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ABSTRACT

The neuronal etiology of obesity is centered around diet-induced inflammatory state
in the arcuate nucleus of the hypothalamus which impairs the functionality of pro-
opiomelanocortine neurons (POMCs) responsible for whole-body energy homeostasis
and feeding behavior. Intriguingly, systemic salt inducible kinase 2 (SIK2) knockout
mice demonstrated reduced food intake and energy expenditure along with modestly
dysregulated metabolic parameters suggesting a causal link between the absence of
SIK2 activity in POMCs and the observed phenotype. To be able to probe the role of
SIK2 in POMCs, we conducted a comparative secretomics study from cultured POMC
neurons lacking or overexpressing SIK2 depending on pharmacologically induced
endoplasmic reticulum (ER) stress induction, a hallmark of metabolic inflammation
and POMC dysregulation in diet-induced obese (DIO) mice. The data corroborated
our hypothesis of POMC specific SIK2 activity in controlling the energy metabolism
and feeding in DIO mice by regulating the nature of related POMC secretome in
response to early-phase of the ER stress induction. On the other hand, we showed that
SIK2 depletion increases the production and co-localization of a-MSH with secretory
vesicles in the absence of ER stress. Our data also suggested that SIK2 may also
negatively regulate cellular secretion in a stress-independent manner presumably
through COPII vesicles formation. Overall, our data is consistent with the reduced
food intake reported for the systemic SIK-KO mouse. Based on these data we proposed
a physiological switch-like model wherein SIK2 acts as an adjustable knob that
responds to ER stress both at physiological and pathological conditions and to maintain
survival and cellular homeostasis downstream of UPR. If ER stress persists and is not
resolved SIK2's ability to support cellular homeostasis and survival pathways is
overpowered by counteracting mechanisms like inflammatory and apoptotic pathways
leading to cell death.

Keywords: SIK2; POMC; Obesity; ER stress; Feeding; Secretome.

Vi



OZET

Obezitenin noronal etiyolojisinde, viicudun enerji dengesinden ve beslenme
davranigindan sorumlu pro-opiomelanokortin noronlarinin (POMC'ler) islevselligini
bozdugu bilinen, hipotalamusun arkuat ¢ekirdegindeki diyet kaynakli inflamasyon
hedef gosterilmektedir. Ayrica, sistemik tuzla indiiklenebilir kinaz 2 (SIK2) tagimayan
fareler, diizensiz metabolik parametrelerle birlikte azalmis gida alimi ve enerji
harcamasi fenotipi sergilemektedir, bu da POMC'lerde SIK?2 aktivitesinin yoklugu ile
gdzlemlenen fenotip arasinda nedensel olasi bir baglantiy1 desteklemektedir. SIK2'nin
POMC'lerdeki roliinii aragtirabilmek icin, farmakolojik olarak tetiklenen endoplazmik
retikulum (ER) stres indiiksiyonuna bagli olarak SIK2'den yoksun veya asir1 ifade eden
POMC noéronlan iizerinde karsilastirmali sekretomik bir caligma yiiriittiik.
Verilerimiz, ER stres indiiksiyonunun erken fazina yanit olarak, POMC'ye 6zgii SIK2
aktivitesinin  POMC  sekretomunu diizenleyerek DIO farelerinde enerji
metabolizmasint ve beslenmeyi kontrol etmedeki roliine dair hipotezimizi
desteklemistir. Ote yandan, ¢aligmamizda ER stres yoklugunda SIK2'nin yoklugunun
a-MSH {iretimini ve salgi vezikiilleriyle birlikte lokalizasyonunu artirdigini gosterdik.
Bulgularimiz ayrica SIK2'nin hiicresel salgtyr muhtemelen COPII vezikiilleri olusumu
yoluyla stresten bagimsiz bir sekilde olumsuz yonde diizenleyebilecegini de
gostermektedir. Nihayetinde, verilerimiz sistemik SIK2 tagimayan fare i¢in bildirilen
azalmis gida alimi fenotipi ile tutarlilik i¢erisindedir. Bulgularimiza dayanarak, SIK2
icin hem fizyolojik hem de patolojik kosullarda ER stresine yanit veren ve UPR'nin
asag1 akisinda hayatta kalma ve hiicresel homeostazi siirdiirmek i¢in ayarlanabilir bir
diigme gorevi goren anahtar benzeri bir model 6nermekteyiz. Modelimize gore, ER
stresi devam eder ve ¢6ziilmezse, SIK2'nin hiicresel homeostaz1 ve hayatta kalma
yollarin1 destekleme kabiliyeti, hiicre dliimiine yol acan inflamatuar ve apoptotik
yollar gibi kars1 mekanizmalar tarafindan etkisiz hale getirilmektedir.

