + log, (Sorcs2*/* sample)

A
2

For each cell, upper and lower percentages of the data were trimmed by 30% for M values
and 5% for A values to eliminate DEGs [205,206]. Subsequently, a trimmed M value was
determined for each cell, and the single-count matrix was scaled by the trimmed M value
and the total count [205,206]. This process helps in normalizing and adjusting the data,

ensuring that it is appropriately scaled for further analysis.

Following the normalization process, design and contrast matrices were created based
on genotype and batch accession of cells in the metadata. These matrices were then
utilized to fit the linear model on the gene expression data using the ImFit() function,
facilitating the modeling of the relationship between gene expression levels and
genotypes [203]. Subsequently, the linear model's standard errors were subjected to
empirical Bayes moderation with the eBayes() function to enhance the stability of
differential expression estimates [207]. The final step before conducting DEG analysis
involved the application of the topTable() function. This function was used to identify
highly differentially expressed genes based on significance criteria such as a p-value
threshold (<0.05) and a false discovery rate (<0.05) [203].

In the pursuit of understanding the differential expression of genes associated with
glucose and insulin handling, maturation, and transcription factors, data specific to
Sorcs2** B cell clusters was extracted. This extracted matrix was then transformed into
a Seurat object utilizing the CreateSeuratObject() function. The identification of
differentially expressed marker genes was carried out through the MAST test, employing
the FindMarkers() function. To enhance interpretability, the results were visualized with
violin plot using the ggplot() function.
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2.3.11.3.5 Data availability

The raw scRNA-seq data has been deposited in the GEO database under the accession
number GSE231551. The detailed scRNA-seq data analysis is accessible at
https://asap.epfl.ch/ with the public key: ASAP93.

2.3.11.3.6 Gene Ontology (GO) analysis

GO analysis was conducted using the clusterProfiler R package [208,209] within RStudio.
The list of differentially expressed genes and log2(Fold change), obtained through limma
analysis, served as input. The analysis utilized mouse genome-wide annotation packages
from Bioconductor [210].

For cell-type-specific GO analysis between genotypes, differentially expressed genes
were initially sorted by log2 (Fold change). Gene Set Enrichment Analysis (GSEA) [211]
was then applied using the gseGO() function. GSEA was chosen for its capacity to
consider the overall expression pattern of genes, providing insights into the impact of
Sorcs2”- on pathways [212]. Key parameters for GSEA included 10,000 permutations
(nPerm), a minimum gene set size of 3 (MiNGSSize), a maximum gene set size of 800
(maxGSSize), a p-value cutoff of 0.05, and the Benjamini-Hochberg procedure for p-value

adjustment.

Visualization of GO terms was achieved using the dotplot() and cnetplot() functions from
the clusterProfiler R package [208,209]. The dot plot presents a list of activated or
suppressed pathways, sorted by normalized enrichment score and linked to differentially
expressed genes. The net plot illustrates all genes and their expression patterns found
among the differentially expressed genes associated with a specific GO term, as

presented in the dot plot.

To characterize beta clusters with aberrant cell numbers in Sorcs2” samples, gene
counts in these clusters were compared with those in Sorcs2** samples using limma
analysis. Overrepresentation analysis (ORA) was selected for this purpose due to its less
stringent nature [212]. ORA analysis was conducted with the enrichGO() function,
employing parameters such as 10,000 permutations (nPerm), a minimum gene set size

of 3 (minGSSize), a maximum gene set size of 800 (maxGSSize), a p-value cutoff of 0.05,
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and the Benjamini-Hochberg procedure for p-value adjustment. Visualization of GO terms

was accomplished using a lolliplot plot created with the ggplot() function in RStudio.

2.4 General methods

2.4.1 PCR for mouse genotyping

Genomic DNA for genotyping PCR was extracted from mouse ear punch biopsies. The
tissue was incubated for 30 minutes at 95°C in a base solution containing 25 mM NaOH
and 0.2 mM EDTA. The reaction was halted by adding an equal volume of neutralizing
solution (Tris-HCI). The extracted DNA was then utilized for PCR using the following
cycling conditions:

Step # Step Temperature Time Cycles number
1 Initial denaturation 94°C 2 min
2 Denaturation 94°C 15 sec
3 Annealing 53°C 15 sec 40
4 Elongation 72°C 30 sec

The PCR primers employed are detailed in Table 1. The reaction mixture comprised 0.025
U/ul Taq DNA polymerase, 1x Buffer, 0.2 mM of each deoxynucleotide triphosphate, 1x
Cresol Red, and 0.2 yM primers. PCR products were separated on a 2% agarose gel.
The anticipated sizes of PCR products used for determining mouse genotypes were 370
bp (Sorcs2**) and 246 bp (Sorcs27).

2.4.2 Western Blotting

Protein concentration in islet lysates was determined through Western Blotting. After
overnight recovery, pancreatic islets were collected in low-protein binding tubes and lysed
using 80 ul of lysis buffer. The lysis was facilitated by sonicating the samples for 10
seconds, repeated twice, at 50% power, followed by a 2-hour incubation on ice. The total
protein content was quantified using the Pierce BCA protein assay kit (Thermo Fischer
Scientific, Cat# 23225). Following this, the sample's protein concentration was adjusted
with sterile water. Then, 5 pl of 4x Laemmli sample buffer (Table 4) was added to 15 pl
of the diluted samples. Subsequently, the samples were boiled at 97°C for 5 minutes. The

prepared samples were then loaded into a 4-12% Tris-Glycine Mini Protein Gel and run
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for 1.5 hours at 120 V using a running buffer in a Thermo Fisher Scientific vertical
electrophoresis chamber. Gels were then transferred onto a 0.45 pm nitrocellulose
membrane, running for 1.5 hours at 80V and 200 mA per blot with a transfer buffer in a

Bio-Rad trans-blot cell.

Nitrocellulose membranes were incubated with a blocking solution (Table 4) for 1 hour,
followed by three 5-minute washing steps using a washing solution (Table 4). Membranes
were then incubated overnight at 4°C with primary antibodies (Table 3), which were
diluted in an antibody diluent (Table 4). The following morning, membranes were washed
three more times for 5 minutes each with the washing solution and subsequently
incubated with secondary antibodies (Table 3) for 1 hour at room temperature in the
antibody diluent. After three additional washing steps, the membranes were developed
using chemiluminescent detection with SuperSignal West Femto maximum sensitivity
substrate (Thermo Fischer Scientific, Cat#34096). Band intensities were analyzed by

densitometry using ImageJ software.

2.4.3 RNA isolation and RT-gPCR

Total RNA extraction was performed using the RNeasy Micro kit (Qiagen, #74004), and
RNA concentrations were measured using a NanoDrop ND-1000 spectrophotometer.
Equal amounts of RNA (50 ng) were then reverse transcribed into cDNA using the high-
capacity RNA to cDNA kit (Applied Biosystems, #4387406). The resulting cDNA samples
underwent quantitative real-time PCR (qRT-PCR) using TagMan Gene Expression
Assays as detailed in Table 2. The 7900HT Fast Real-time PCR system (Thermo Fisher
Scientific) was employed for qRT-PCR, and relative gene expression was quantified
using the cycle threshold (CT) comparative method (2-ddCT) with normalization to Gapdh
and 18sRNA CT values.

2.4.4 Statistical data analysis

The data were analyzed using GraphPad Prism 7.0 (GraphPad Software, USA). Normal
distribution was assessed using either the D’Agostino-Pearson omnibus normality test or
the Shapiro-Wilk normality test, depending on the sample size. Student’s t-test or Mann-
Whitney test was employed for the analysis of two groups, depending on data distribution.

The ROUT 1% outlier test was applied to insulin and C-peptide GSIR data, extreme
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values were removed from the further analysis. Repeated measures two-way ANOVA
with Sidak’s multiple comparison’s test was used for analysis of dependable variable over
different time points. Non-repeated measured two-way ANOVA with Tukey’s multiple
comparison test was used for independent variables. The results are presented as the

mean * SD, and significance was considered at p < 0.05.
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3 Results

3.1 SORCS2 deficiency affects the body weight of mice

Given the established genetic association between SORCS2 and human BMI, |
conducted an examination to assess the impact of receptor deficiency on the body
weight of mice under different conditions, specifically before and after an overnight
period of starvation. Notably, SORCS2-deficient mice exhibited a substantial weight
reduction both prior to and following starvation in comparison to their wild-type
counterparts (Figure 9 A). Itis crucial to highlight that the observed decrease in weight
among receptor mutants was not accompanied by a corresponding change in the
length of the animals (Figure 9 B). This similarity in length across genotypes suggests
that the weight reduction in SORCS2-deficient mice is likely attributable to factors

beyond developmental considerations.
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Figure 9: SORCS2 deficiency affects body weight in mice

(A) Body weights of Sorcs2*+ and Sorcs2”- mice measured before and after 16 h of fasting (n=6 animals
per genotype).

(B) The length of Sorcs2** and Sorcs2” animals was measured from the nose to the beginning of the
tail (n=6 animals per genotype).

The significance of data was determined using two-way ANOVA followed by Sidak’s multiple

comparisons tests (A) or using an unpaired t-test (B). **, p < 0.01.
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3.2 SORCS2 deficiency affects lipid and glycogen levels in metabolic tissues

The precise regulation of fat and glucose metabolism in peripheral tissues is under
tight control by insulin and glucagon levels in the circulation [213,214]. With regards to
lipid metabolism, insulin exerts inhibitory effects on lipolysis and fatty acid oxidation
while concurrently promoting the biosynthesis of fatty acids, cholesterol, and
triglycerides [215-217]. Conversely, glucagon operates in direct opposition, exerting
effects that counterbalance insulin by promoting gluconeogenesis and inhibiting the
synthesis of lipids [119,218].

Given the previously identified associations of Sorcs2’- mice with decreased
respiratory exchange ratios and impaired glucose tolerance [185], a comprehensive
investigation was conducted to explore whether the loss of receptor activity also

influences lipid and glycogen levels in plasma and metabolic tissues.

To investigate these dynamics, Sorcs2** and Sorcs2” | subjected mice to overnight
starvation, following which | collected blood, liver, and gastrocnemius muscles the
subsequent morning. Lipids were extracted from the liver and muscles following the
protocol outlined in the Free Fatty Acid Quantification Kit (refer to the methods section
2.2.3 ). Subsequent analyses of free fatty acids, free and total cholesterol, and
triglycerides were conducted utilizing fluorometric kits (Table 5). Glycogen extraction
and analysis were performed in accordance with the Glycogen

Colorimetric/Fluorimetric assay kit protocol (refer to the methods section 2.2.4).

While plasma and skeletal muscle lipid levels exhibited no significant alterations in
SORCS2-deficient mice (Table 7 and Table 9), notable reduction in total and free
cholesterol, along with a decrease in fatty acids, was observed in the liver (Table 8)
compared to control groups. Additionally, both liver and muscle glycogen levels

displayed a significant decrease (Table 8 and Table 9).

The observed reduction in storage lipids and glycogen aligns with the possibility of
impaired insulin action in mutant mice. Notably, despite the previously established
normal insulin tolerance in SORCS2-deficient mice, the substantial decrease in liver
lipids and glycogen levels prompts the hypothesis of SORCS2 involvement in insulin

secretion.
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Table 7: Plasma lipids levels in Sorcs2**and Sorcs2” animals

Blood was collected from overnight starved Sorcs2*+ and Sorcs2” mice and centrifugated to obtain plasma. Lipid levels were analyzed by colorimetric or
fluorometric kits (Table 5). The significance of data was determined using an unpaired t-test (Total cholesterol, Free cholesterol, Free fatty acids) or Mann-
Whitney U test (Triglycerides). Data are given as mean * standard deviation (SD) (Total cholesterol, Free cholesterol, Free fatty acids) or median with 25 and

75 quartiles (Triglycerides). Data were considered significant if p < 0.05. df, degrees of freedom; t, t-test; p, p-value; U, U-test.

Sorcs2** Sorcs2”
mean + SD mean + SD
) ) n ) ) df t U p
median [25; 75 quatrtiles] median [25; 75 quatrtiles]
Total cholesterol ( ng/ml) 1717 £ 994.6 12 1371 + 648 12 22 1.01 0.3235
Free cholesterol (ug/ml) 558.5 + 188.1 12 516.8 + 147.9 12 22 0.6 0.5528
Free fatty acids (nmol/ml) 1716 + 547.8 12 2023 + 669.3 12 22 1.23 0.2309
Triglycerides (mg/dl) 78.57 [73.2; 97.55] 12 84.89 [71.22; 98.07] 12 22 64  0.6707
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Table 8: Liver lipids and glycogen levels in Sorcs2*+and Sorcs2” animals

Liver from Sorcs2** and Sorcs2’- animals was extracted from overnight starved mice. Lipids and glycogen were isolated and analyzed by commercially
available colorimetric or fluorometric kits (Table 5). The significance of data was determined using an unpaired t-test (Total cholesterol, Triglycerides, Glycogen)
or Mann-Whitney U test (Free cholesterol, Free fatty acids). Data are given as mean = standard deviation (SD) or median with 25 and 75 quartiles. Data were

considered significant if p < 0.05. df — degrees of freedom, t, t-test, U, U-test, p, p-value.

Sorcs2*"* Sorcs2™
mean * SD/ mean * SD/
median [25; 75 quatrtiles] " median [25; 75 quatrtiles] of ' v P

Total cholesterol (ug/ml) 1275+ 15.7 10 98.66 + 15.27 11 19 43 0.0004
Free cholesterol (ug/ml) 99.95 [88.97; 104.5] 10 77.96 [65.74; 85.29] 11 10 0.0008
Free fatty acids (nmol/ml) 67.97 [47.29; 92.31] 10 16.31 [10.42; 39.8] 11 3 <0.0001
Triglycerides (mg/dl) 155.5 £ 47.12 10 125 +52.41 11 19 14 0.1757
Glycogen (ug/ml) 215.1 + 139.1 17 86.96 + 46.91 16 31 35 0.0014
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Table 9: Skeletal muscles lipids and glycogen levels in Sorcs2*+and Sorcs2”-animals

Gastrocnemius muscles were extracted from overnight starved Sorcs2** and Sorcs2” mice. Lipids and glycogen were isolated and analyzed by colorimetric
or fluorometric kits (Table 5). The significance of data was determined using an unpaired t-test (Glycogen) or Mann-Whitney U test (Total cholesterol, Free
cholesterol, Free fatty acids; Triglycerides). Data are given as mean * standard deviation (SD) or median with 25 and 75 quartiles. Data were considered
significant if p < 0.05. df, degrees of freedom; t, t-test; p, p-value; U, U-test.

Sorcs2** Sorcs2™
mean + SD mean + SD df t U p
n
median [25; 75 quartiles] median [25; 75 quartiles]

Total cholesterol (ug/mi) 15.85[14.25:20.31] 10 18.83 [16.88; 20.58] 11 39 02816
Free cholesterol (ug/ml) 16.92 [13.91; 24.58] 10 16.44 [14.88; 19.76] 11 52 0.8633
Free fatty acids (nmol/ml) 6.839 [6.054; 8.75] 10 6.589 [5.33; 7.143] 11 39 0.2734
Triglycerices (mg/dI) 51.4[30.89; 78.53] 10 68.32 [36.07; 119.6] 11 46  0.5573
Glycogen (ng/ml) 27.78 £18.32 17 15.91 + 10.98 17 32 23 0.0286
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3.3 SORCS2 expression in pancreatic islets is specific to non-f cell types

To determine a possible role for SORCS2 in insulin secretion, | first analyzed SORCS2
expression in pancreatic islet cell types. Previous transcriptomic studies on human
[219,220] pancreases showed modest levels of SORCS2 transcripts in non-f islet cell
types. Studies on human stem-derived pancreatic islets showed moderate SORCS2
expression in all cell types except PP cells [221]. Moreover, SORCS2 had a prominent
expression in differentiating a and 3 stem cells [221]. Transcriptomic studies on mouse
pancreases, except for expression in all non-p cells, showed a slight level of Sorcs2

transcripts in a low population of 3 cells [222,223].

To substantiate expression at the protein level, | analyzed SORCS2 protein expression
in isolated pancreatic islets with western blotting. | confirmed SORCS2 expression in
overnight cultured isolated pancreatic islets from Sorcs2** animals and lack of
expression in Sorcs2” tissue (Figure 10 A).

To substantiate protein expression of SORCS?2 in individual cell types, | co-stained
SORCS2 with pancreatic islets markers (glucagon for a-cells, insulin for B-cells,

polypeptide Y for PP-cells and somatostatin for &-cells).

Co-staining showed predominant expression of SORCS2 in a, 8, and PP cells, with no

apparent protein expression in B-cells (Figure 10 B and C).

As mouse pancreatic islet Sorcs2 transcript levels in B-cells were low and only in a
minuscule B-cell population, | believe the sensitivity of SORCS2 antibody was not high
enough to capture SORCS?2 in B-cells. Another explanation may lie in the nature of
transcriptomic data, which only by 40% predicts protein expression due to post-
transcriptional regulation of protein expression and measurement noise, which may

have occurred during the preparation of transcriptomic data [224].
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Figure 10: SORCS2 expression in mouse pancreatic islets

(A) Analysis of SORCS2 expression in total lysate from murine islets using western blotting analysis.
The receptor is detected in samples from two Sorcs2** but not two Sorcs2” mice. Detection of actin
served as loading control. The migration of marker proteins of the indicated molecular weights in the gel
is given.