Anahtar Kelimeler: SIK2; POMC; Obezite; ER stres; Beslenme; Sekretom
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1. INTRODUCTION

1.1. Obesity

Obesity is a complex global epidemic that is particularly prevalent among children and
adolescents and has been the subject of extensive research [1]. It is defined as an
excessive accumulation of body fat. Body mass index (BMI) is a standardized metric
used to quantify body fat, calculated by dividing an individual’s weight (kg) by the
square of their height (m?). An individual is classified as obese if their BMI is equal to
or above 30 kg/m? [2]. Obesity is characterized by a state of positive energy balance,
whereby energy intake exceeds energy expenditure (Figure 1.1). This imbalance can
result from a number of factors, including environmental, dietary, behavioral, social,
and genetic predispositions [3], [4].[5] [6], [7]. The excess energy is stored within the
various depots of adipose tissue by increasing the storage capacity of existing
adipocytes (hypertrophy) or the number of newly generated adipocytes (hyperplasia)
[8]. Hypertrophied adipocytes especially in visceral tissues are considered the source
of the local inflammatory response, which is thought to be a key link between obesity
and the associated dysregulations including metabolic, cardiovascular,

neurodegenerative, and cancerous conditions [9], [10], [11], [12].

Balanced state : Positive energy balance Negative energy balance
: v
& : : S =
= é}, |- Y
: _ '
Calories in = calories out Calories in > calories out Calories in < calories out
A )
3 @
A ¥
: —
Stable body weight : Weight gain Weight loss

Figure 1.1: Schematic illustration of energy balance and its effects on body weight.
Created in https://BioRender.com.
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1.1.1. Hypothalamic Obesity

Hypothalamic obesity is caused by damage or dysfunction of the hypothalamus, a
region of the brain that plays a crucial role in regulating energy balance, appetite, and
body weight. Although the hypothalamic obesity paradigm can be traced back to
earlier clinical studies based on hypothalamic injuries [13], [14], the concept has
recently been revisited, especially in studies in which low-grade metabolic
inflammation was detected in the hypothalamus prior to the onset of obesity. High-fat
diet (HFD) exposure and the resulting metabolic dysregulation can trigger
neuroinflammation in the hypothalamus, particularly in regions like the arcuate
nucleus (ARC) and preoptic area (POA) [15]. This neuroinflammation involves
peripheral macrophage infiltration from the visceral adipose tissue and the activation
of microglia and astrocytes, leading to the release of pro-inflammatory cytokines such
as TNF-a, IL-1pB, and IL-6 [16] [17]. The mechanisms underlying this hypothalamic
inflammation appear to be multifactorial. Increased levels of saturated fatty acids, such
as palmitic acid, can directly induce inflammatory responses in hypothalamic cells,
they can also activate the TLR4 signaling pathway in hypothalamic neurons, leading
to the production of pro-inflammatory cytokines and the induction of insulin and leptin

resistance [18].

Interestingly, some studies have suggested that interventions targeting the reduction of
hypothalamic inflammation, such as dietary modifications, exercise, or
pharmacological approaches, may be effective in reversing or mitigating the effects of
obesity on the brain [19], [20], [21], [22]. Therefore, understanding the mechanisms
underlying this hypothalamic dysregulation and identifying interventions to prevent or
reverse it are important areas of research for the treatment of obesity and its

comorbidities.



1.2. Hypothalamic Regulation of Energy Hemostasis

The central nervous system (CNS) is crucial for monitoring and regulating the
metabolic homeostasis of the organism. Genome-wide association studies (GWAS)
have identified that a majority of genes associated with BMI are expressed in the CNS,
with many of them located in the hypothalamus [23]. The hypothalamus facilitates
communication between the peripheral organs and CNS via the hub of communication.
Particularly the hypothalamic ARC is an integrator of nutrient-state communicating
signals and plays a pivotal role in maintaining the overall energy balance and
controlling feeding behavior [24], [25]. It contains two distinct antagonistic types of
neurons; the first type is characterized by the expression of orexigenic (appetite-
promoting) Agouti-related peptide/neuropeptide Y (AgRP/NPY), while the second
type is marked by the expression of anorexigenic (appetite-suppressing) pro-
opiomelanocortin/cocaine- and amphetamine-regulated transcript (POMC/CART).
These neurons receive signals from both the peripheral organs and the CNS and
communicate with postsynaptic melanocortin 4 receptor (MC4R)-expressing
secondary neurons through the release of different neuroproteins [25], [26]. They
exhibit distinct synaptic connections with the paraventricular nucleus of the
hypothalamus (PVN/PVH) as well as the ventromedial hypothalamus (VMH), the
dorsomedial nucleus of the hypothalamus (DMH), the lateral hypothalamic area (LH),
and the medial amygdala [27], [28] (Figure 1.2).