(B, C) Immunofluorescent staining of pancreatic sections from Sorcs2** (B) and Sorcs2” (C) animals
for SORCS2 (red), as well as glucagon, somatostatin, polypeptide Y or insulin (green). Nuclei were
counterstained with DAPI (grey). Individual and merged channel configurations are given. Stippled
boxes indicate the area of sections shown in the higher magnification insets in the respective panels.
SORCS2 is most prominently expressed in a (glucagon+), & (somatostatin+), and PP (polypeptide Y+)
cells of wild-type pancreatic islets. The receptor is not expressed in SORCS2-deficient pancreatic islets.
Scale bars, 25 pym
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3.4 SORCS2 deficiency blunts insulin secretion in vivo

To investigate the impact of Sorcs2” on insulin secretion, | conducted a glucose-
stimulated insulin secretion test (GSIS) to affirm the deficiency in insulin secretion in

Vivo.

Various factors, such as free fatty acids, amino acids, and incretins, can stimulate
insulin secretion from B-cells; however, glucose serves as the primary stimulator
[103,225,226]. The biphasic nature of insulin secretion upon glucose stimulation is
well-documented [103,225,226]. Following glucose uptake through GLUT2
transporters by B-cells, glucose undergoes metabolism to ATP [226]. This process
blocks Katp channels, preventing K* outflow and membrane depolarization [226].
Consequently, L-type Ca?" channels are activated, increasing intracellular Ca?*
concentration and facilitating the secretion of vesicles from the readily releasable pool
of insulin vesicles [226]. This initial process occurs within the first 2-5 minutes,
constituting the first phase of insulin secretion [227]. The second phase of insulin
secretion gradually develops after the first and lasts for several hours [226,228]. During
this phase, reserve insulin vesicles are modified and translocated to the cell membrane
through amplifying pathways, activated by metabolic coupling factors such as NADPH,
pyruvate, malate, isocitrate, and glutamate [226,228]. Insulin and insulin vesicles are

also produced during the second phase of insulin secretion [226,228].

For the in vivo GSIS test, mice of both genotypes were injected with a glucose bolus
after overnight starvation, and blood was collected before, as well as 2 minutes (first
phase) or 30 minutes (second phase) after injection (for details refer to methods
section 2.2.6). Plasma insulin and C-peptide levels were measured using ELISA (Table
6). C-peptide measurement was employed as a control for insulin determination, as
both C-peptide and insulin are cleaved from proinsulin and secreted in equimolar
concentrations [229,230]. Notably, C-peptide bypasses hepatic degradation, exhibiting
a longer half-life and steadier metabolic rate than insulin [229,230].

Both insulin (Figure 11 A, B) and C-peptide (Figure 11 C, D) levels exhibited a
decrease 2 or 30 minutes after glucose injection. In contrast, basal insulin
concentrations remained unaffected, although basal C-peptide levels in mutant mice

tended towards a decrease (Figure 11 C, D). Given that C-peptide provides a more
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accurate measurement of insulin secretion, these findings suggest a general deficiency
in insulin secretion in SORCS2-deficient mice.
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Figure 11: SORCS2 deficiency blunts insulin secretion in vivo

(A-B) Insulin (A, B) levels were determined in plasma by ELISA under basal conditions, or 2 or 30
minutes after i.p. injection of 2 g/kg body weight of glucose (h = 9-10) animals per group).

(C-D) C-peptide levels were determined in plasma by ELISA under basal conditions, or 2 or 30 minutes
after i.p. injection of 2 g/kg body weight of glucose (n = 6-12) animals per group).

The significance of data was determined using two-way ANOVA followed by Sidak’s or Tukey’s multiple
comparisons tests. *, p < 0.05; **, p < 0.01.

3.5 SORCS2 deficiency dampens islet insulin secretion in vitro

To validate the in vivo insulin secretion findings and rule out any impact of SORCS2
deficiency on the central regulation of insulin secretion via the sympathetic and

parasympathetic systems [231], | performed GSIS tests on isolated and overnight-
cultured pancreatic islets from both genotypes.

To emulate the conditions of in vivo GSIS, where insulin secretion was analyzed post-
fasting and after high glucose injection, low (1.6 mM) and high (16 mM) concentrations
of glucose were utilized to stimulate insulin secretion. A 1-hour incubation with 1.6 mM
glucose represented the fasting or basal condition, followed by treatment with high
glucose (16 mM) for an additional hour, encompassing both the first and second
phases of insulin secretion. Islet supernatants from each step were analyzed for insulin

and C-peptide levels using ELISA. As measurement was performed only after one hour
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of stimulation with high glucose (16 mM), discrimination between the first and second

phases was not feasible (Figure 12 A).

The results revealed a significant decrease in secreted levels of insulin (Figure 12 B)
and C-peptide (Figure 12 C) after glucose stimulation, while basal levels remained
unaffected. This decrease in glucose-stimulated insulin/C-peptide release
corroborated the in vivo GSIS findings (Figure 11) and indicated pancreatic islet-
specific defects in insulin secretion. However, the comparable basal insulin/C-peptide
secretion rates in wild-type mice contradicted the in vivo results (Figure 11 C, D). This
inconsistency could be attributed to the uptake of C-peptide in muscle cells, where C-
peptide acts as a glycogen synthesis stimulator [232,233], or in endothelial cells, where

C-peptide protects against oxidative stress [234].

I conducted islet perifusion studies to explore phase-wise differences in insulin
secretion due to SORCS2 deficiency. Islets were perifused consecutively with 1.6 mM
glucose KRBH for 1 hour and 18 minutes and 16 mM glucose KRBH for 1 hour at a
flow rate of 100 pL/min (Figure 12 D, for more details please refer to 2.3.4). No
difference was observed in basal (3-18 minutes) and first phase (20-26 minutes) insulin
secretion, but a clear distinction was apparent in second phase insulin secretion (28-
79 minutes) (F(1,4) = 10.33, p = 0.0038) (Figure 12 E).

While the decreased glucose-stimulated insulin secretion during the second phase
aligned with in vivo results (Figure 11 B), the decrease in insulin secretion during the
first phase in in vivo experiments did not correspond with the perifusion experiment
results (Figure 11 A and Figure 12 E). This discrepancy might be explained by a
possible faster insulin uptake and degradation rate in other tissues, such as the liver
in Sorcs2”- mouse model, which does not occur in the isolated islet perifusion setting
[229,230].

To investigate the possibility of a general secretion defect in Sorcs2”- pancreatic islets,
islets were stimulated with KCI, a known insulin secretion secretagogue [235-237]. KCI
depolarizes B-cell membranes, activating Ca?* L-channels, resulting in calcium influx

and, subsequently, insulin secretion [238].
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| subjected islets to low (1.6 mM) and high (16 mM) glucose concentrations for an hour,
followed by an additional hour with 1.6 mM glucose and a 30-minute stimulation with
30 mM KCI (Figure 12 A). Islet supernatants from each step were analyzed for insulin
and C-peptide levels by ELISA (Table 6).

A trend towards decreased insulin secretion after KCI stimulation in Sorcs2 islets was
observed, suggesting a potential generalized defect in insulin release (Figure 12 B).
Such global defects may involve membrane depolarization machinery, Ca?* uptake,

vesicle docking, or insulin production [235].

Finally, to explore potential insulin production defects in overnight-cultured islets,
insulin, C-peptide, and proinsulin protein content were measured. The islet content of
insulin (Figure 12 F) and proinsulin (Figure 12 H) was comparable between genotypes.
However, the total islet C-peptide content (Figure 12 G) was diminished. The non-
equimolar decrease in C-peptide versus insulin levels in SORCS2-deficient tissue
suggested disruptions in C-peptide and insulin synthesis, increased lysosomal
degradation of C-peptide, and defective insulin/C-peptide vesicle packaging as

potential underlying reasons [103,125,239].

3.6 SORCS2 deficiency does not affect pancreatic islet morphology

Given the observed reduction in insulin secretion upon KCI stimulation (Figure 12 B),
a suspicion of potential morphological changes in pancreatic islets prompted further

investigation.

To assess this hypothesis, | initially analyzed the distribution of distinct cell types within
pancreatic islets. Imbalances in the number of cell types could contribute to aberrations
in insulin secretion, as hormones secreted from a-cells, PP-cells, or &-cells play
regulatory roles in insulin secretion [127,240-242]. Furthermore, a decrease in B-cell

area and mass in Sorcs2” samples might suggest B cell death.
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Figure 12: SORCS2 deficiency in pancreatic islets dampens insulin secretion

(A) Protocol for glucose stimulation in isolated pancreatic islets.

(B - C) Insulin and C-peptide levels normalized to total islet protein as determined by ELISA in
supernatants of isolated Sorcs2** and Sorcs2™ islets treated consecutively for one hour with 1.6 mM
and 16 mM glucose and one hour with 30 mM KCI in Krebs-Ringer-Bicarbonate Hepes buffer (KRBH)
(n =21-23 animals per genotype)

(D) Protocol for perifusion study for isolated pancreatic islets.
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(E) Insulin levels were normalized to the DNA content as determined by ELISA in flow-through of isolated
Sorcs2** (filled circles) and Sorcs2” (filled squares) islets treated for 18 min with 1.6 mM (basal) and for
one hour with 16 mM glucose in KRBH (glucose-stimulated) (n = 3 animals per genotype).

(F-H) Insulin (F), C-peptide (G), and Proinsulin (H) levels were determined by ELISA in lysates of
isolated islets from Sorcs2** and Sorcs2’- animals cultured overnight (n = 24 animals per genotype).
The significance of data was determined using two-way ANOVA followed by Sidak’s or Tukey’s multiple
comparisons tests (B, C, E), or unpaired t-test (F-H), **, p <0.01, ***, p £ 0.001; ****, p < 0.0001;

To evaluate the percentage of pancreatic cell areas occupied by a, 8, PP, or (8 cells,
pancreatic islets were stained with cell-type markers (glucagon for a-cells, insulin for
B-cells, polypeptide Y for PP-cells, and somatostatin for &-cells). The areas covered
by specific markers were measured using ImageJ, and this area was divided by the

total area of the pancreatic islet in which it was measured.

It was observed that Sorcs2- pancreatic islets exhibited comparable percentages of
areas assigned to different cell types as Sorcs2** islets, along with a similar pancreatic

islet area (Figure 13).

While these results suggest that areas of all cell types in Sorcs2”- pancreatic islets
were within the normal range, indicating no apoptotic events or aberrant development
among cell types, it is important to note that this analysis was conducted on a single
plane of pancreatic islets. Given the irregular spheroid shape of islets, an assay

accounting for different planes of the pancreas would provide additional insight.

To corroborate the findings from the cell types area analysis and account for the
spheroid shape of pancreatic islets, | analyzed 3 cell mass in the entire pancreatic
tissue between genotypes. Additionally, to elucidate the decrease in in vivo basal C-
peptide levels, | analyzed the number of pancreatic islets in Sorcs2** and Sorcs2”
pancreatic tissue. For this analysis, | weighed the pancreatic tissue before processing,
cut it into six slices 200 ym apart, and stained it for the 3 cell marker insulin. 3 cell area
was quantified by dividing the insulin-immunopositive area by the total tissue area, and
the total B cell mass in the pancreas was quantified by dividing the B cell area by the

pancreas weight (please refer to methods section 2.2.5.3 for more details).
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B
% Cell area mean + SD df t p
Sorcs2 ** Sorcs2
Glucagon 6.76 £+ 2.6 53+25 10 0.99 0.3452
Somatostatin 3.57+0.94 35+07 10 0.12 0.9072
Insulin 58.3+12 55.1+5.93 10 0.6 0.5696
Polypeptide Y 2.74 £ 0.69 3.23+0.99 10 0.998 0.3418
Islet area

(pixels) 209175 + 60844(234180 + 58412 10 0.73 0.4844

Figure 13: Cell type composition of wild-type and SORCS2-deficient murine pancreatic islets

(A) Representative images of murine islets of the indicated Sorcs2 genotypes immunostained for

insulin, glucagon, somatostatin, and polypeptide Y (purple). Nuclei were counterstained with DAPI
(grey).

(B) Area covered by cells expressing insulin, glucagon, polypeptide Y, or somatostatin in Sorcs2** and
Sorcs2” pancreatic islets were quantified based on immunohistological stainings for the various
hormones (as exemplified in A) and expressed as % of the total islet cell area. For each mouse, 30-35
pancreatic islets were analyzed (n = 6 animals per genotype).

Stippled boxes in A indicate the area of sections shown in the higher magnification insets in the

respective panels. Scale bars: 25 pm. Statistical significance was tested by unpaired t-test with p < 0.05
considered significant. p, p-value.

In these studies, no changes in B cell area or B cell mass were observed when
comparing genotypes (Figure 14 B), suggesting that the reduced insulin secretion does
not stem from altered B cell number or mass. However, a trend towards a decrease in
the number of pancreatic islets in Sorcs2”- pancreases was noted (Figure 14 B). This
reduction in the number of pancreatic islets might explain the basal and first-phase C-

peptide decrease observed in the in vivo GSIR analysis (Figure 11 C, D).
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| Insulin ]

| Sorcs2 I Sorcs2 * ]

B
mean + SD df t p
Sorcs2 ** Sorcs2 ”
Beta cell area (%) 0.112+0.025 | 0.09+0.019 9 0.11 0.1073
Beta cell mass (mg)  162.2 +36.27 | 149.4 +33.2 9 0.61 0.5564
Islet number 546.8 +39.5 | 471.2+65.15 9 2.26 0.0501

Figure 14: SORCS2 deficiency doesn’t affect B cell mass

(A) Representative images of murine pancreatic sections of the indicted Sorcs2 genotypes
immunostained for insulin (purple).

(B) Quantitative analysis of B cell area and mass in wild-type and SORCS2-deficient islets based on
immunostainings for insulin (as exemplified in A). The B cell area was quantified as insulin+ area per
total pancreas area of each section. The B cell mass was quantified as 8 cell area multiplied by the
weight of the respective pancreatic tissue. Islet numbers were manually counted on six histological
sections per pancreas, spaced 200 um apart (n = 5-6 animals per genotype).

Stippled boxes in A indicate the area of sections shown in the higher magnification insets in the
respective panels. Scale bars: 1000 pum. Statistical significance was tested by unpaired t-test with p <
0.05 considered significant. p, p-value.

3.7 SORCS2 deficiency affects the maturation of insulin granules in B cells

To further explore morphological changes of Sorcs2” pancreatic islets, an analysis of
the vesicle composition of § cells was undertaken. In light of the subdued response of
Sorcs2 islets to KCI stimulation (Figure 12 B) and the decrease in total islet C-peptide
content (Figure 12 E), | formulated a hypothesis that Sorcs2”- pancreases might exhibit

impaired insulin vesicle maturation or docking.

The synthesis of insulin involves multiple steps, including the production of
preproinsulin on the rough endoplasmic reticulum, conversion to proinsulin with the
removal of the amino-terminal signal sequence, packaging of proinsulin into immature
vesicles on the trans-Golgi network, and subsequent vesicle maturation [243,244].

Vesicle maturation encompasses processes such as acidification of the granule lumen,
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conversion to insulin and C-peptide in equimolar concentrations through proteolysis
with endoproteases PC1/2 and PC2, removal of carboxypeptidase E carboxyl terminal,
and the elimination of clathrin [243,244]. Mature vesicles contain a crystalline form of
insulin: (Zn?*)2(Ca?*) (Insulin)s, forming a dense core [245]. Increased Zn?* availability
within immature vesicles can lead to the formation of slow-dissolving insulin crystals:
(Zn?*)4(Ca?*)(Cl)(Insulin)e [246,247].

To analyze (B cell vesicle patterns, | isolated overnight-cultured pancreatic islets and
subjected them to 1.6 mM or 16 mM glucose conditions for one hour and fixed in 4%
(w/v) paraformaldehyde plus 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer for
2 hours at room temperature. Subsequent fixation, sectioning, and imaging were
conducted in collaboration with Dr. Séverine Kunz from the Technology Platform for

Electron Microscopy at the Max Delbrueck Centre for Molecular Medicine.

Islet B cells were distinguished based on vesicle morphology: a white halo and a dense,
dark, round core [248]. On replicate electron microscopy images of islet 8 cells, |
conducted manual counts for the numbers of total and docked vesicles (vesicles within
0.2 ym proximity to the plasma membrane [192]) of different types (empty (EG),
crystal-containing (CG), immature (IG), and mature (MG) [193,194,249,250]). Vesicles
were categorized as follows: EG had no dense core; CG had a rod-like core; IG had a
large light grey core with a thin halo; MG had a dense dark-grey to black core with a
wide halo (Figure 15 A and C). [192,248,251,252].

The amounts of total as well as docked vesicles were comparable between genotypes
under both glucose conditions (Figure 15 B and D). The numbers of total and docked
vesicles, as well as empty and mature vesicles, were also comparable between
genotypes under both conditions (Figure 15 B and D). However, the number of total
immature vesicles significantly increased in SORCS2-deficient B cells under 1.6 mM
glucose stimulation (Figure 15 B) and showed a trend towards an increase under 16
mM glucose stimulation (Figure 15 D). Additionally, the numbers of docked immature
vesicles in Sorcs2” B cells tended towards an increase (Figure 15 B, D), while the total
number of crystal-containing vesicles in SORCS2-deficient B cells decreased under

both glucose conditions compared to control tissue (Figure 15 B, D). Conversely, the
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number of docked crystal-containing vesicles showed a trend toward reduction under

both glucose conditions (Figure 15 B, D).

In summary, changes in the numbers of immature and crystal-containing vesicles in
Sorcs2”- B cells suggested a defect in vesicle maturation as the cause for insulin
secretion defects. Additionally, the decrease in the number of crystal-containing

vesicles may indicate a reduction in Zn?* in B cells.

Due to the exclusive expression of SORCS2 in non-f3 cell types, SORCS2 deficiency
is expected to impact the insulin release machinery through a non-cell-autonomous
mechanism. One potential mode of operation could involve the secretion of factors by

a, O, or PP cells that promote insulin secretion by B cells.