©——< AgRP/NPY

© { POMC/CART

Pituitary
Gland

Figure 1.2: ARC and associated hypothalamic nuclei in energy regulation. Created in
https://BioRender.com.
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During hunger, a state of negative energy balance, specific hormones secreted by the
gastrointestinal tract, such as ghrelin, stimulate AQRP/NPY neurons. These neurons
promote food intake and reduce the metabolic rate by inhibiting both PVH and POMC
neurons [26]. On the other hand, when satiety, a state of positive energy balance,
hormones like leptin and insulin activate POMC and inactivate AgRP neurons. This
stimulation increases energy expenditure while reducing food consumption by
activating PVH neurons with a-melanocyte-stimulating hormone (a-MSH) released
from the POMC neurons (Figure 1.3) [29]. Disruption of this finely tuned regulatory
process leads to an imbalance between energy intake and expenditure as well as
deregulation of peripheral metabolism [30], [31], [32].
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Figure 1.3: Hypothalamic control of global energy balance.

However, the evidence suggests that AgRP neuronal activity is not a prerequisite for
the development of obesity and prolonged HFD has been shown to attenuate the
response of AgRP to feeding-related stimuli [33], [34]. These findings suggest a
potential for non-AgRP GABAergic neurons in chronic control of appetite. Indeed, it
was discovered that neurons expressing prepronociceptin (PNOC), a recently
identified GABAergic cell type in the ARC, were activated by acute HFD. PNOCAR®

inhibits anorexigenic POMC neurons and promotes feeding [35].
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1.2.1. Hypothalamic Neuronal Heterogeneity of ARC

The heterogeneity of POMC and AgRP neurons in the hypothalamus is a critical
research area that highlights the complexity of energy homeostasis regulation. Recent
RNAseq and chemi/optogenetic studies have elucidated the distinct subpopulations
within these neuronal groups, revealing their unique roles and interactions in metabolic
processes. Early studies indicated that POMC neurons are classified according to their
expression of the neurotransmitter glutamate or y-aminobutyric acid (GABA) [36].
Single-cell RNA sequencing showed that approximately 75% of the POMC population
was classified as ‘canonical’ POMC(P™), containing high levels of Pomc and little/no
Agrp, while 25% contained low levels of Pomc and high levels of Agrp (A*P+). It was
further observed that these neurons expressed leptin and insulin receptors at different
rates [37]. Interestingly, POMC neurons expressing the cannabinoid receptor (CB1R)
increase food intake by releasing B-endorphins instead of a-MSH in response to
cannabinoids. This is another level of plasticity [38]. Collectively, different studies
comprising both biased and unbiased methodologies, have demonstrated a high degree
of intracellular and intercellular POMC plasticity. This can be classified according to
spatial heterogeneity, cell surface receptors, and expressed
neuropeptides/neurotransmitters [24], [39], (Figure 1.4).

Unbiased Biased

o A ;
o 5.0 Neuronal tracing
o p Electrophys

(S] :QDQC) o O Electro

Figure 1.4: POMC Neuron subtypes identified with classification methods.



1.2.2. POMC Processing and Secretion

POMC, a member of the opioid/orphanin gene family, is a common precursor of
melanocortin-related peptides (ACTH/a-MSH, B-MSH and y-MSH) and the opioid -
endorphin [40], [41]. A comprehensive review of the extant literature reveals the
presence of POMC-derived peptides in certain species of invertebrates (Theromyzon
tessulatum), as well as in vertebrates [42], [43], [44]. There is evidence of the
expression of two or three different pomc transcripts and its receptor, MC4R, in
various species of teleosts (e.g., zebrafish [45], carp [46], and barfin flounder [47]).
Furthermore, the studies in fish injected with MRC agonists have demonstrated a dose-
dependent decrease in food intake, indicating a conserved hypothalamic control of
energy homeostasis analogous to that observed in mammals [48]. This finding
underscores the notion that the melanocortin system has its origins in the early stages
of evolution. Furthermore, studies have suggested an extremely ancient origin and a
remarkably high level of conservation of POMC and derived peptides. Indeed, it has
been demonstrated that the invertebrate sequences of POMC-derived peptides are
highly like those of vertebrates, and that leech and human a-MSH can bind to the same
receptor [42], [43].