3.8 SORCS2 deficiency does not affect hormonal secretion or content in a, &
or PP cells

Insulin secretion from B cells is intricately regulated by non-8 cell types within islets.
Notably, a cells release glucagon and GLP-1. Glucagon stimulates insulin secretion by
activating G-protein coupled glucagon receptors, subsequently triggering adenylate
cyclase activation [127,240]. GLP-1 functions as an amplification factor for insulin
secretion, acting through the inhibition of Kate channels to maintain 3-cell membrane
depolarization and enhancing adenylate cyclase activity, leading to increased Ca?*
influx [103,127,253,254]. d cells, on the other hand, secrete somatostatin-28 [241],
which exerts inhibitory effects on insulin secretion [241]. This inhibition occurs through
the blockade of adenylate cyclase and activation of K* channels, resulting in
hyperpolarization and closure of Ca?* channels [242]. Some studies also propose

somatostatin's inhibitory action on insulin gene expression [241].

Additionally, PP cells secrete pancreatic PPY, PYY, and NPY [255]. PPY increases
insulin sensitivity by regulating hepatic insulin receptor expression and availability
[256,257]. NPY inhibits insulin secretion through the Ca?*-independent pathway actin
on G, subunit [136], while PYY regulates glucose homeostasis by controlling 8 cell
mass [102]. Epsilon cells, the rarest islet cell subtype, secrete ghrelin, which inhibits

insulin secretion by hyperpolarizing the 8 cell membrane [258].
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Sorcs2 *

Vesicle type/um? mean + SD / median [25; 75] df p
Sorcs2 ** Sorcs2 *

Mature 24+0.16 2.28+0.14 6 1.15 0.2933

= Empty 0.89[0.63; 1] 0.82[0.81; 0.95] 0.6857
5 Immature 0.17 £0.01 0.28 £0.05 6 39 0.0081
= Crystallized 0.1+ 0.022 0.05 +0.0043 6 49 0.026
Total 3.5+04 3.47 +0.13 6 0.35 0.7401

- Mature 0.52 £ 0.08 0.55 +0.074 6 0.65 0.5366
5] Empty 0.16 £ 0.05 0.18 £ 0.016 6 09 0.4001
S Immature 0.03 +0.01 0.05 +0.019 6 205 0.0860
a Crystallized 0.018 £ 0.01 0.008 + 0.002 6 19 0.1074
Total 0.72+0.16 0.79 +0.09 6 0.97 0.3703

Vesicle type/um? mean * SD / median [25; 75] df t U p
Sorcs2 ** Sorcs2

Mature 2.3+0.1 215+0.24 6 08 0.4624

= Empty 0.8[0.77; 1] 0.8 [0.8; 0.93] 4 0.3429
5 Immature 0.16 £ 0.07 0.25+0.1 6 15 0.1863
= Crystallized 0.08 +0.01 0.06 + 0.009 6 29 0.0291
Total 3.3+0.09 3.34+0.3 6 0.04 0.9671

° Mature 0.49 +0.03 0.53+0.1 6 08 0.4658
1) Empty 0.18 +0.04 0.18 +0.013 6 0.21 0.8392
S Immature 0.03 +0.01 0.06 +0.03 6 1.76 0.1286
s Crystallized 0.014 [0.01; 0.02] 0.012[0.01; 0.015] 7 0.8857
Total 0.72+0.05 0.78+0.14 6 0.98 0.3636

Figure 15: SORCS?2 deficiency affects insulin vesicle maturation in B cells
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(A) Representative transmission electron microscopic (EM) images of B cells in isolated Sorcs2*+ and
Sorcs2 islets treated for one hour with 1.6 mM glucose. Stippled boxes highlight the different types of
secretory granules shown in the higher magnification insets and identified as mature granules (MG),
empty granules (EG), crystallized granules (GC), as well as immature granules (IM). Inset DD indicates
exemplary vesicles with a docking distance of 0.2 pm from the plasma membrane. Scale bar: 2 pm.
(B) Quantification of different types of granules per cell area identified on EM sections from Sorcs2**
and Sorcs2™ islets treated for one hour with 1.6 mM glucose. (n = 4 animals, 14-27 quantified cells per
animal).

(C) Representative EM images of B cells in isolated Sorcs2** and Sorcs2” islets treated for one hour
with 16 mM glucose. Scale bar: 2 um.

(D) Quantification of different types of granules per cell area identified on EM sections from Sorcs2*/*
and Sorcs2” islets treated for one hour with 16 mM glucose. (n = 4 animals, 17-27 quantified cells per
animal).

Statistical significance was determined using an unpaired t-test or Mann Whitney U test with p < 0.05

considered significant. df, degrees of freedom; t, degree of difference in relation to variability; p, p-value).

Considering the predominant expression of SORCS2 in non-f cell types of pancreatic
islets (Figure 10 B), | hypothesized that the absence of SORCS2 expression may lead
to dysregulated hormonal secretion from a, &, PP, or ghrelin-expressing epsilon cells,
subsequently impacting insulin secretion from B cells. To test this hypothesis, an
analysis of in vivo basal and in vitro glucose-stimulated hormone secretion, as well as

the total islet content of various hormones released by non-B cells, was conducted.

For in vivo hormone secretion evaluation, | starved mice overnight, and collected blood
before and after a 30-minute injection of 2 g/kg glucose. Concentrations of GLP-1,
glucagon, PYY, NPY, total somatostatin, and somatostatin-28 were determined with
ELISA. To analyze the secreted concentration of these hormones and ghrelin in
isolated pancreatic islets, islets were subjected to low (1.6 mM) and high (16 mM)
glucose concentrations for an hour. The islet supernatants from each step were
subjected to the determination of hormone levels by ELISA (Table 6). Additionally, the
total islet hormone content of these hormones was determined in unstimulated islets
with ELISA (Table 6).

The data revealed unchanged levels of plasma and islet-secreted glucagon, GLP-1,
somatostatin, or somatostatin-28 under basal or glucose-stimulated conditions (Table
10 and Table 11). Similarly, the islet total content of glucagon, somatostatin, and

somatostatin-28 was comparable between genotypes (Table 12).
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NPY levels were significantly increased in SORCS2-deficient mice under basal and
glucose-stimulated conditions in vivo (Table 10). However, islet-secreted NPY levels
were not altered under either condition (Table 11). PYY levels were decreased under
basal and glucose-stimulated conditions in vivo (Table 10), whereas islet-secreted
levels were not altered (Table 11). The normal secretion of non- cell hormones in
SORCS2 mutant islets suggests that the observed insulin secretion defects in vitro

result from a non-hormonal mechanism.

It is noteworthy that altered plasma levels of NPY and PYY in vivo, but not in overnight
cultured islets in vitro, suggest changes in NPY secretion coming from the
hypothalamus [259,260] and PYY secretion from the intestine [261] in SORCS2-
deficient mice. While these alterations may contribute to the metabolic changes seen
in these mice in vivo, they do not explain impaired insulin secretion observed in islets
in vitro. Similarly, an increased islet content of GLP-1 or decreased islet content of
PYY (Table 12) did not translate into chan9ged rates of secretion (Table 11) and,
therefore, do not provide an explanation for impaired insulin secretion in receptor

mutant islets.

3.9 SORCS2 deficiency causes alterations in fatty acid levels in the pancreas

Considering the alterations in lipid levels observed in the liver of SORCS2-deficient
mice compared to controls (Table 8), | hypothesized that a similar situation in the

pancreas might affect 8 cell function.

Lipids can impact insulin secretion and 8 cell health in two different ways. On one hand,
free fatty acids are essential for glucose-stimulated insulin secretion. Particularly,
palmitic acids and oleic acids stimulate insulin secretion via the activation of the
FFA1/GPRA40 cell surface receptor on B cells [262—-265]. Additionally, the metabolism
of free fatty acids in 3 cells produces metabolic coupling factors (malonyl-CoA), which
also stimulate insulin secretion by inhibiting carnitine-palmitoyltransferase 1 (CPT-1),
reducing fatty oxidation and consequently increasing the concentration of long-chain
acyl-CoA esters [263,265,266]. This activation enhances insulin release
[263,265,266].
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Table 10: Plasma levels of pancreatic hormones in wild-type and SORCS2-deficient mice

Hormone levels in plasma were determined by ELISA (Table 6) under basal conditions or 30 minutes after i.p. injection of 2 g/kg body weight of glucose (glc).
Data are given as mean + standard deviation (SD). The significance of data was evaluated using repeated measures two-way ANOVA followed by Sidak’s

multiple comparisons tests. F, F-test; p, p-value.

Sorcs2*"* Sorcs2™*
basal glc basal glc
mean = SD mean = SD " mean = SD mean = SD
Glucagon (pg/ml) 7.88+3.72 5.53+2.29 8 7.41 +3.36 5.22+4.21 6
GLP-1 (pM) 4455+ 42.6 49.39+514 12 59.8 £ 78.49 58.09 £ 69.8 10
Somatostatin (ng/ml) 1.16 £ 0.139 1.28 £+ 0.27 8 1.23+0.17 1.24+0.11 8
Somatostatin-28 (pg/ml) 181.3+37.1 2441 +78.22 8 160.2 + 24.45 185.7 + 25.12 5
NPY (ng/ml) 1.367 £ 0.21 1.726 £ 0.1 10 1.758 + 0.19 1.779+0.18 10
PYY (ng/ml) 1.182 + 0.15 1.416 £ 0.53 10 1.099 + 0.13 0.957 £ 0.09 10

Two-Way ANOVA

Genotype (Sorcs2’ and
Interaction (condition vs genotype) Condition (basal or gic)
Sorcs2*)
F p F p F p
Glucagon (pg/ml) F (1, 12) = 0.008 0.9290 F(,12)=6.51 0.0254 F (1, 12) =0.058 0.8132
GLP-1 (pM) F (1, 20) =0.55 0.4660 F(1,20)=0.13 0.7255 F (1, 20) =0.22 0.6463
Somatostatin (ng/ml) F (1, 14)=0.75 0.4014 F(1,14)=1.24 0.2842 F (1, 14)=0.85 0.8537
Somatostatin-28 (pg/ml) F(1,11)=1.89 0.1971 F (1, 11) = 10.55 0.0078 F(1,11)=2.38 0.1510
NPY (ng/ml) F (1, 18) =15.93 0.0009 F (1, 18) = 20.08 0.0003 F(1,18)=11.74 0.0030
PYY (ng/ml) F(, 18)=7.68 0.0126 F(1,18)=0.83 0.3753 F(1,18)=8.25 0.0101
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Table 11: Levels of hormones released from wild-type and SORCS2-deficient pancreatic islets

Hormone levels were determined by ELISA (Table 6) in supernatants of isolated Sorcs2** and Sorcs2” pancreatic islets treated for 1 hour with 1.6 mM or 16

mM glucose in Krebs-Ringer-Bicarbonate Hepes buffer. Data are given as mean #* standard deviation (SD). The significance of data was determined using
repeated measures two-way ANOVA followed by Sidak’s multiple comparisons tests. p, p-value; F, F-test.

Sorcs2** Sorcs2™

1.6 mM 16 mM 1.6 mM 16 mM

mean = SD
2271 + 3688.84 23

mean + SD
1470 + 1152.31

mean = SD
1870 + 1708.65 23

mean = SD
1593 + 1243.25

Glucagon (pg/mg protein)

GLP-1 (pM/mg protein) 1151 +£712.74 1326 + 950.35 21 1058 +439.6 1192 +745.84 21

0.81+0.49
580.9 + 131.42

1.18+0.51 16
858.3 + 353.56 7

0.81+0.51
475.4 £ 453.61

1.316 + 0.54 16
1306 +1218.63 7

Somatostatin (ng/mg protein)

Somatostatin-28 (pg/mg protein)

NPY (ng/mg protein) 0.03 +0.03 0.07 £ 0.05 12 0.06 + 0.05 0.111 £ 0.09 13
PYY (ng/mg protein) 0.64 +0.26 0.46 +0.21 18 0.76 £ 0.41 0.574 £ 0.28 18
Ghrelin (ng/mg protein) 1.45+1.03 1.23+1.05 16 1.1+0.9 0.99+0.79 15

Two-Way ANOVA

Interaction (condition vs genotype) Condition (1.6 mM or 16 mM glucose) | Genotype (Sorcs2”- and Sorcs2**)

F p F p F p
Glucagon (pg/mg protein) F (1, 44) =0.55 0.4625 F(@1,44)=23 0.1337 F (1, 44) = 0.065 0.7999
GLP-1 (pM/mg protein) F (1, 40) = 0.03 0.8560 F(1,40)=19 0.1792 F (1, 40) = 0.33 0.5685
Somatostatin (ng/mg protein) F (1, 30) = 0.79 0.3818 F (1, 30) = 35.6 <0.0001 F (1, 30) = 0.16 0.6039
Somatostatin-28 (pg/mg protein) F(1,12)=2.65 0.1295 F (1, 12)=10.6 0.0068 F(1,12)=0.29 0.6018
NPY (ng/mg protein) F (1, 23)=0.22 0.6434 F (1, 23) =235 <0.0001 F (1, 23) =2.47 0.1296
PYY (ng/mg protein) F (1, 34)=0.01 0.9218 F(1,34)=17.5 0.0002 F(1,34)=1.72 0.1989
Ghrelin (ng/mg protein) F(1,29) =13 0.2563 F(1,29) =14.7 0.0006 F (1, 29) = 0.8358 0.3682




Results 85

Table 12: Total hormone content in isolated wild-type and SORCS2-deficient pancreatic islets

Hormone levels were determined by ELISA (Table 6) in lysates of unstimulated isolated pancreatic islets from Sorcs2+/+ and Sorcs2-/- animals cultured over-
night. Data are given as mean + standard deviation (SD) (Glucagon, Somatostatin, Somatostatin-28, NPY, PYY) or median with 25 and 75 quartiles (GLP-1).
The significance of data was determined using an unpaired t-test (Glucagon, Somatostatin, Somatostatin-28, NPY, PYY) or Mann-Whitney U test (GLP-1). df,

degrees of freedom; t, t-test; U, U-test; p, p-value.

Sorcs2** Sorcs2™
mean + SD n mean = SD/ n df t U p
median [25; 75 quartiles] median [25; 75 quartiles]
Glucagon (pg/mg protein) 576652 + 439302 12 653183 + 337616 12 22 0.48 0.6370
GLP-1 (pM/mg protein) 23301 [17255; 31839] 11 32508 [24954, 40701] 12 37  0.0449
Somatostatin (ng/mg protein) 403.5 + 315.5 13 462.8 + 386 13 24 0.43 0.6720
Somatostatin-28 (pg/mg protein) 20782 + 9628 11 26735 + 11589 11 20 1.3 0.2049
NPY (ng/mg protein) 1.203 £0.1873 8 1.359 £ 0.3711 8 14 1.06 0.3066
PYY (ng/mg protein) 1.616 £ 0.5495 8 0.992 + 0.1609 8 14 3.08 0.0081




Results 86

On the other hand, excess saturated fatty acids can lead to lipotoxicity and 8 cell failure

through the activation of stress pathways, including ER stress, mitochondrial dysfunction,

and oxidative stress [265,267].

To test this hypothesis, | extracted lipids from either total pancreas tissue isolated from
overnight-fasted mice or from isolated islets following the Free Fatty Acid Quantification

Kit protocol (refer to the methods section 2.2.3).

The data indicated a trend towards a decrease in free fatty acid levels in SORCS2-
deficient pancreases (Figure 16 A). However, no such changes were detected in isolated
islets when comparing genotypes (Figure 16 B). As mentioned above, changes in free
fatty acid levels observed in mutant pancreas might affect insulin secretion from 3 cells.
However, the unchanged levels in isolated islets argued against a lipid-mediated effect

on insulin secretion seen in vitro.
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Figure 16: Pancreas and isolated pancreatic islets free fatty acids levels in Sorcs2** and Sorcs2™”
mice.

(A) Free fatty acids levels in the pancreas of overnight starved Sorcs2** and Sorcs2” mice.
(B) Free fatty acids levels in pancreatic islets isolated from overnight starved Sorcs2** and Sorcs2” mice.
The statistical significance was tested by the Mann-Whitney U test, with p < 0.05 considered significant. p,

p-value.

3.10 Cluster analysis of Sorcs2” and Sorcs2** pancreatic islets

To understand the intrinsic mechanisms by which SORCS2 may affect insulin secretion,
| performed single-cell RNA sequencing (ScCRNA-seq) on dispersed overnight cultured

pancreatic islets isolated from Sorcs2** and Sorcs2”- mice.

Pancreatic islets consist of distinct cell types, with a predominant composition of 70% 3

cells, 20% a cells, less than 10% o cells, less than 5% PP cells, and a minimal presence
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(1-2%) of ghrelin-producing € cells [219]. Current Fluorescence-Activated Cell Sorting
(FACs) protocols for pancreatic isles, reliant on surface markers (CD24'°%, CD71" - «;
CD24'ov CD71* - B; CD24"d" - &), pose challenges due to significant sample loss and
demand for large quantities of a sample [268—270]. In contrast, scRNA-seq facilitates the
discrimination of all cell types, revealing rare populations and unique differences between

them through single-cell barcoding in a minuscule sample volume [269-271].

In brief, the scRNA-seq process involves applying a single-cell suspension to the Next
Gem Chip G (10x Genomics Inc., USA), capturing individual cells in oil droplets with
unique barcodes. This barcoded cDNA is subsequently sequenced, generating a distinct
transcriptome for each cell. The analysis involves clustering cells based on gene counts,
followed by DEG analysis for comparing clusters [269—-271] (for details, please refer to
methods section 2.3.11).