Pomcgene  Exon 1 Exon 2 Exon 3
mRNA \ 11 | |-
( Pro-opiomelanocortin (POMC) )
. ow broacts .
ow bioactivity MCRs \ PC1/3
)
4 Pro-ACTH
PC1/3 \ \ PC1s3 Low bioactivity MCRs
ac® a%®
(N-POMC/Pro-+MsH ) ( op ) ACTH ) ( p-LPH )
Pc2 Y pc2 \ pc2 \
av a® av
43-MSH (AcTH(-17) ) (cup ) ( yPH ) ( pEP )
\ cPE pc2 44 Food intake
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% a-MSH B-MSH
Y Food intake Y Food intake

Figure 1.5: Pro-opiomelanocortin (POMC) processing generates numerous functional
peptides.



POMC is initially expressed as a precursor protein and then undergoes a series of
posttranslational enzymatic steps to form biologically active peptides, including
melanotropins such as a-MSH, corticotropins, such as adrenocorticotropin hormone
(ACTH), and endorphins such as pB-endorphin [49]. Post-translational processing of
POMC is primarily mediated by prohormone convertases (PCs), particularly PC1/3
and PC2, which cleave POMC at lysine and arginine-based dibasic amino acid
sequences in organism and tissue-specific manner, with distinct cleavage patterns
observed in the pituitary, hypothalamus, and skin. Despite the hypothalamic
heterogeneity, most POMC neurons exhibit co-expression of both PC1/3 and PC2 for
complete POMC maturation [37]. However, the Lys-Lys cleavage site is not present
in all rodents, such as mice and rats, and hence, f-MSH is not produced [49]. Certain
peptides undergo further modifications to become active peptides. To generate a-MSH
from ACTH (1-17), C-terminal amino acids are removed by carboxypeptidase E (CPE)
and then amidated by peptidyl-glycine a-amidating monooxygenase (PAM) to form
less active des-acetyl (DA)-a-MSH. It is then acetylated at the N-terminal by N-
acetyltransferase (N-AT) to give biologically active a-MSH [50] (Figure 1.5).

The processing of POMC into mature peptides occurs within the axis of ER, Golgi and
secretory vesicles, respectively. After translation, the POMC pro-hormone proceeds
into the ER via an N-terminal signaling peptide. A series of chemical reactions occur,
including cleavage of the signal peptide, N-linked glycosylation, and disulfide bond
formation. The pro-hormone is then transferred to the Golgi via the coat protein
complex Il (COPII) wvesicles. It undergoes further modifications such as
phosphorylation, while cleavage processes with peptidase activity in the Trans Golgi
Network (TGN) where it is sorted into immature secretory granules (ISG). Further
peptidase activity, acetylation, and amidation are performed within the mature

secretory granules (MSG) before fusion with the plasma membrane [50] (Figure 1.6).
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Figure 1.6: Pomc secretion pathways.

There are two distinct secretion pathways for POMC peptides. In the regulated
secretion pathway, most of the neuropeptides and hormones are stored in the MSG
until cells receive a signal for their release. The a-MSH can be released by this
pathway, and it is most abundant in the hypothalamus. In the constitutive pathway
from ISG, the release of peptides is not regulated by external factors. Incompletely
processed POMC can be released by this pathway (Figure 1.6). Precursor POMC itself
is highly detectable in the cerebrospinal fluid (CSF). It has been suggested that low
levels of CSF POMC in obese animals can be used as a biomarker for POMC activity.
[51], [52].

1.3. Proteostasis and Endoplasmic Reticulum Stress

Proteostasis, the maintenance of protein homeostasis, ensures proteins are correctly
synthesized, folded, and degraded. It is coordinated by a multi-compartmental system
termed the proteostasis network (PN). The three core functional axes constitute the
PN: (1) protein synthesis at the ribosomes with translational regulation machinery, (2)
protein folding through the molecular chaperones and co-chaperones, and (3) protein
clearance by ubiquitin-proteasome pathway (UPS), endoplasmic reticulum (ER)

associated degradation (ERAD) or autophagy-lysosome pathway [53] (Figure 1.7).