A meticulous method was devised to address challenges such as high apoptosis and
aggregation rates in pancreatic single-cell suspensions. | employed Accutase as a gentle
dissociation medium and DNAsel to cleave released DNA from dead cells, preventing
cell clumping. Additionally, the use of HBSS buffer with EDTA and without Ca?*/Mg?*
minimized cation-dependent cell-cell adhesion [195,272-274] (for details, please refer to
methods section 2.3.10).

The resulting single-cell suspension underwent library preparation and sequencing at the
Genomics Technical Platform of Max Delbrueck Centre for Molecular Medicine. Data
analysis, including sequence alignment, gene-level count analysis, data normalization,
and dimensional reduction, was conducted collaboratively with Per Qvist, an associate

professor at the Department of Biomedicine of Aarhus University.

In summary, sequenced reads were rigorously filtered for per sequence GC, N, adaptor
content, and duplication levels [275—-278], aligned to the mouse genome [276-278], and
counted to create a gene count matrix per cell [275-278]. Unsupervised clustering using
UMAP was applied [279], followed by Seurat clustering for annotating and understanding
cluster functions based on marker genes [200,280]. An alternative approach involving
supervised clustering, utilizing markers identified in prior pancreatic islet sCRNA-seq

analyses, could have been employed. However, this method might have compromised
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the identification of unique clusters resulting from Sorcs2”. In the final step, gene counts
from the corresponding clusters of Sorcs2** and Sorcs2”- samples were compared using
differential gene expression analysis, employing limma. This analysis aimed to unveil
DEGs in Sorcs2”- samples compared to Sorcs2** samples (for details, please refer to the
methods section 2.3.11.3.4).

Unsupervised cell clustering analysis identified eighteen cell clusters with fourteen
clusters (1, 2, 3,4,5,7, 8,9, 10, 12, 13, 15, 17, 18) exhibiting high expression of genes
associated with B cell functions, such as Insl, Ins2, Chromogranin (Chg) a and Chgb
(Figure 17 A, B; Figure 18). Ins1 and Ins2 are two genes encoding preproinsulin 1 and
preproinsulin 2 respectively which function in a sex-dimorphic way [281,282].
Chromogranin B regulates insulin vesicle trafficking from the Golgi, while Chromogranin
A regulates vesicle storage and modifies B cell mitochondrial function to increase insulin
secretion [283,284].

Cluster 6 was designated as a cells due to high expression of glucagon (Gcg) and
transthyretin (Ttr) (Figure 17 A, B; Figure 18). Transthyretin was previously found to be

regulating glucagon expression [285]. However, the mechanism is yet unknown [285].

Cluster 16, exhibiting high expression of polypeptide Y (Ppy) and Peptide YY (Pyy), was
identified as the PP cell cluster, while cluster 11 was defined as & cell cluster based on

upregulation of somatostatin (Sst) transcripts (Figure 17 A, B; Figure 18).

Cluster 14 displayed characteristics of both B cells (Ins1, Ins2, ChgB, ChgA) and non- 3
cell types (Gcg, Ttr, Ppy, Pyy), suggesting a progenitor or transdifferentiating pancreatic
cell type (Figure 17 A, B; Figure 18) [286,287].

Subsequent confirmation of Sorcs2 transcripts being confined to a, &, and PP cell type
clusters (Figure 17 C), as supported by previous immunohistological analyses (Figure 10
B), indicated the selective expression of Sorcs2 in specific islet cell populations. Notably,
the presence of Sorcs2 transcripts in cluster 14 suggested a potential influence of Sorcs2
in the context of the transdifferentiating or multi-hormonal nature of this cluster (Figure 17
C).
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Figure 17: Unsupervised clustering analysis of single-cell RNA sequencing identifies eighteen cell
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clusters in combined Sorcs2**with Sorcs2” pancreatic islet samples.

(A) Cell transcripts from pancreatic islets of Sorcs2** and Sorcs2” mice were analyzed by unsupervised
clustering and visualized using uniform manifold approximation and projection for dimension reduction
(UMAP) plot. A total of 18 distinct cell clusters were identified in the pooled data set.

(B) Heatmap for Sorcs2** samples shows the top five most unique identifiers per cluster according to the
adjusted p-value and fold change for q, 9, all B, B cluster 14, and PP clusters.

(C) UMAP plot localizing Sorcs2 transcripts (red) indicating receptor gene transcription in clusters of a, 6,
and PP cells, as well as cluster 14.

The significance of data was determined using a non-parametric Wilcoxson rank sum test with p<0.05
considered significant.
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Figure 18: A single-cell heatmap separating all eighteen pancreatic islet clusters with the ten most

upregulated genes calculated with Seurat clustering
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(A) Heatmap for Sorcs2** samples showing the top 10 unique identifiers per cluster according to the
adjusted p-value and fold change. Gene counts were logarithmically transformed. Euclidean distance was
applied for the clustering of rows. No clustering was applied to columns.

The significance of data was determined using a non-parametric Wilcoxson rank sum test with p < 0.05
considered significant.

3.11 Distribution of B cell clusters based on capacity for insulin secretion

Our understanding of  cell subtypes is limited, with previous studies categorizing B cells
into high and low insulin-secreting, as well as fast or slow responders to glucose [288—
290]. Notably, "Hub" B cells, constituting only 1-10% of all islet B cells, have been
identified as fast responders with low insulin secretion. These cells play a crucial role in

directing and regulating other 3 cell subtypes, referred to as "Followers" [290].

Additional studies have classified  cells into subtypes based on the expression of
ST8SIAL1 and CD9, where low expression of both markers correlated with the highest
glucose-stimulated insulin secretion, while high expression correlated with high basal

insulin secretion but the lowest glucose-stimulated insulin secretion [289].

Another classification based on the levels of the epigenetic factor H3K27me3 revealed
that higher levels of H3K27me3 were associated with increased insulin secretion and

mitochondrial mass [291].

While markers for different B subtypes exist, their intrinsic functions in B cells are often
unclear. For instance, high flattop (FLTP)-expressing B cells, associated with high
maturity and insulin secretion, did not show adverse effects upon FLTP deletion
[292,293].

It is essential to note that sScRNA-seq analysis, while capable of identifying B cell subtypes
based on unique gene expression patterns, may also detect cell states due to changes
in transcription, potentially leading to the identification of faulty subtypes [292].
Additionally, "Hub" cell types, crucial for regulating 8 cell populations, may be more
susceptible to ER stress, impacting their viability and detection through scRNA-seq
[290,292].
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Thus, in this study, | focused primarily on identifying low and high insulin-producing cell

types based on previous research.

To discern differences between 3 cell clusters, DEGs were extracted from fourteen 3
clusters (1, 2, 3,4, 5,7, 8,9, 10, 12, 13, 15, 17, 18) obtained after Seurat clusters DEG
analysis, revealing up- and down-regulated genes for each cluster for Sorcs2** and
Sorcs2”- samples combined. The degree of overlap between clusters based on up- and

downregulated DEGs was assessed.

Analysis indicated that  clusters 15, 9, 8, 13, 12, 3 have the most similar up-regulated
genes (Figure 19 A), while B clusters 1, 7, 2, 3, 5, 4, 10, 17 share the most similarity in
down-regulated genes (Figure 19 B).

To unravel the functional significance of these distinct cluster groups, | isolated DEGs
prevalent in each cluster. Specifically, | focused on genes that appeared in a minimum of
5 clusters for up-regulated genes (clusters 15, 9, 8, 13, 12, 3) (Figure 19 A) and in at least
6 clusters for down-regulated genes (clusters 1, 7, 2, 3, 5, 4, 10, 17) (Figure 19 C).
Subsequently, ORA was conducted to discern GO terms associated with the shared

differentially expressed genes.

This meticulous approach aimed to identify common molecular signatures across multiple
clusters and shed light on the biological processes and pathways implicated in each
group. The ORA analysis provided insights into the enriched functional categories, aiding
in the interpretation of the roles played by these gene sets in the context of B cell diversity

and insulin secretion dynamics.

Clusters 15, 9, 8, 13, 12, 3, characterized by up-regulated overlapping genes, were
associated with GO terms such as "Membrane docking," "Membrane fusion," "Vesicle
docking," "Insulin secretion,” and "Peptide secretion," indicative of high insulin-secreting
subtypes (Figure 19 B).

Clusters 1, 7, 2, 3, 5, 4, 10, and 17, sharing down-regulated overlapping genes, were
associated with GO terms like "Protein folding," "mRNA processing," "Regulation of

insulin secretion,” "Potassium ion transport,” "Regulation of calcium ion transport,” and
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"Translation initiation," suggesting a possibly low insulin-secreting subgroup (Figure 19
D).

Interestingly, DEGs from (3 cluster 18 exhibited minimal overlap with other clusters (Figure
19 A, C). To understand the function of B cluster 18, up-regulated DEGs were compared
to all B clusters. Unique DEGs were extracted and subjected to ORA analysis, revealing
GO terms associated with upregulated immune response: "Regulation of type I/l

interferon production” and "Regulation of innate immune response” (Figure 19 E).

Previous research indicates a potential shift in cell state to antigen-presenting-like for 8
cells under intrinsic (endoplasmic reticulum stress, reactive oxygen species) or external
stress (stimulation with cytokines) [161]. Antigen-presenting B cells interact with
plasmacytoid dendritic cells and activate autoreactive CD4 and CD8 T cells [161]. These
cells are found in elevated quantities in pancreatic islets from Type | Diabetes donors and
diabetic NOD mice, suggesting a potential link between immune response and 3 cell
dysfunction [161].

In conclusion, the B cell clusters in combined Sorcs2** and Sorcs2”- samples encompass
both low and high insulin-producing B cell populations, along with a distinctive B cell

population exhibiting characteristics reminiscent of antigen-presenting cells.
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Figure 19: B cell clusters are divided into two separate groups with opposite functions.

(A) A heatmap showing numbers of up-regulated genes overlapping between (3 clusters in combined
Sorcs2** and Sorcs2” samples.

(B) A heatmap showing numbers of down-regulated genes overlapping between 8 clusters in combined
Sorcs2** and Sorcs2™ samples.

(C) A graph representing biological processes of overlapping up-regulated genes for § clusters 15, 9, 8,
13, 12, 3 in combined Sorcs2** and Sorcs2” samples.

(D) A graph representing biological processes of overlapping down-regulated genes for 8 clusters 1, 7, 2,
3,5, 4, 10, 17 in combined Sorcs2** and Sorcs2” samples.

(E) A graph representing biological processes of unique up-regulated genes for 3 cluster 18 in combined
Sorcs2** and Sorcs2” samples.

The significance of data was determined using Seurat with p < 0.05 considered significant. Gene ontology
analysis was performed with the clusterProfiler R package [208]. Adjusted p-values (p.adjust) were
calculated with the Benjamini-Hochberg test with p<0.05 considered significant.
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3.12 Distribution of B cell clusters based on the level of maturity

The categorization of [ cell clusters extends beyond functional distinctions,
encompassing variations in the level of maturity. Although both mature and immature 3
cells can secrete insulin, mature 3 cells exhibit greater sensitivity to glucose, allowing

insulin secretion even in response to lower glucose levels [294].

Shared transcription factors in both mature and immature 8 cells include pancreatic and
duodenal homeobox 1 (Pdx1), NK6 Homebox1 (Nkx6.1), NK2 homeobox 2 (Nkx2.2), ISL
LIM homeoboxl (Isll) and paired box 6 (Pax6) [294-297]. However, mature 3 cells
express higher levels of Pdx1, Nkx6.1, and Foxol, crucial for the generation of mono-
hormonal B cells [294-297].

Markers indicating B cell maturity include MAF BZIP transcription factor A (Mafa),
urocortin 3 (Ucn3,) and neuronal differentiation 1 (Neurod1l) [294]. Mafa, in collaboration
with Pdx1, facilitates the conversion of immature into mature 8 cells [298]. Ucn3, part of
the corticotropin-releasing family, regulates glucose-stimulated insulin secretion, while
Neurodl, a transcription factor, influences the maturity phenotype, with its deficiency

leading to immature-like characteristics [294].

Mature [ cells exhibit suppressed expression of hexokinase 1 (Hk1), lactate
dehydrogenase A (Ldha), monocarboxylate carrier 1 (Mctl), and repressor element 1
silencing transcription factor (Rest) [294]. Rest downregulation in mature B cells is
essential for proper insulin exocytotic machinery expression [294]. The downregulation
of Mctl and Ldha in mature B cells ensures primary insulin secretion in response to
glucose rather than lactate [294]. The downregulation of Hk1 enhances B cell sensitivity

to glucose with glucokinase instead of hexokinase [294].

B cells can also be classified as mature or immature based on the expression of Ins1 and
Pdx1 genes [299]. Those with high expression of both Ins1 and Pdx1 are considered the
most mature [299]. However, a subset with high Pdx1 and low Ins1 expression exhibits
immature characteristics, including high proliferative and apoptotic markers and a

polyhormonal gene profile [299].
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Another perspective on assessing the maturity level of 8 cells involves scrutinizing the
expression of genes responsible for glucose and insulin handling. The glucose 2
transporter (Slc2a2) is crucial for facilitating glucose uptake in B cells. G6pc2 encodes
the G6P catalytic subunit isoform located in the ER, converting G6P into glucose and
inorganic phosphate [300]. Studies have demonstrated that G6pc2 serves as a negative
regulator of basal glucose-stimulated insulin secretion, influencing the finely tuned
balance of insulin release [300]. Glucokinase (Gck) assumes the role of a glucose-
sensing enzyme within 3 cells, converting glucose to G6P [301]. Its activity is fundamental
to the intricate mechanisms by which B cells respond to glucose levels. Proprotein
convertase subtilisin/kexin type 1 (Pcskl) plays a pivotal role in prohormone convertase
1/3-mediated proinsulin processing [302,303]. The deficiency of Pcskl has been
associated with an increased susceptibility to diabetes in mice, underscoring its

significance in maintaining proper insulin production and secretion [303].

Conducting an in-depth examination of gene expression within  cell clusters, | focused
on markers of maturity (Mafa, Neurodl, Ucn3) and immaturity (Hk1, Ldha, Mctl, Rest),
along with genes associated with both immature and mature populations (Pdx1, Nkx6.1,
Nkx2.2, Isl1l, Pax6), heterogeneity (Cd9, Cfapl26, St8sial), and functionality (Slc2a2,
G6pc2, Gck, Insl, Ins2, Pcskl). For the analysis | aligned the metadata file (containing
information about the genotype and cluster number for each sequenced cell) and gene
count matrix by cell names and extracted gene counts for the above-mentioned genes. |
specifically extracted Sorcs2** cells to avoid the effect of Sorcs2 deficiency.
Subsequently, | performed MAST test [304], to analyze difference in expression of these
markers among B cell populations. The MAST test was chosen over the limma test due
to the low number of genes analyzed and the nature of MAST, which assesses the rate
and level of expression independently for each gene in a cell [304] (for more details

please refer to methods section 2.3.11.3.4).

No marked distinctions were observed in the expression of genes linked to B cell
heterogeneity (Cfapl125, Cd9, St8sial), except for an elevated expression of St8sial in
clusters 1, 2, and 3 (Figure 20 A). This concurs with my prior analysis designating clusters
1, 2, and 3 as exhibiting a low insulin-producing profile (Figure 19 D). Furthermore,
clusters 1 and 2 displayed reduced expression of the insulin processing gene Pcskl

(Figure 20 C), reinforcing the likelihood of a low insulin production phenotype for these
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clusters. Notably, clusters 2 and 3 exhibited heightened expression of G6pc2, a negative
regulator of glucose-stimulated insulin secretion, pointing towards a low insulin-secreting
phenotype (Figure 20 B). Intriguingly, cluster 3 also demonstrated increased expression
of Gck, a feature associated with highly functional B cells (Figure 20 B), providing an
explanation for its dual classification as both low and high insulin-secreting clusters
(Figure 19 B, D).

Clusters exhibited notable differences in Slc2a2 expression, with clusters 1-3 and 7
displaying increased Slc2a2 levels, whereas clusters 4, 5, 8, 9, 10, and 15 demonstrated
decreased Slc2a2 expression (Figure 20 B). Additionally, cluster 5 presented elevated
G6pc2 expression and low Pcskl expression, indicating a low insulin-secreting
phenotype, consistent with the previous analysis (Figure 19 D, Figure 20 B, C). Cluster 4
showed further reduced G6pc2 expression, potentially compensating for the low Slc2a2
expression (Figure 20 B). Clusters 8, 9, and 15 displayed decreased expression of Insl
and Ins2 (cluster 9) genes (Figure 20 C). Intriguingly, despite being previously
categorized as part of the high insulin-secreting cluster, clusters 8 and 9 exhibited
increased insulin processing gene expression Pcskl, suggesting the involvement of other

factors in determining their phenotype (Figure 20 C).

None of the clusters exhibited high expression of disallowed genes (MCT1, Rest, Ldha,
and HKk), signifying the absence of true immature 3 cells in our dataset (Figure 21 A).
Nevertheless, clusters demonstrated variability in terms of maturation markers (Mafa,
Ucn3, Neurodl) (Figure 21 A) and transcription factors (Pdx1, Foxol, Nkx6.1, Pax6, Isl1,
Nkx2-2) (Figure 21 B). Clusters 1, 2, 3, and 12 displayed increased expression of at least
two maturation markers, while clusters 4, 5, 7, 10, 14, and 17 exhibited lower expression
of maturation markers compared to other clusters (Figure 21 A, B). Moreover, clusters 1,
2, 3,12, and 13 showed heightened expression of transcription factors, indicating a fully
mature phenotype (Figure 21 B). Although cluster 14 demonstrated increased expression
of transcription factors Pdx1, Foxol, Pax6, and Isll (Figure 21 B), it also displayed
decreased expression of the maturation gene Mafa (Figure 21 A) and expressed Pyy and
Ppy genes (Figure 17 B, Figure 18), suggesting a multi-hormonal phenotype typical of

immature or transdifferentiating p-cells [305].
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(A) Stacked violin plot comparing gene expression for genes previously associated with 8 cell heterogeneity
among all B cell clusters in Sorcs2** pancreatic islets.