The PN is not static; It can adapt to different conditions through stress response
pathways including the heat shock response (HSP), oxidative stress response (OxR)
and the unfolded protein response (UPR). The ER plays a pivotal role in the
proteostasis, acting as a central coordinator for quality control processes that ensure
the optimal functionality of the secreted and membrane proteins in the cell. The
process of protein folding within the ER is characterized by a relatively high degree of
failure, with only a small proportion of proteins successfully overcoming the ER's
protein quality control (ERQC) mechanisms. During the maturation process,

misfolded and aggregated proteins are degraded via the ERAD pathway [54].

B
Y ,‘ﬁ\“r““uuwwuu Mmm{,hmn
P “’“4417”7»,
S L,
S e,
‘o\;«;‘\»\)’ ! . QQII,))’X
P2 (@) Protein Synthesis 2,
& %,
fﬁf l CORE h %
& 5N
& PROTEOSTASIS D
£ A
£ %Y
;5 @ Protein Folding \/S& NETWORK (PN) %{1
3 3
=4 a
§3§ El
3 E
3 3
Y—_:"- Toxic aggregate £
é} Native Fold E:S
Q9 Misfolded é’
T égq
2N @ Protein Clearance &
%%a &
D, &
%}% Ubiquitin-Proteasome r G 7 Autophagy @éj
¥ i@ % i X4
%%2», Pathway (UPS) ;f?*v\'} |- FRAD ,,*}?ﬁl'r ") Lysosome @‘ffy
< &E;/ﬁ S Pathway &
%QQZ}” }N'" - Y &
L i o Py
™ N S
%LZZZZW'"M ﬂ“@ﬁ“
day, o TLAAAY Y
R
Current Opinion in Systems Biology

Figure 1.7: The core proteostasis network (PN).

ER stress is the proteostatic imbalance within the ER caused by overloading misfolded
proteins which exceeds ER capacity. Consequently, this leads to the activation of the
UPR, which is an integrated signaling route that travels from the ER lumen to the
cytosol and nucleus in order to communicate information regarding the status of
protein folding [55]. The UPR entails the activation of three ER transmembrane sensor
proteins known as inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK),
and activating transcription factor 6 (ATF6) (Figure 1.8). The ER chaperone binding



immunoglobulin protein (BiP/Grp78) modulates the initiation of UPR in the presence
of misfolded proteins. Under basal conditions, BiP interacts with the luminal domains
of these transmembrane proteins and keeps them inactive, whereas in the ER stress,
BIP is recruited by misfolded proteins, resulting in the activation of sensor proteins of
the UPR branches. ATF6 is vesicular transported to the Golgi where it is cleaved by
proteases into its soluble cytosolic fragment ATF6 (N). It then enters the nucleus and
activates UPR genes (Figure 1.8A). PERK homodimerizes and phosphorylates itself
and translation initiation factor elF2 which in turn shuts down global translation and
increases the expression of the transcription factor ATF4. The ATF4 then enters the
nucleus and activates UPR genes for survival or apoptosis (Figure 1.8B). IRE1 is a
bifunctional kinase/endoribonuclease (RNase) that oligomerizes and trans-
autophosphorylates to activate its downstream pathways. RNase activity selectively
reduces translation by degrading newly synthesized mRNAs through a pathway called
regulated IREla-dependent decay (RIDD). It also truncates the UPR-specific
transcription factor X-box binding protein 1 (XBP1) mRNA. Spliced sXBP1 then
enters the nucleus and activates UPR genes, especially for ERAD and ER biogenesis
(Figure 1.8C) [56].
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Collectively, UPR signaling induces a series of events that inhibit global protein
synthesis, increase the degradation of misfolded proteins, and improve their folding
efficiency. Consequently, this reduces the overall load of misfolded proteins and
allows the restoration of cellular proteostasis. If the cell is unable to cope with
prolonged ER stress, the terminal UPR could trigger apoptotic signaling to destroy the
damaged cell, thereby determining cell fate [57] [58].