(B) Stacked violin plot comparing gene expression for genes involved in insulin synthesis (Ins1, Ins2) and
processing (Pcsk1) among all B cell clusters in Sorcs2*+ pancreatic islets.

(C) Stacked violin plot comparing gene expression for genes involved in glucose handling (Slc2a2, Gépc2,
G6pc3, and Gek) among all B cell clusters in Sorcs2** pancreatic islets.

Arrows up or down indicate significant up- or down-regulation, respectively, in one cluster compared to all
the cells from other clusters. The significance of data was determined using Seurat and model-based
analysis of single-cell transcriptomics (MAST) for differential gene expression with p < 0.05 considered
significant.
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(A) Stacked violin plot comparing gene expression of markers for mature (Mafa, Ucn3, Neurod1, Esrrg) and
immature (Hk, Ldha, Rest, Slc16a1) B cells among all B cell clusters in Sorcs2*+ pancreatic islets.

(B) Stacked violin plot comparing expression of transcription markers involved in maturation of 3 cellamong
all B cell clusters in Sorcs2** pancreatic islets.

Arrows up or down indicate significant up- or down-regulation, respectively, in one cluster compared to all
the cells from other clusters. The significance of data was determined using Seurat and model-based
analysis of single-cell transcriptomics (MAST) for differential gene expression with p < 0.05 considered

significant.

Clusters 4, 7, 8, 10, 17, and 18 exhibited decreased expression of transcription factors
and maturation markers, indicating an immature phenotype for these clusters (Figure 21).
Cluster 5 displayed reduced expression of nearly all transcription factors and the Neurod1
maturation marker, with decreased Ucn3, suggesting an immature phenotype for this

cluster as well (Figure 21).

In summary, my analysis indicates that clusters 1, 2, 3, 9, 13, and 12 exhibit a mature
phenotype. However, clusters 1 and 2 might have a low insulin-secreting profile due to
low Pcskl expression and high St8sial expression (Figure 20). Cluster 3, characterized
by elevated expression of all maturation markers and glucose handling genes, especially
Gck, a key glucose-sensing enzyme in B cells, may signify a fast-responding phenotype
(Figure 20). Conversely, clusters 4, 5, 7, 8, 10, and 15 display decreased expression of
maturation markers, transcription factors, and glucose-handling genes, suggesting a less

mature phenotype for these clusters (Figure 20, Figure 21).

3.13 SORCS2 deficiency affected the composition of B cell clusters

| next compared cluster composition between genotypes by extracting the number of cells

belonging to each cluster and genotype from the metadata and gene count cell matrix.

Clusters 1, 2,3,4,5,6,7,9,11, 16, 17, and 18 exhibited a similar number of cells between
genotypes, while B clusters 8, 10, and 15 displayed an average 68% decrease in cell
number in Sorcs2”’- samples (Figure 22 A). In contrast, B clusters 12 and 13 demonstrated

a substantial increase of 103% and 1320% in cell numbers, respectively (Figure 22 A).

Previous analyses indicated a less mature nature for clusters 8, 10, and 15, attributing

cluster 10 to low insulin secretion and clusters 8 and 15 to high insulin secretion (Figure
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19 B, D; Figure 20; Figure 21). Clusters 12 and 13 were identified as mature and
characterized by high insulin secretion (Figure 19 B; Figure 20; Figure 21).

To gain deeper insights into the differences between B clusters with altered and
unchanged cell numbers, | performed a limma moderated t-test [203] between unchanged
B clusters (1, 2, 3,4, 5,7, 9, 17, 18) and B clusters with high (12, 13) or low (8, 10, 15)
cell numbers, followed by GO analysis with the "clusterProfiler" R package [208]. In brief,
| aligned the metadata file (containing information for the cluster, genotype, batch, and
cell type accessory for each cell) and gene counts matrix by cell names and extracted
gene counts for the specified groups of clusters. | specifically extracted Sorcs2** cells to
mitigate the impact of Sorcs2 deficiency. Subsequently, | conducted differential gene
expression analysis using the limma test (for details, please refer to the methods section
2.3.11.3.4) [203].

Sorcs2** B clusters 12 and 13, which exhibited an increased number of cells upon Sorcs2
deficiency, were associated with GO terms such as "positive/negative regulation of cell
differentiation,” "regulation of mitotic cycle,"” "regulation of cell population proliferation,"
"positive regulation of cell cycle G1/S phase transition,” as well as "pancreatic a cell
differentiation” (Figure 22 B), suggesting a potential transdifferentiating or proliferative
nature of these clusters [287,305,306]. Hypothetically, clusters 12-13 may be increased
in mutant islets to compensate for potential B cell loss in Sorcs2”- samples, providing a
rationale for the overall unchanged B cell mass in mutant islets.

B clusters with decreased cell numbers in Sorcs2”- samples (clusters 8, 10, and 15) were

characterized by GO terms such as "response to ER stress," "response to unfolded
proteins," "response to topologically incorrect proteins,” and "oxidative phosphorylation”
(Figure 22 C). These GO terms suggest elevated cell stress and metabolic activity in

clusters 8, 10, and 15.

ER stress is common in pancreatic B cells due to high rates of insulin production,
triggering adaptive UPR mechanisms to maintain cellular proteostasis and enhance
tolerance to ER stress by downregulating genes identifying B cells (Pdx1, Geck, Neurod1,
etc.), as well as proinsulin expression and processing [307]. However, chronic or
unresolved ER stress, coupled with increased production of reactive oxygen species and

inflammation, can initiate maladaptive UPR, leading to cell death [307].
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Consequently, | inferred that the loss of clusters 8, 10, and 15 in mutant islets may be
associated with maladaptive cell stress and UPR, suggesting a potential role for SORCS2

in a protective stress response.
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Figure 22: Sorcs2” pancreatic islets have an altered B cluster cell composition.

(A) Quantitative contribution of individual cell clusters to the total cell counts in Sorcs2** (solid bars) and
Sorcs2” (stippled bars) islets.
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(B) Graph representing biological processes of genes differentially expressed when comparing 3 clusters
1,2,3,4,5,7,9, 17, 18 against B clusters 12 and 13 in Sorcs2** pancreatic islets.

(C) Graph representing biological processes of genes differentially expressed when comparing 8 clusters
1,2,3,4,5,7,9, 17, 18 against B clusters 8, 10, and 15 of Sorcs2** pancreatic islets.

The significance of data was determined using limma moderated t-statistics with p < 0.05 considered
significant. Gene ontology analysis was performed with the clusterProfiler R package. Adjusted p-value
(p.adjust) calculated with the Benjamini-Hochberg test with p < 0.05 considered significant.

3.14 Single-cell RNA sequencing suggests increased cell stress in SORCS2-
deficient pancreatic islets

To delve deeper into the impact of receptor deficiency on pancreatic islet cell types,
differential gene expression analysis using the limma test was conducted, comparing
Sorcs2** and Sorcs2”- samples across combined B clusters, as well as separately for q,

0, and PP clusters.

Among all cell types, B cells exhibited the most significant alterations in response to
pancreatic islet Sorcs2 deficiency, with 2507 upregulated and 1739 downregulated genes
(Figure 23 A). a cells were comparatively less affected, showing approximately 100 genes
both up- and down-regulated. In contrast, PP and d cells exhibited minimal impact due to

Sorcs2 deficiency (Figure 23 A).

Across all four cell types, 10 differentially expressed genes were identified in common,
primarily associated with mitochondrial function (Cox7c, Cox6c, mt-Nd3), ribosomal
function (Rpl39, Rpl41l, Rn18s), transcription (IER2, Jun), or pseudogenes (Gm28438,
Mir6236) (Figure 23 B, C).

Both a and 3 cell types shared 170 differentially expressed genes, primarily linked to cell

stress response, as indicated by GO terms such as "oxidative phosphorylation,” "aerobic
respiration,” "response to oxidative stress," and "response to reactive oxygen species."”
These shared findings suggested a potential role for SORCS2 as a protective stress

response factor in both cell types (Figure 23 B, C).

For further insight, GSEA was employed specifically for § and a cells. This gene ontology
method discriminates between up- and down-regulated genes, assigning them to GO
terms based on their fold change [211] (for details, refer to the methods section
2.3.11.3.6).
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GSEA for combined (3 clusters identified GO terms associated with "Cellular response to
unfolded proteins,” "Cellular response to topologically incorrect proteins,” and "Response
to oxidative stress," indicating a suppressed cell stress response in Sorcs2’ samples
(Figure 24 A).

Furthermore, Sorcs2” B cells displayed distinct gene expression patterns associated with
GO terms such as "suppressed protein and vesicle transport,” "retrograde protein
transport ER to the cytosol,” and "endoplasmic reticulum to Golgi vesicle-mediated
transport” (Figure 24 A). This observation was supported by corresponding data
indicating altered vesicle structure obtained through EM analysis (Figure 15). Notably,
the GO term "COPI-coated vesicle budding" also exhibited differences in transcriptomes
(Figure 24 A), with particular relevance to the export of proinsulin from the ER and the
formation of mature insulin [308]. Additionally, an upregulation of genes involved in insulin
secretion was identified (Figure 24 A), suggesting a potential compensatory mechanism

in response to impaired insulin release machinery in mutant 3 cells.
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Figure 23: Sorcs2 deficiency affects gene expression of a and B, but not & and PP cell types of

pancreatic islets
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(A) Bar graph comparing numbers of up- or down-regulated genes in a, 8, 0, and PP cell types.

(B) A Venn diagram showing numbers of differentially expressed genes common between all cell types
identified by comparing gene counts between Sorcs2** and Sorcs2™ in a, B, 8, and PP cell types.

(C) Graph representing biological processes common to o and B cell types of differentially expressed genes
identified by comparing gene counts between Sorcs2** and Sorcs2™.

The significance of data was determined using limma moderated t-statistics with p<0.05 considered
significant. Gene ontology analysis was performed with the clusterProfiler R package. Adjusted p-values
(p-adjust) were calculated with the Benjamini-Hochberg test with p<0.05 considered significant.

Among the genes associated with these GO terms, Nuprl, a stress-inducible chromatin
protein [309], emerged as the most consistently and significantly downregulated gene,
linking ER stress, oxidative stress, and COPI-coated vesicle budding pathways (Figure
24 A, B). Previous studies have demonstrated that Nuprl inactivation in pancreatic islets
led to a diminished ER stress response, resulting in reduced oxidative phosphorylation,

ATP production, mitochondrial failure, and eventual cell death [309].

Another intriguing target associated with GO terms in 3 cells is Manf (mesencephalic
astrocyte-derived neurotrophic factor) (Figure 24 B). Originally identified as a trophic
factor for dopamine neurons, Manf is expressed in various peripheral tissues, including
the pancreas and specifically § cells [310]. MANF localizes to the ER in response to ER

stress and plays a crucial role in protecting against ER stress-induced damage [310].

Furthermore, Manf”’- mice exhibited insulin-deficient diabetes characterized by decreased
B cell proliferation and increased [ cell apoptosis due to unresolved ER stress [310].
Overexpression studies of Manf confirmed its role in stimulating B cell proliferation and

providing protection against ER stress [310].

The proposed mechanism of MANF action involves the inactivation of PERK/EIF2a
activation, leading to the suppression of Trib3 expression and the activation of AKT-

CDK4-cyclinD1 activity, thereby regulating proliferation [310,311].

The downregulation of Manf and Nuprl in Sorcs2”- B cells suggests potential unresolved
ER stress in Sorcs2” pancreatic islets. Consistent with this evidence, Sorcs2”- B cells
may experience heightened cellular stress, resulting in unresolved stress responses in
the ER and mitochondria. These defects are known to adversely affect insulin vesicle

formation, ultimately leading to attenuated glucose-stimulated insulin secretion. Given
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that SORCS2 is not expressed in B cells, the cellular stress observed in this cell type

likely originates from mechanisms in trans.
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Figure 24: Sorcs2 deficiency in pancreatic B cell type leads to suppressed cell stress response and

dysregulation of vesicle formation

A) GSEA analysis performed on genes differentially expressed comparing Sorcs2” and Sorcs2**
( ysis p g y exp paring

pancreatic islet B cell type using clusterProfiler R package.

(B) Category gene net plot showing gene associated with gene ontology terms in GSEA analysis.

The significance of data was determined using limma moderated t-statistics with p < 0.05 considered
significant. Gene ontology analysis was performed with the clusterProfiler R package. Adjusted p-value
(p.adjust) was calculated with the Benjamini-Hochberg test with p < 0.05 considered significant.
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Subsequently, changes in gene expression between Sorcs2** and Sorcs2”- a cells were
analyzed. The GSEA analysis of differentially expressed genes in a cells revealed a trend
similar to that observed in B cells, indicating a decreased cell stress response, as
evidenced by GO terms such as "response to stress," "response to oxidative stress," and
"regulation of response to stress" (Figure 25 A). Moreover, Sorcs2”- a cells exhibited
alterations in gene expression associated with GO terms related to the "regulation of
DNA-templated transcription from RNA polymerase"” and "regulation of gene expression,”

suggesting a potential suppression of the transcription machinery (Figure 25 A).

Furthermore, Sorcs2-deficient a cells displayed downregulation of genes encoding
transcription factors implicated in pancreatic islet maturation and proliferation, including
Klf4, KIf6, Jun, JunD, Fos, and FosB (Figure 25 B) [221,312-314]. Considering the
documented high expression of SORCS2 in human stem cell a and B cells and the
dysregulation in the expression of pancreatic islet-related transcription factors, the
suppression of stress response in Sorcs2”’- a cells may have developmental implications
[221].

Moreover, the mitogen-activated protein kinase (MAPK) cascade was observed to be
downregulated in Sorcs2” a cells (Figure 25 A). MAP kinases can be categorized into
three families: extracellular-signal-regulated kinases (ERK), Jun amino-terminal kinases
(JNK), and stress-activated protein kinases (p38/SAPK) [315]. The MAPK signaling
pathway serves as a double-edged sword in response to ER stress. ERK1/2 activation
promotes cell survival by increasing the expression of anti-apoptotic proteins such as
MCL-1 [316], BCL2 [317], and BCL-XL [318] while simultaneously reducing the
expression of pro-apoptotic proteins like BIM, PUMA, and BMF [319,320]. Conversely,
JNK activation in response to ER stress induces cell death by acting on cell death
receptors, their ligands, and components of the BCL2 family [320]. The activation of p38,
also triggered by cellular stressors, can lead to either cell proliferation or cell cycle arrest.
ER stress primarily targets p38 and JNK, highlighting their involvement in the UPR [320].

Some studies even propose suppressed UPR upon the inactivation of JINK [321,322].

a cells exhibit lower susceptibility to ER stress compared to 3 cells, primarily because of
their elevated expression of Bcl-xL, an anti-apoptotic protein that enhances cell survival

by inhibiting proapoptotic proteins Bax and Bak [323,324]. Given that the MAPK cascade
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is a known stimulator of Bcl-xL expression, and Sorcs2”- a cells display suppressed
MAPK signaling, it is conceivable that Sorcs2” a cells may experience compromised ER

stress responses owing to the inhibition of MAPK signaling.

A gene net plot depicting differentially expressed genes associated with GO terms for a
cells revealed another MAPK signaling and stress-related gene, Sppl (osteopontin)
(Figure 25 B). SPP1 expression is induced through AKT, ERK, JNK, STAT3, and Racl
pathways in response to various stressors, including DNA damage, ER stress, and high
glucose levels [325-327]. SPP1 functions include the promotion of cell survival,
stimulation of proliferation, and modulation of pro- or anti-inflammatory processes [328].
Notably, externally added SPP1 can stimulate insulin secretion in pancreatic 3 cells in a
calcium-dependent manner, facilitating insulin vesicle docking upon glucose stimulation
[329-331]. | propose a mechanism in which SORCS2 stimulates the MAPK pathway,
leading to increased SPP1 expression and secretion in a cells, thereby promoting cell
survival through MAPK signaling. The secreted SPP1, in turn, enhances insulin secretion

from B cells upon glucose stimulation.

Similar to a cells, Sorcs2-deficient & and PP cells exhibited changes in gene expression
profiles related to altered gene transcription machinery and gene expression (Figure 26

A, B), suggesting a common mechanism of action for SORCS2 in a, &, and PP cell types.
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Figure 25: Sorcs2 deficiency affects the transcription machinery and suppresses cellular stress
response in a cells.

(A) GSEA analysis performed on genes differentially expressed comparing Sorcs2’- and Sorcs2**
pancreatic islet a cell type.
(B) Category gene net plot showing genes associated with gene ontology terms in GSEA analysis.

The significance of data was determined using limma moderated t-statistics with p<0.05 considered
significant. Gene ontology analysis was performed with the clusterProfiler R package. Adjusted p-value
(p.adjust) calculated with the Benjamini-Hochberg test with p<0.05 considered significant.
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Figure 26: Sorcs2 deficiency affects the transcription machinery in & and PP cells.

(A) GSEA analysis performed on genes differentially expressed in Sorcs2” versus Sorcs2** pancreatic
islet & cell type using clusterProfiler R package.

(B) GSEA analysis performed on genes differentially expressed in Sorcs2” versus Sorcs2** pancreatic
islet PP cell type using the clusterProfiler R package.

The significance of data was determined using limma moderated t-statistics with p<0.05 considered
significant. Gene ontology analysis was performed with the clusterProfiler R package. Adjusted p-value
(p.adjust) calculated with the Benjamini-Hochberg test with p<0.05 considered significant.
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3.15 SORCS2 deficiency does not induce inflammatory responses in pancreatic

islets

Excessive ER stress, mediated through the activation of the nuclear factor-kB or MAPK
pathway, has the potential to induce the overproduction of reactive oxygen species,
leading to inflammation [332]. GO analysis of differentially expressed genes in a and 3
cells revealed alterations in GO terms associated with the response to oxidative stress in
mutant cells (Figure 24 A and Figure 25 A). Consequently, | performed an analysis of
freshly isolated pancreatic islets to assess the transcript levels of inflammatory cell
markers and cytokines using RT-gPCR. Specifically, | examined the abundance of
transcripts related to M1 macrophages (Nos2, IL-6), M2 macrophages (Argl, CD32,
Ibal), T-cells (CD3) [333], B-cells (CD40) [334], as well as pro-inflammatory cytokines
TNF-a and IL-6 [166].

However, results did not indicate any changes in the transcript levels of the tested genes

(Figure 27). Therefore, SORCS2 deficiency does not directly promote inflammation.
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Figure 27: SORCS2-deficient islets do not promote inflammation

(A) Fold changes in transcripts encoding the indicated inflammatory markers comparing freshly isolated
Sorcs2** and Sorcs2™ islets (n = 3-6 animals per genotype) using g RT-PCR.
The significance of data was determined using an unpaired Student’s t-test.
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3.16 SORCS2 deficiency alters osteopontin expression through the AKT pathway

One gene that exhibited strong downregulation in a cells was Sppl (secreted
phosphoprotein 1) (Figure 25 B). Secreted phosphoprotein 1, also known as osteopontin,
belongs to the small integrin-binding ligand N-linked glycoprotein (SIBLING) family. It
plays a crucial role in various biological processes, including bone remodeling,
inflammation, cellular stress responses, and cancer [335,336]. Osteopontin is widely
expressed in diverse tissues, and its significance has been well-established in bone, lung,
gastrointestinal tissues, and inflammatory cells, where it activates anti-apoptotic

pathways in response to stress [335,336].

Osteopontin, acting on integrin receptors, can activate several signaling pathways,
including protein kinase B (AKT), Janus kinase 2 (Jak2), and mitogen-activated kinase
(MEK), which, in turn, activate anti-apoptotic pathways [335]. Additionally, osteopontin
can directly interact with the apoptosis regulator factor B-cell lymphoma-2 (Bcl-2) to
promote cell survival (Figure 28) [335]. In pancreatic islets, osteopontin has a specific
function of inhibiting nitric oxide synthase (iINOS), preventing the accumulation of nitric

oxide (NO) in response to cellular stress (Figure 28) [335].

Beyond its role in stress responses, the expression product of osteopontin is implicated
in potentiating glucose-stimulated insulin secretion. This dual functionality makes

osteopontin an intriguing target for further investigation [329,330].

To validate the findings from scRNA-seq results, | conducted a comprehensive analysis
of osteopontin expression at both the transcript and protein levels in isolated pancreatic

islets, using RT-gPCR and ELISA, respectively.

The results clearly demonstrated a significant reduction in both osteopontin transcript and
protein levels in SORCS2-deficient samples compared to Sorcs2** samples (Figure 29
A, B). Furthermore, to assess the impact of SORCS2 deficiency on osteopontin secretion,
Sorcs2** and Sorcs2”- pancreatic islets were cultured overnight, and the culture medium

for secreted osteopontin was analyzed using ELISA.
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This additional experiment revealed a noticeable decrease in osteopontin secretion in
Sorcs2”’- samples (Figure 29 C). These findings provide robust support for the hypothesis
that SORCS2 plays a crucial role in influencing glucose-stimulated insulin secretion from

B cells through the regulation of osteopontin release from a cells.
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Figure 28: Molecular mechanisms involved in osteopontin (OPN) regulation of apoptosis and ER
stress regulation of AKT pathway.

OPN can act through integrin and CD44 receptors in order to activate anti-apoptotic signaling. By acting on
the integrin receptor, OPN activates Jak2-STAT3, ERK, and PI3K pathways. Additionally, OPN activates
BCL-2 and inhibits iINOS action. By acting on the CD44 receptor, OPN activates PKC, which further
potentiates PI3K pathway activation.

AKT (protein kinase B), AP-1 (activator protein-1), ASK1 (apoptosis signal-regulating kinase 1); BCL-2 (B-
cell lymphoma-2), CREB (cAMP response element-binding protein), DAG (diacylglycerol), ER
(endoplasmic reticulum), ERK (extracellular-signal regulated kinases), GSK3 (glycogen synthase kinase
B), INOS (nitric oxide synthase), JAK2 (Janus Kinase 2), Mdm2 (Murine double minute 2); MEK (mitogen-
activated protein kinase kinase), MLK3 (mixed lineage kinase 3); mTORc (mammalian target of rapamycin
complex), NFKB (nuclear factor kappa light chain enhancer of activated B cells), NO (nitric oxide), PA
(phosphatidic acid), PERK (protein kinase R (PKR)-like endoplasmic reticulum kinase), PI3K
(phosphoinositide 3-kinase), PKC (protein kinase C), PCL (polycomb-like protein), SAPK (stress-activated

protein kinase), STAT3 (signal transducer and activator of transcription 3), YAP (yes-associated protein 1).
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Figure 29: Impaired osteopontin expression in SORCS2-deficient islets

(A) Fold change for Spp1 transcript levels was determined by quantitative RT-PCR in Sorcs2** and Sorcs2-
" islets cultured overnight (n = 12-13 animals per genotype).

(B) Osteopontin levels were determined by ELISA in lysates of isolated Sorcs2** and Sorcs2” islets
cultured overnight (n = 18 animals per genotype).

(C) Secreted osteopontin levels were determined by ELISA in the supernatant of isolated Sorcs2** and
Sorcs2™ islets cultured overnight (n = 11-13 animals per genotype).

The significance of data was determined using an unpaired Student’s t-test (A) or Mann-Whitney U test (B,
C). *, p <0.05; **** p < 0.0001.

To explore how SORCS2 activity may influence osteopontin expression and secretion,
pathways known to be associated with the control of osteopontin expression were
investigated. These pathways include protein kinase B (AKT), extracellular signal-
regulated kinases (ERK), signal transducer and activator of transcription (STAT3), and

p38 mitogen-activated protein kinases (p38 MAPK) pathways (Figure 28).

For the analysis of AKT, ERK, STAT3, and p38 MAPK pathway activation, | isolated and
cultured overnight pancreatic islets from Sorcs2** and Sorcs2”- mice. Western blotting
was then employed to assess total levels of proteins (AKT, ERK1/2, STAT3, and p38) as
well as their phosphorylated counterparts (pAKT-Thr308, pAKT-Ser473, pERK1/2,
pSTATS, pp38). The ratio of phosphorylated to total protein served as an indicator of
pathway activity.

The results demonstrated a reduced activation of the AKT pathway (Figure 30 A, B) and

a tendency towards decreased activation of the p38 pathway (Figure 30 C, A).

Notably, the ERK1/2 and STAT3 pathways were not significantly affected by SORCS2

deficiency.
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Figure 30: Impaired AKT signaling in SORCS2 deficient islet samples

(A) Levels of the indicated proteins in lysates of isolated Sorcs2** (WT) and Sorcs2™ (KO) islets were
detected using western blotting analysis. The blots show representative data of three individual pools of
islet preparation for each genotype (approximately 250 islets per pool). Detection of vinculin served as
loading control. p, phosphorylated.

(B, C) Quantitative analysis of protein levels based on densitometric scanning of replicate blots (as
exemplified in A) of a total of 13-18 pools of isolated islets per genotype.

The significance of data was determined using an unpaired Student’s t-test (B, C). **, p < 0.01; ***, p <
0.001; **** p < 0.0001; n.s., not significant.

The AKT pathway, similar to MAPK, is activated by ER stress. Specifically, ER stress
triggers the activation of protein kinase RNA-like ER kinase (PERK), which, through its
lipid kinase activity, enhances the production of phosphatidic acids (PA) (Figure 28) [337].
Elevated PA levels activate the mTOR complex, leading to the phosphorylation of AKT
on Ser473, partially activating the AKT pathway [338]. Additionally, the mTOR complex
inhibits the phosphorylation of insulin receptor substrate, activating the PI3K pathway
and, subsequently, its downstream target, phosphoinositide-dependent kinase-1 (PDK1),
which phosphorylates AKT on Thr308, fully activating the AKT pathway [338,339].
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Phosphorylated AKT, in its turn, promotes cell survival in various ways [340] (Figure 28).
Firstly, via activation of glycogen synthase kinase-3 [ (GSK3p), which promotes
autophagy via 60-kDa tat-interactive protein (TIP60) — unc-51 like autophagy activating
kinase 1 (ULK1) pathway [341]. Secondly, by phosphorylating and consequently
inactivating proapoptotic protein of Bcl-2 family Bcl-2-associated death promoter (BAD)
on Serl36, which activates Bcl-2 and Bcl-xL proteins [340] (Figure 28). Thirdly, via
phosphorylation and consequent inhibition of upstream kinases of stress-activated
protein kinase (SAPK) pathway, which regulate responses to stress: MAP kinase kinase
(MKKK) on Ser83, mixed lineage kinase 3 (MLK3) on Ser674 and dual specificity
mitogen-activated protein kinase SEK1 (SEK1) on Ser78 [340] (Figure 28). AKT also
activates cyclic AMP (cAMP)-response element binding protein (CREB) through
phosphorylation at Ser133, which consequentially activates antiapoptotic Bcl-2 and Mcl-
1 proteins [340] (Figure 28). AKT may also phosphorylate and increase ligase activity of
murine double minute 2 (Mdm2), which leads to deactivation of p53 pro-apoptotic
response. Finally, AKT can activate YES-associated protein (YAP) via phosphorylation
at Serl127, which in turn suppresses p73-mediated apoptosis [340] (Figure 28).

This data supports the hypothesis that SORCS2 deficiency in a cells disrupts AKT and
MAPK pathways, leading to an inadequate UPR, decreased cell survival mechanisms,
and a subsequent reduction in the secretion of SPP1, thereby dampening glucose-

stimulated insulin secretion in  cells.
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4 Discussion

4.1 Effects of SORCS2 deficiency on glucose metabolism

Glucose is a primary metabolic fuel in mammalian organisms, and precise regulation of
glucose metabolism is vital for survival, given that both its deficiency and excess can lead

to severe complications or even death.

The genetic association of SORCS2 with both T2DM [54] and BMI [342], coupled with its
close structural resemblance to SORCS1 — a protein integral to 3-cell vesicle formation
[343] — prompted an investigation into the potential role of SORCS2 in glucose

metabolism, particularly its involvement in insulin secretion from pancreatic islets.

Sorcs2”- mice exhibited decreased glucose tolerance but not affected insulin tolerance,
as determined by Dr. Vanessa Schmidt-Kriiger [185]. Moreover, Sorcs2” mice exhibited
decreased body weight and reduced lipid and glycogen content in the liver and muscles,
further supporting our hypothesis of defective insulin secretion in these mice (Figure 9 A;
Table 8; Table 9). Intraperitoneal injection of glucose in Sorcs2” mice revealed a
diminished insulin secretion response compared to Sorcs2** mice (Figure 11 A).
Additionally, high glucose stimulation of isolated Sorcs2”- pancreatic islets confirmed a
reduced insulin secretion response (Figure 12 B, E). Notably, electron microscopy
analysis of pancreatic B cells revealed suppressed insulin vesicle maturation (Figure 15).
However, morphological characteristics, such as 3 cell mass and areas of a, & and PP

cell types, of Sorcs2”- pancreases were not affected (Figure 13; Figure 14).

Intriguingly, despite exclusive SORCS2 protein expression to a, & and PP cells (Figure
10 B), basal or glucose-stimulated secretion of insulin-release regulatory hormones
(glucagon, GLP-1, somatostatin, NPY, and PYY) released from a, 8, PP, or € pancreatic
islet cell types remained unaffected by SORCS2 deficiency, both in vivo and in vitro
(Table 10; Table 11; Table 12)

Further insights from single-cell RNA sequencing analysis of Sorcs2”- and Sorcs2**
isolated pancreatic islets indicated a blunted stress response in Sorcs2”- a and B cells,

possibly linked to reduced expression of the stress response molecule osteopontin from
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a cells (Figure 24; Figure 25; Figure 29). Osteopontin protein levels and secreted levels
were also found to be diminished in Sorcs2’- pancreatic islets (Figure 29). Moreover, the
AKT signaling pathway, known to regulate SPP1 expression [335], was inhibited by
SORCS?2 deficiency (Figure 30 B).

Given osteopontin's crucial role in enhancing the distribution of B-cell insulin granules
[344] and its stimulatory impact on glucose-stimulated insulin secretion within pancreatic
islets [345], | posit that SORCS2 in a cells indirectly modulates the expression of SPP1
by influencing the AKT pathway. Upon secretion, osteopontin is likely to augment
glucose-stimulated insulin secretion, as well as potentiate stress response in pancreatic
B cells. Stress potentiation, in turn, facilitates the proper maturation of insulin vesicles,

thereby ensuring their correct functionality.

4.2 SORCS2 promotes systemic glucose metabolism

Our understanding of SORCS2's involvement in glucose metabolism is reinforced by
findings from Dr. V. Schmidt-Kriiger, demonstrating distinct metabolic alterations in

Sorcs2”-mice compared to their Sorcs2** counterparts [185].

Notably, Sorcs2”- mice exhibited reduced glucose tolerance without a concurrent
impairment in tissue insulin sensitivity, indicating an insulin-deficient phenotype rather
than insulin resistance [185]. Dr. V. Schmidt-Kriiger's investigation also revealed a
decrease in the respiratory exchange ratio during the day in Sorcs2”’ mice [185],
suggesting an increased reliance on lipids as the primary energy source — an

observation commonly associated with insulin deficiency [346,347] .

Despite elevated lipid oxidation being a hallmark of decreased insulin availability
[348,349], | acknowledge that other factors may contribute to the altered metabolic fuel
consumption in Sorcs2”- mice. Notably, the increased activity observed in these mice,
reminiscent of an ADHD-like phenotype [350], could potentially influence higher lipid
utilization, as documented in humans following endurance training [351].

My investigation further substantiates SORCS2's role in systemic glucose metabolism by
revealing reduced levels of glycogen, cholesterol, and free fatty acids in the liver (Table

8) and decreased levels of glycogen in skeletal muscles (Table 9) of Sorcs2” mice
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compared to Sorcs2**, These observations align with the characteristic blunting of insulin

stimulation on lipogenesis and glycogen synthesis [215-217].

In tandem with diminished muscle and liver glycogen and lipid stores, Sorcs2”- mice
exhibited a reduced body weight compared to Sorcs2** mice (Figure 9), mirroring
established phenotypes of Type 1 Diabetes (T1D). In early T1D stages, insulin deficiency
leads to attenuated tissue glucose uptake, prompting increased reliance on fat and

glycogen as primary metabolic fuel sources [352,353].

4.3 SORCS2 expression is specific to non- 8 pancreatic cell types

To substantiate the potential involvement of SORCS2 in insulin secretion, | present
evidence of its predominant expression in pancreatic a, 6, and PP cells, distinctly absent
from B cells (Figure 10). Single-cell RNA sequencing (ScCRNA-seq) analysis further
supports this observation, highlighting heightened Sorcs2 expression in a, , and PP
cells, while acknowledging some presence in the 3 cell cluster 14 (Figure 17 C). Notably,
cluster 14 exhibits characteristics indicative of a multi-hormonal, transdifferentiating-like,

or progenitor-like nature (Figure 17 B, Figure 21 A, B).

The complexity arises when considering the nature of cluster 14, prompting a discussion
on the ongoing debate surrounding the presence of transdifferentiating or immature cells
within adult pancreatic islets. Numerous studies affirm the ability of a [354], & [355], and
B [286] cells to undergo de-differentiation or reprogramming. During the onset of Type 1
Diabetes (T1D), pancreatic B cells were demonstrated to dedifferentiate, characterized
by impaired oxidative phosphorylation and heightened expression of progenitor cell
markers [286,356]. In a diphtheria toxin-induced acute selective near-total 3 cell ablation
transgenic mouse model, pancreatic a cells transdifferentiated into B cells, displaying an
intermediate stage of bi-hormonal (glucagon+, insulin+) cells attempting to augment 3
cell mass after total ablation [354]. Additionally, pancreatic & cells were found to
reprogram into insulin-producing cells in a FOXO1l-dependent manner, and

pharmacological FOXO1 inhibition stimulated & to B cell reprogramming [355].

Our findings align with previously published mouse pancreas scRNA-seq analyses,

emphasizing Sorcs2's predominant expression in a, &, and PP cell types [222,223].
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Notably, these studies reported slight Sorcs2 expression in B cell populations, though
they did not distinguish between different types of 3 cell clusters, leaving the nature of
Sorcs2 expression in predominantly transdifferentiating or progenitor-like clusters
undetermined [222,223]. In human pancreatic islet SCRNA-seq, SORCS2 exhibited its
highest expression in a cells [219]. Conversely, scRNA-seq analysis of induced
pluripotent stem-derived pancreatic islets demonstrated SORCS2 expression in adult a,
0, and B cells [222,223]. Intriguingly, the highest expression of SORCS2 was identified in
early stem-cell a and B cell clusters, characterized by a multi-hormonal nature secreting
both glucagon and insulin, as well as in stem-cell enterochromaffin cells cluster secreting
serotonin [221,357]. These findings not only affirm our results of Sorcs2 expression in
multi-hormonal, progenitor-like cell types (B cell cluster 14, Figure 17 C) but also raise

guestions about SORCS2's potential involvement in pancreatic islet development.

4.4 SORCS2 promotes insulin secretion from beta cells

Building upon the observed reductions in glucose tolerance, liver and muscle glycogen,
and lipid levels in Sorcs2” mice, this section provides a comprehensive analysis of insulin

secretion and the underlying mechanisms influenced by SORCS2 deficiency.

The in vivo and in vitro assessments of insulin and C-peptide secretion during high-
glucose stimulation clearly indicate a significant reduction in Sorcs2”- samples compared
to Sorcs2** controls (Figure 11 A, B; Figure 12 B). Notably, even under basal conditions,
C-peptide secretion was diminished in Sorcs2”- mice (Figure 11 C, D), emphasizing the
importance of considering basal insulin secretion. The argument for decreased insulin
secretion under basal conditions is further supported by the slower degradation rate of C-

peptide, making it a more accurate reflection of in vivo insulin secretion [358].

However, the nuanced findings related to the first phase of glucose-stimulated insulin
secretion warrant discussion. While the in vivo setting revealed a decrease, isolated
Sorcs2”- pancreatic islets did not exhibit altered insulin secretion during the first phase
(Figure 12 C, D, E). The proposed explanation involving a faster rate of insulin clearance
in the liver, kidney, muscles, and other tissues highlights the importance of considering

physiological context in interpreting in vitro results [359].
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The attenuation of insulin secretion in response to KCI stimulation, which depolarizes
cell membrane and allows secretion from all primed and docked vesicles, further
strengthens the argument for a generalized insulin release defect in Sorcs2” B cells
(Figure 12 B). Morphological examination of pancreatic islets supports this observation,
revealing abnormalities in secretory insulin granule formation in mutant beta cells,
particularly evident in the increased numbers of immature vesicles and decreased

numbers of crystallized mature vesicles (Figure 15).

An intriguing aspect to explore is the plausible connection between the observed
reduction in insulin secretion upon KCI stimulation and potential alterations in Ca?*
channels in the context of SORCS2 deficiency. However, detailed scrutiny of the sSCRNA-
seq data from Sorcs2”- B cell clusters (for details please refer to methods section
2.3.11.3.5) revealed no significant changes in the genes associated with Ca?* channels.
Furthermore, the absence of SORCS2 expression in  cells (Figure 10 B) rules out the
possibility of its direct involvement in the trafficking of calcium channels. This suggests
that the diminished insulin secretion in response to KCI stimulation observed in SORCS2-
deficient conditions may be mediated through alternative pathways or factors not directly

linked to Ca?* channel regulation.

The comparable total content of insulin and proinsulin in isolated pancreatic islets
between genotypes (Figure 12 F, H), alongside reduced C-peptide content in Sorcs2
samples (Figure 12 G), raises intriguing questions. The 1:1 ratio of cleavage of insulin
and C-peptide from proinsulin suggests the possibility of proinsulin processing defects or

increased lysosomal degradation of C-peptide [103,125,126].

Furthermore, previous studies provide valuable insights into the fate of C-peptide
compared to insulin. A faster rate of degradation of C-peptide compared to insulin by
crinophagy, involving the fusion of vesicles with lysosomes, has been documented [239].
Additionally, the C-peptide pulse-chase approach in INS1 cells demonstrated an
alternative degradation route for C-peptide from immature vesicles [360]. This pathway
involves the sorting of C-peptide in immature vesicles and its transportation to lysosomes
[360]. Both of these studies suggest that the reduction in C-peptide seen in Sorcs2”
samples may be attributed to increased lysosomal degradation of C-peptide as compared

to mature insulin.
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The elevated presence of immature vesicles observed in Sorcs2” mice may find its roots
in the disrupted maturation of ER-derived insulin, potentially induced by chronic ER stress
[307] (Figure 24 A). This phenomenon mirrors findings in MING6 cells treated with
cyclopiazonic acid (CPA), an inhibitor of ER Ca?* ATPases, leading to an imbalance in
ER Ca?* homeostasis, triggering the unfolded protein response (UPR) and chronic stress
[307]. Notably, CPA-treated MING6 cells demonstrated a mislocalization of proinsulin to
cytoplasmic granules, similar to the distribution observed in Sorcs2” B cells [307]. The
scRNA-seq analysis revealed distinct alterations in ER stress-related genes in Sorcs2”
B cells (Figure 24 A), suggesting a potential link between the disrupted ER stress
response and the aberrant proinsulin processing, ultimately culminating in the

accumulation of immature vesicles in Sorcs2” B cells (Figure 15).

Alternatively, despite the absence of SORCS2 protein expression in mouse B cells, the
scRNA-seq data indicating its presence in human progenitor B cells opens avenues for
exploring SORCS2's potential role in the developmental formation of vesicle machinery
[221].

Insulin secretion on the other hand, can be influence by SORCS2 in a paracrine manner
by regulating the secretion of factors from a, & or PP cells. These factors may include
hormones such as glucagon [127,240], somatostatin [136], ghrelin [258], NPY [136],
GLP-1[103,127,253,254], or PYY [256,257].

Moreover, the influence of extracellular vesicles on insulin secretion should be
considered. Studies in NOD scid gamma (NGS) mice treated with extracellular vesicles
derived from the breast cancer cell line MDA-MB-231 revealed a decrease in glucose-
stimulated insulin secretion [361]. Specifically, miR-122 secreted from the MDA-MB-231
cell line reduced pyruvate kinase M1/2 (PKM) expression, thereby suppressing glycolysis
and ATP-dependent insulin secretion from isolated pancreatic islets derived from NGS
mice and the MING6 cell line [361]. These findings contribute to the intricate regulatory

network involved in insulin secretion, providing an additional layer of complexity.

Furthermore, ER stress emerges as a crucial consideration. As highly metabolically active

cell types, all pancreatic cell types are prone to ER stress, initiated by the high demand
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for secreted hormones in response to glucose or other nutrients [177]. ER stress onset in
one type of cell can be transmitted to the cell in close proximity through the secretion of
factors of yet unknown nature [362,363]. Previous studies have demonstrated ER stress
transmission between stressed cancer cells and macrophages, leading to the up-
regulation of ER stress signaling pathways [362]. The nature of the secreted molecules,
described as protein kinase K resistant lipid-like substances, emphasizes the complexity
of intercellular communication in response to ER stress [363]. Similarly, ER-stressed
astrocytes were shown to transmit ER stress to neuronal cells, further highlighting the

intricate network of signaling molecules involved in stress responses [363].

4.5 Involvement of SORCS2 in global regulation of glucose metabolism

Central to the intricate web of glucose metabolism is the hypothesis that SORCS2's
activity promotes insulin secretion through the controlled release of hormones from q, 9,
or PP cells. This orchestrated release involves hormones that either inhibit (somatostatin
[136], NPY [136], ghrelin [258]) or augment (glucagon [127,240], GLP-1
[103,127,253,254], PYY [256,257]) glucose-stimulated insulin secretion.

However, as the investigation unfolded, this hypothesis faced disproof. Documented
levels of glucagon, GLP-1, and somatostatin in vivo (Table 10) and glucagon, GLP-1,
somatostatin, NPY, PYY, and ghrelin in vitro (Table 11) remained comparable between

mutant and control islets.

Yet, the dynamics of NPY and PYY secretion in vivo unveiled intriguing insights. Notably,
NPY levels increased under basal conditions in Sorcs2”- mice, while PYY levels
decreased (Table 10). These alterations were not mirrored in isolated pancreatic islets in
vitro, hinting at a broader role for SORCS2 beyond the islet microenvironment. This
argues against a direct involvement of SORCS2 in hormone release from islet cell types
but suggests additional roles in systemic control of metabolism, potentially in the

hypothalamus or intestine.

4.5.1 Role for SORCS2 in hypothalamic regulation of glucose metabolism

Beyond the pancreatic realm, NPY's presence in the brain cortex, hippocampus,

hindbrain, and hypothalamus unveils its multifaceted role in central metabolic regulation
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[364]. Arcuate nucleus neurons in the hypothalamus, abundant sources of NPY, play

pivotal roles in neuroendocrine regulation, appetite control, and insulin secretion [364].

NPY secretion responds to various factors, such as circulating elements (glucose, ghrelin,
asprosin, glucocorticoids, etc.), synaptic inputs from the paraventricular nucleus of the
hypothalamus (thyrotropin-releasing hormone, and pituitary adenylate cyclase-activating
polypeptide), and inputs through neuropeptide FF receptor 2 signaling [365,366].
Secreted NPY orchestrates appetite control by acting on Y1 receptors on
proopiomelanocortin (POMC) and cocaine-amphetamine-regulated transcript (CART)
neurons in the arcuate nucleus, inhibiting their satiety outputs [365]. Without this
inhibition, POMC neurons, responding to satiety signals (leptin, insulin, etc.), release the
a-melanocyte-stimulating hormone [366]. This, in turn, acts on melanocortin receptors 3
and 4 to reduce food intake [366]. NPY neurons project to various brain regions,
promoting feeding [366]. In regard to insulin secretion control, NPY is produced by the
sympathetic nervous system, which is known to inhibit insulin and stimulate glucagon

secretion [367].

scRNA-seq and mass spectrometry showcased the expression of SORCS2 in
hypothalamic [368] and sympathetic neurons [369]. Additionally, increased in vivo NPY
levels in Sorcs2”- mice hint at SORCS?2 involvement in neuronal NPY secretion (Table
10). Intriguingly, the role of NPY in stimulating food intake, which typically leads to obesity,
contrasts with our data showing decreased body weight in Sorcs2”- compared with
Sorcs2** mice (Figure 9). This discrepancy might be attributed to increased activity due
to an ADHD-like phenotype in Sorcs2” mice [185,186].

Another plausible explanation for decreased body weight alongside elevated NPY levels
could be cellular desensitization in mutant mice due to persistent NPY signaling [370].
Studies showed that stimulation of the human neuropeptide Y2 receptor (hY2R) with NPY
leads to receptor internalization, preventing continuous stimulation until agonist removal
[370]. Prolonged cellular stimulation with NPY persistently activates the Gai pathway and
depletes G-protein stores, dampening signaling through hY2R even after agonist removal
[370].
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4.5.2 Role of SORCS2 in gut regulation of glucose metabolism

Turning attention to a possible role for SORCS2 in intestinal PYY release, this hormone
exists in two forms [137]. Full-length PYY1-3s, predominantly expressed and secreted in
the brain, and PYYs.36, lacking the N-terminal dipeptide, secreted by enteroendocrine
cells and intestinal L cells [137]. PYY1-36 directly inhibits insulin secretion by activating
NPY receptors Y1 or Y4 on (3 cells [137]. Conversely, PYY3s.36 may protect 8 cells from
apoptosis by acting on Y1 receptors and inhibiting NF-kB in pancreatic islets [137].
Additional functions include inhibiting food intake and reducing weight gain [137].
Although the ELISA used did not discriminate between the two forms, considering PYY s.
36 as the major circulating variant in Sorcs2”- mice suggests a reduction in plasma PYYa.
36 (Table 10).

scRNA-seq analysis revealed SORCS2 expression in small intestine tissue [371]. Hence,
the impact of SORCS2 deficiency on PYY expression and/or secretion from this tissue is
conceivable [371]. Unfortunately, the analysis did not distinguish specific cell types in the
small intestine, limiting conclusions regarding Sorcs2 expression in PYY-secreting L-cells
[371].

Notably, the unchanged feeding behavior of Sorcs2’- mice, as communicated by V.
Schmidt [185], argues against a significant impact of altered NPY and PYY levels on the

body metabolism of these mice (Table 10).

4.6 Heterogeneity of B-cell clusters in wildtype and SORCS2-deficient murine
islets

In a quest to unravel the nuanced cellular mechanisms that link SORCS2 deficiency to
alterations in insulin secretion within pancreatic islets, sScRNA-seq experiments were
conducted on pancreatic islets derived from both Sorcs2’ and Sorcs2** mice. The
findings unveiled a rich diversity, identifying fourteen B-cell clusters and single clusters
for a, 8, and PP cell types (Figure 17 A, B).

A comparative gene expression analysis categorized the p-cell clusters into three

distinctive groups. The first group showcased high insulin-secreting cells (clusters 15, 9,
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8, 13, 12, 3) (Figure 19 B). The second group exhibited low insulin-secreting cells (1, 7,
2, 3,5, 4, 10, 17) (Figure 19 D). Intriguingly, a unique cluster emerged, identified as
antigen-producing B cells (cluster 18) (Figure 19 E). Furthermore, these B clusters were
differentiated based on the expression of genes associated with (3 -cell maturation (Mafa,
Ucn3, Neurodl) and functionality (Slc2a2, G6pc2, Gck, Insl, Ins2, Pcskl) (Figure 20;
Figure 21).

The investigation illuminated the diverse nature of 3-cell clusters. Clusters 1, 2, 3, 9, 13,
and 12 exhibited maturity and high functionality, characterized by elevated expression of
maturation markers and genes related to glucose and insulin handling (Figure 20, Figure
21). In contrast, clusters 1 and 2 represented low insulin-secreting cells, showcasing high
expression of St9sial and low expression of Pcskl (Figure 19 D, Figure 20). Clusters 4,
5, 6, 7, 8, 10, and 15 exhibited decreased expression of maturation markers and insulin

and glucose handling genes, suggesting an immature B-cell state (Figure 20, Figure 21).

While SORCS2-deficient islets retained the same categories of B cell clusters, a
guantitative analysis uncovered a substantial loss of cell numbers in clusters 8, 10, and
15, coupled with a gain in cell numbers in clusters 12 and 13 (Figure 22 A). Notably,
clusters 8, 10, and 15 in mutant islets were marked by high ER stress, oxidative
phosphorylation, and UPR (Figure 22 C). These features, indicative of highly
metabolically active B cells, are also known to accompany unresolved ER stress and
UPR, leading to cellular loss [178-180]. Thus, cell death due to unresolved cell stress
caused by SORCS2 deficiency is a likely explanation for the decrease in cell numbers

seen in mutant islets.

Clusters 12 and 13, exhibiting increased cell numbers in mutant islets, displayed markers
of cell proliferation and differentiation (Figure 22 B). This suggests a compensatory
mechanism, where proliferative cell types rise in numbers to offset the loss of mature j-
cells in clusters 8, 10, and 15.

4.7 SORCS2 deficiency coincides with suppressed ER stress response

In a meticulous exploration of the genetic landscape, differential gene expression analysis
between Sorcs2** and Sorcs2” revealed that B cells stood as the primary domain

profoundly impacted by Sorcs2 deficiency, having over 1000 differentially expressed
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genes (Figure 23 A). Downregulated genes, intricately associated with vesicle formation,
not only reinforced our earlier morphological analyses indicating impaired vesicle
maturation in Sorcs2”- B cells (Figure 24; Figure 15) but also laid the groundwork for a

deeper understanding of the ramifications of SORCS2 absence.

In the realm of ER stress and UPR, a noticeable suppression unfolded in SORCS2-
deficient B cells, aligning with the loss observed in highly metabolic clusters 8, 10, and 15
(Figure 24 A, Figure 22 A, C). Down-regulation of Manf and Nuprl, both responsive to
ER stress and linked to insulin-deficient diabetes, B cell apoptosis, and ER stress
suppression, further underscored the intricate dance between SORCS2 and cellular
stress responses (Figure 24 B). Intriguingly, the upregulation of genes tied to the
regulation of insulin secretion hinted at a compensatory response to the altered second
phase of insulin secretion and perturbed vesicle maturation (Figure 12 B, E; Figure 15;
Figure 24)

Contrastingly, cell types expressing SORCS2 were comparatively less impacted by its
deficiency than the non-receptor expressing B cells, emphasizing a pivotal role of the
receptor in mediating communication between insulin-secreting and non-secreting cell
types (Figure 23 A; Figure 17 C). Notably, & and PP cells exhibited minor impacts,
suggesting resilience in the face of SORCS2 deficiency (Figure 23 A, Figure 26). A
nuanced picture emerged for a cells, displaying over 200 differentially expressed genes
associated with the suppression of stress response, paralleling observations in B cells,
and suppression of transcription akin to & and PP cells (Figure 23 A, Figure 25). This
resonates with prior studies indicating a role for SORCS2 in cellular stress response in

neurons [47].

In the realm of neuroscience, SORCS2 emerges as a defender against oxidative stress.
Studies on epileptic patients and a mouse model of seizures revealed increased SORCS2
expression in neurons three days after prolonged seizures (status epilepticus) induced
by pentylenetetrazol [47]. Remarkably, neurons bearing SORCS2 were more resistant to
seizure-induced death, underscoring the receptor's importance in stress protection [47].
The study highlighted SORCS2's role in sorting glutamate and cysteine transporter
EAATS, facilitating neuronal cysteine uptake crucial for synthesizing the reactive oxygen
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species scavenger glutathione, shielding neurons from oxidative stress-induced death
[47].

Akin to its protective role in seizures, SORCS2 demonstrated significance in a stroke
mouse model, a condition associated with oxidative stress [49]. Activated astrocytes
surrounding ischemic lesions exhibited increased SORCS2 expression, emphasizing its
importance in tissue healing, particularly post-stroke angiogenesis [49]. SORCS2's
modulated enhancement of endostatin release showcased its role in promoting

angiogenesis [49].

Adding to its protective role, a recent study applied hypoosmotic shock to cell lines
expressing SORCS2 (HepG2, SH-SY5Y, HEK293, primary mouse hippocampal neurons)
[49]. The study revealed either a change in the expression of SORCS2 isoforms or an
increase in total Sorcs2 transcripts, further supporting the involvement of SORCS2 in

stress response across various cell types [372].

The primary function of pancreatic 3 cells involves the intricate orchestration of insulin
production in response to varied stimuli, necessitating a high metabolic pace [175-177].
While short-term ER stress and UPR can benefit 3 cell survival, prolonged exposure may
lead to apoptosis [175-177]. Additionally, high glucose stimulation activates oxidative
stress, initially supporting insulin secretion through activating ryanodine receptors and
consequent increase in intracellular Ca?*, but culminating in B cell apoptosis over time

[373]. Interestingly, ER stress may potentiate oxidative stress [373].

In the intricate landscape of pancreatic islets, a cells, akin to their B cell counterparts,
grapple with ER stress due to the constant production of hormones such as glucagon and
GLP-1 [374]. Intriguingly, studies suggest that a cells exhibit a remarkable resilience to
ER or oxidative stress, surviving even in the late stages of diabetes [374]. This resilience
is attributed to the increased expression of the antiapoptotic gene BCL2L1, the protective
ER stress-related chaperone BiP (HSPA5), and the decreased expression of pro-
apoptotic URP response gene CHOP [374].

| envisage two potential mechanisms by which SORCS2 may contribute to ER stress
response in a cells, specifically by regulating MAPK (p38) or PI3K-AKT pathways (Figure
30).
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Analysis of differentially expressed genes in a cells suggested the suppression of the
MAPK pathway in the absence of SORCS2, supported by the downregulation of genes
such as Sfrp5, Shcl, Duspb, Klf4, and Jun (Figure 25). Western blotting further confirmed
the suppressed activation of p38 (Figure 30 C). The MAPK cascade stimulates the
expression of Bcl-xL, an anti-apoptotic protein crucial for the survival of differentiating
pancreatic cells [375,376]. SORCS2 appears to play an essential role in promoting stress-
related p38 activity, the loss of which in receptor-deficient a cells may compromise Bcl-
XL expression, rendering them more susceptible to ER stress [323,324]. Additionally, p38
activates the transcription factor ATF6, which stimulates the expression of UPR
components like ER-associated protein degradation components XBP1 and CHOP [320].
The involvement of SORCS2 in regulating p38 activation may explain the observed
suppression of UPR and stress response in mutant a cells (Figure 25 A). Further
exploration of the JNK pathway, another significant cascade of the MAPK signaling
pathway activated by mitogen-activated protein kinases 4 and 7 [377,378], may provide

valuable insights, given its pivotal role in UPR activation [321,322].

The AKT pathway, activated in response to ER stress, was similarly suppressed in
SORCS2-deficient pancreatic islets (Figure 30 B). This pathway primarily promotes cell
survival by activating CREB, YAP, MDM2 and inhibiting BAD [340]. AKT phosphorylates
CREB on Ser133, enhancing the transcriptional activation of CREB and mediating the
expression of anti-apoptotic genes Bcl-2 and Mcl-1 [340]. Moreover, AKT phosphorylated
YAP on Serl27 suppresses the transcriptional activity of pro-apoptotic p73 [340]. The
oncogene product MDM2, usually induced by p53, undergoes phosphorylation by AKT
on Serl66 and Serl86, leading to its enhanced nuclear import and ubiquitin ligase
activity, eventually inactivating and degrading p53, a major proapoptotic agent [340]. AKT
phosphorylation of BAD on Serl136 releases it from the protein complex with Bcl2-Bcl-X

in the mitochondrial membrane, thereby inhibiting its proapoptotic function [340].

Adding an intriguing layer, AKT can potentiate UPR. Specifically, the AKT upstream
regulator PI3K, particularly its regulatory subunit p85a, can modulate UPR via the
regulation of nuclear translocation of XBP-1s [84]. Confirmation of SORCS2's
involvement in UPR regulation through the modulation of p85a action necessitates an in-
depth analysis of PI3K and p85a expression.
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4.8 Loss of SORCS2 in a cells impacts stress response and insulin secretion
capacity of B cells

Delineating the intricate web of transcellular control in ER stress response, various
examples in different biological contexts offer profound insights. In the nematode
Caenorhabditis elegans, nervous system, particularly amphid single-ciliated endings
sensory neurons (ASH and ASI), orchestrates UPR induction in intestinal cells by
releasing neuronal small core vesicles [379]. Another noteworthy instance involves the
interplay between the intestinal tissue and surrounding tissues, where up-regulation of
daf-16, a FOXO protein, in the C. elegans intestine induces increased daf-16 expression

in neighboring tissues by releasing insulin-like peptide ins-7 [379].

Similar transmissible ER stress phenomena have been documented in other systems.
For instance, ER-stressed murine prostate cancer TRAMP-C1 (TC1) cells induced ER
stress in macrophages and dendritic cells incubated in their conditioned medium [362].
Subsequent studies extended this phenomenon to different prostate cancer cell types,
such as PC3, LNCaP, DU145, and TC1, revealing that the survival of recipient cancer
cells was enhanced, potentially through the secretion of ER stress-inducing factors in the
medium [380]. Secreted ER stress-inducing factors in the medium lead to decreased
PERK-ATF4 activation in receiving cancer cells, which ordinarily activate CHOP and
consequent apoptosis, thereby adapting cancer cells to ER stress and promoting their
survival [380].

Likewise, when applied to neurons, the cultural medium of ER-stressed astrocytes
shielded them from enhanced ER stress upon thapsigargin stimulation, indicative of cell
communication that prepares cell types for stressors [363]. This communication involved
the secretion of proteinase K-resistant lipid-like molecules, although the precise nature of

these molecules is still under investigation [363].

In the realm of pancreatic islets, recent finding underscored the protective interplay
between a and 3 cells during oxidative stress [381]. In a three-dimensional co-culture of
alphaTC1 and INS1E cell lines, a balanced ratio of 50:50 prevented oxidative stress-

induced cell death in both cell types when exposed to hydrogen peroxide [381]. This novel
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evidence points to a protective communication from a to 8 cells, echoing research on the

defensive role of astrocytes for ER-stressed neurons [363].

While transmissible ER stress has yet to be investigated in pancreatic islet cells, the
recurring theme of ER stress in these cells and the myriad examples in other tissues
prompt the hypothesis that transmissible ER stress might be a pertinent aspect of
pancreatic islet cellular dynamics. Furthermore, given the interconnectedness of a and 8
cells in the pancreatic islets, the role of SORCS2 in mediating transmissible ER stress

from a to B cells becomes an intriguing avenue for exploration.

In my investigation, despite the elusive nature of the anti-stress factors released in a
SORCS2-dependent manner, circumstantial evidence points towards osteopontin as a
potential candidate. SCRNA-seq analysis revealed Sppl, the gene encoding osteopontin,
as the most downregulated gene in SORCS2-deficient a cells (Figure 25 B). This was
corroborated by quantification of Sppl transcripts and osteopontin protein levels in
isolated islets, demonstrating decreased expression in SORCS2-deficient tissue (Figure
29 A, B). Furthermore, suppressed osteopontin secretion in Sorcs2’ pancreatic islets
(Figure 29 C) aligned with the observed downregulation. Pathway analysis indicated
compromised AKT activation and a trend towards decreased p38 activation in
osteopontin regulation (Figure 30 A, B) [326,382].

Osteopontin, a multifaceted protein, has been extensively studied for its diverse functions
encompassing the regulation of apoptosis, ER stress, oxidative stress, and, more

recently, insulin secretion and signaling [325,326,328,383,384].

In the realm of cancer progression, osteopontin's influence on hepatocellular carcinoma,
small-cell lung cancer, and colorectal cancer is noteworthy, manipulating cell proliferation,
migration, and survival through intricate signaling pathways [326]. In hepatocellular
carcinoma, osteopontin controls cell proliferation and migration by increasing
JAK2/STAT3/NADPH oxidase 1 (NOX1) signaling, thereby elevating ROS production
[326]. Additionally, osteopontin induces proliferation in small-cell lung cancer and
colorectal cancer through autophagy and apoptosis inhibition [326]. Notably, Sppl mRNA

expression and osteopontin protein expression can be induced in multiple cancer cell
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lines (A549, MLE12, HPAEpic) in response to ER stress stimulators like tunicamycin and
thapsigargin through activation of the ERK-dependent signaling pathway [325].

In the central nervous system, osteopontin responds to injury, neuronal damage, or pro-
inflammatory stimuli [328]. A study suggests the importance of osteopontin in the
secretion of the adrenocorticotropic hormone (ACTH), thus influencing cortisol secretion
and the functionality of the hypothalamic-pituitary-adrenal axis responsible for reactions
to stress, such as anti-inflammatory responses, pro-to anti-inflammatory cytokine
balance, digestion, etc. [90,93]. However, the mode of action of osteopontin on ACTH

secretion is currently unknown [328].

In the peripheral tissues, osteopontin promotes ER stress [383]. It induced ER stress in
human liver cell culture upon treatment and in mouse liver tissue upon intraperitoneal
osteopontin injection [383]. Specifically, three ER signaling branches were induced upon
osteopontin treatment. PERK-elF2a, ATF6-p50, and XBP1 [383]. The study showed
upregulation of JNK phosphorylation and consequent reduction in IRS-1 tyrosine
phosphorylation and insulin signaling upon osteopontin treatment [383]. Similarly,
osteopontin stimulates apoptosis in cardiac myocytes via the involvement of oxidative
and ER stress and mitochondrial death pathways through binding to CD44 receptors
[384].

Within pancreatic islets, osteopontin emerges as a shield against IL-1B-mediated
cytotoxicity [345]. In detail, osteopontin, by binding to, yet unknown, integrin inhibits
kappa light polypeptide gene enhancer in B-cells inhibitor a (IkBa), thereby preventing
translocation of NF-kB to the nucleus [345]. As a result, osteopontin inhibits NF-kB-
regulated transcription of nitric oxide synthase mRNA and, thus, nitric oxide production,

thereby alleviating the effect of IL-13 on rat pancreatic islet cells [345].

Besides being involved in cell stress regulation, previous studies also implicated
osteopontin in regulating glucose-stimulated insulin secretion [330]. In particular,
externally added osteopontin augmented glucose-stimulated insulin secretion [330]. The
proposed osteopontin mechanism of action suggests the elevation of intracellular Ca?*

through currently unknown integrin binding [330]. Interestingly, intrinsic 3 cell osteopontin
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expression changes did not affect insulin secretion but affected vesicle docking in 8 cells,

however the mechanism of osteopontin control of vesicles localization is unknown [344].

Another compelling illustration of osteopontin's pivotal role in insulin secretion lies in its
function as a ligand for integrin B1 [328,385,386]. Upon activation of 1, a cascade is
initiated involving ETS-domain-containing proteins (ELKS) and cell division control
protein 42 (CDC42) [387,388]. ELKS, instrumental in defining insulin vesicle fusion sites
and regulating Ca?* influx, plays a crucial role in the intricate process of insulin secretion
[387]. This significance is further highlighted by studies demonstrating that mice deficient
in ELKS exhibit a reduction in first-phase glucose-stimulated insulin secretion, coupled
with impaired Ca?* influx in B cells [387,388]. The MING cell line deficient for ELKS
similarly shows a substantial 58% decrease in glucose-stimulated insulin secretion
[387,389].

Moreover, CDC42, recruited to focal adhesion points upon 31 integrin activation, is not
confined to the B cell plasma membrane but extends to insulin vesicles [387]. Through its
association with syntaxin 1 and vesicle-associated membrane protein 2 (VAMP2), CDC42
plays a pivotal role in regulating insulin vesicle docking and, consequently, insulin
secretion [387]. Studies have provided evidence of the colocalization of CDC42 and
VAMP?2 at the plasma membrane following glucose stimulation in the MING cell line [387].
Interestingly, VAMP2-deficient MING cells exhibit a diminished response in glucose-
stimulated insulin secretion, attributed to their inability to form a CDC42-VAMP2-syntaxin-
1 complex, crucial for the regulation of insulin vesicle docking [387,390]. This intricate
interplay underscores the multifaceted involvement of osteopontin and its downstream

effectors in modulating insulin secretion dynamics.

With decreased osteopontin expression and secretion in SORCS2-deficient pancreatic
islets, a compelling hypothesis emerges. SORCS2, by regulating osteopontin secretion
in a cells, is postulated to play a pivotal role in promoting glucose-stimulated insulin
secretion in B cells while affording protection from ER stress (Figure 31). The putative
mechanism involves the regulation of the AKT pathway in a cells (Figure 31). Notably,
ER stress and glucose-stimulated insulin secretion promotion in B cells by osteopontin
are most likely mediated through the CD44 receptor and 31 integrins, respectively (Figure
31). Further elucidating the intricate interplay between SORCS2, osteopontin, and
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pancreatic islet dynamics promises to unravel novel facets of cellular communication and

homeostasis in the context of metabolic regulation and stress response.
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Figure 31: SORCS2 regulates osteopontin secretion in a cells, thereby modulating insulin secretion
in B cells.

SORCS2, a versatile receptor with multifaceted functions, exerts its influence on a cells through complex
and yet-to-be-uncovered pathways. Its activity triggers stress-induced activation of the AKT signaling
pathway, leading to the expression and secretion of anti-stress response factors, prominently osteopontin.
These factors, operating in a transcellular manner, extend their protective effects to neighboring B cells.
Osteopontin, a pivotal component in this intricate mechanism, likely engages in calcium-dependent
processes during insulin granule formation by binding to the B1 integrin receptor and activating ELKS.
Simultaneously, it promotes protection against endoplasmic reticulum (ER) stress through the CD44
receptor. Osteopontin may further regulate vesicle docking by influencing the 31 integrin receptor and,
consequently, the CDC42 effector protein. This intricate interplay involving SORCS2, secreted factors, and
cellular responses highlights a pivotal role in modulating the dynamics of stress response and insulin
secretion within pancreatic islets.

AKT, protein kinase B; CDC42, cell division control protein 42; ELKS, ETS-domain-containing proteins;
ER stress, endoplasmic Reticulum Stress; OPN, osteopontin; SG, secretory granules; SORCS2, sortilin

related VPS10 domain containing receptor 2.
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5 Conclusions and Outlook

In summary, my research has delved into the intricate role of SORCS2 in glucose
metabolism. | have demonstrated that SORCS2 plays a crucial, albeit indirect, role in
potentiating insulin secretion in B cells and is involved in the regulation of vesicle
maturation (Figure 11; Figure 12; Figure 15). Moreover, the expression of SORCS2 in a
cells suggests its contribution to the activation of the AKT pathway, leading to increased

expression and secretion of osteopontin (Figure 10; Figure 29; Figure 30).

This secreted osteopontin, in turn, has the potential to adapt 8 cells to ER stress by
binding to CD44 receptors, thereby facilitating the correct maturation pattern of insulin
vesicles [384]. Additionally, the interaction of osteopontin with B1 integrin may further
potentiate insulin secretion potentially through the activation of ELKS and the subsequent
increase in Ca?* influx [387,388]. Furthermore, osteopontin's binding to B1 integrin could
activate CDC42, regulating secretory granule docking in B cells [387,388]. Thus,
SORCS2 emerges as a guardian and enhancer of insulin secretion in pancreatic 3 cells
by fostering the secretion of stress-protective factors such as osteopontin from a cells

(Figure 31).

Beyond its role in insulin secretion, my work uncovers a novel non-hormonal paracrine
interaction between a and (8 cells, enhancing our understanding of the physiology and
connectivity of pancreatic islets. This novel paracrine interplay not only refines our
comprehension of islet cell dynamics but also opens avenues for investigating potential

therapeutic targets rooted in the delicate balance maintained by SORCS2.

While my investigation has shed light on a fascinating case of non-hormonal paracrine
regulation of B cells, in part mediated by SORCS2, there are limitations to a full-body
mouse SORCS2 knockout, which do not allow to exclude the effect from other tissues
expressing SORCS2. To validate and extend these findings, a pancreatic a cell-specific

SORCS2 knockout in mice using CRISPR/Cas9 technology is recommended.

To confirm the impact of a cell-specific SORCS2 knock-out on insulin secretion, co-
culture experiments involving Sorcs2’- or Sorcs2** aTC1-6 alpha cell lines with B TC-1

cell lines, or incubation of B TC-1 cell lines in medium from Sorcs2” and Sorcs2** aTC1-
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6 alpha cell lines with subsequent analysis of glucose-stimulated insulin secretion, could
provide valuable insights [391]. Moreover, employing pull-down assay in these
experiments can help identify potential binding partners for SORCS2 in a cells. By honing
in on a cell-specific knockout models and intricate cell culture setups, we can uncover the
nuanced molecular mechanisms that underpin SORCS2-mediated effects on insulin

secretion.

While my research suggests osteopontin as a potent factor regulated by SORCS2, it is
essential to recognize that undiscovered factors from a cells may also contribute to the
intricate dynamics of paracrine signaling within pancreatic islets. Further investigation and
comparison of the Sorcs2”- and Sorcs2** aTC1-6 cell line secretome can uncover hidden

players in the orchestration of pancreatic islet communication.

Additionally, the substantial expression of SORCS2 in stem 3 and a cells [221] opens a
new avenue for exploring its role in the development of pancreatic islets, and may shed
light on how SORCS2 may mediate vesicles maturation in 3 cells. Extending the scope
of our exploration, delving into the role of SORCS2 in stem B cells could offer a fresh
perspective on the developmental aspects of pancreatic islets, with potential implications

for regenerative medicine.

In conclusion, while obstacles remain in fully understanding the importance of SORCS2
in pancreatic islets' physiology and organismal glucose metabolism, my research unveils
a captivating aspect of communication among pancreatic islet cells, partly mediated by
SORCS2. In the final analysis, this research not only contributes to our understanding of
pancreatic islet function but also sparks curiosity and enthusiasm for the avenues of

research that lie ahead in unraveling the complexities of SORCS2's influence.
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