1.4. Salt Inducible Kinases

Salt inducible kinases (SIKs) are serine/threonine Kkinases of the adenosine
monophosphate activated protein kinase (AMPK) family [59], [60]. There are three
SIK isoforms SIK1, SIK2 and SIK3 which are broadly expressed in vertebrate
tissues. Based on human and mouse transcriptomic studies, they are mostly enriched
within the adrenal gland, adipose tissue and brain, respectively [61], [62]. SIKs consist
of an N-terminal kinase domain (KD), ubiquitin-associated (UBA) domain and a C-
terminal domain (CTD). SIK1 also has a nuclear localization signal (NLS) sequence
that enables it to exhibit functionality within both the nucleus and the cytoplasm

(Figure 1.9). Activities of the SIKs are regulated by post-translational modifications.

LKB1 Auto CaMK PKA PKA
| | | | |
T182 T186 T322 T473 S575
| |
SIK1 N- Kinase Domain UBA NLS -C
27 278 303 343 565 610 783
Auto CaMK
p300 LKB1 Auto PKA PKA PKA PKA
| | ! | | | |
K53 T175 S179 S343 S358 T484 S587
| | | |
SIK2 N- Kinase Domain UBA -c
20 271 295 335 926
LKB1 PKA PKA PKA
| | | |
T221 T469 S551 S626
| | | |
SIK3 N- Kinase Domain UBA -C
66 316 344 384 1321

Figure 1.9: SIKs functional domains and post-translational modifications.

(PTMs). Well conserved KD domain contains a liver kinase B1 (LKB1) threonine
phosphorylation site in the activation loop (T-loop). The LKBL1 activates SIKs by
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phosphorylation of these sites with the aid of the UBA domain. It also stimulates
autophosphorylation in the SIK1 (Ser186) and SIK2 (Ser179, Ser358), which maintain
kinase activity and protein stability [63], [64]. The CTD domain contains multiple
protein kinase A (PKA) phosphorylation sites. PKA-mediated phosphorylation
deactivates SIKs by facilitating their binding to 14-3-3 proteins. Furthermore, histone
acetyltransferase (HAT) p300-mediated inhibitory acetylation and HDAC6-mediated
deacetylation of SIK2 at Lys53 (K53) regulate SIK2 activity [65] (Figure 1.9).

Active Inactive

Figure 1.10: Targets of Salt-Inducible Kinases.

SIKs regulate physiological processes by phosphorylating their substrates. SIK
phosphorylation causes the substrate to be retained in the cytoplasm by binding with
14-3-3. In response to various external physiological signals such as hormonal and
neuronal factors, the second messenger CAMP signalling stimulates PKA-mediated
phosphorylation of SIKs. Upon PKA-mediated SIK inhibition, substrates become
unphosphorylated and translocated to the nucleus for target gene regulation. The well-
characterized SIK substrates are the class Il histone deacetylases (HDACA4,5,7,9) and
the CREB-regulated transcriptional coactivators (CRTC1,2,3) [59], [60] (Figure 1.10).
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1.4.1. SIK2

SIK2 is predominantly expressed in adipose tissue and plays a critical role in metabolic
regulation. In adipose tissue, SIK2 expression is strongly induced during adipocyte
differentiation. It contributes to insulin signaling by directly phosphorylating IRS-1
[66]. SIK2 positively regulates glucose uptake by inducing GLUT4 expression through
HDAC4 and CRTC2,3 [67]. SIK2 has been demonstrated to function as a negative
regulator of lipogenesis and gluconeogenesis in adipose and liver tissue, respectively
[68]. SIK2 phosphorylates and inhibits p300 HAT activity which in turn leads to a
reduction in acetylation of ChREBP that is the transcriptional activator of hepatic
lipogenic genes [69]. SIK2 inhibits the expression of the lipogenic genes in adipocytes
by potentially regulating SREBP1c [70].The negative gluconeogenic regulation of
SIK2 via CRCT?2 is achieved through the insulin-mediated PI3K-AKT pathway,
whereas glucagon inhibits this effect through PKA-CREB signaling [71], [72]. SIK2
participates in insulin secretion from pancreatic beta cells by promoting calcium influx
through voltage-dependent calcium channels (VDCC) via inducing p35 degradation
[73], [74]. SIK2 and SIK3 are implicated in the process of macrophage polarization as
well as the release of inflammatory cytokines in monocytes and mast cells,
respectively [75], [76]. Previous studies pointed out critical roles for SIK2 in various
regions of the brain consistent with its high expression level in neuronal cells. SIK2
participates in neuronal survival after ischemia via CRTC1-CREB [77] and regulates
corticotropin-releasing hormone (CRH) secretion in hypothalamic neurons via CRTC2
[78]. Hippocampal SIK2 plays a role in depression via brain-derived neurotrophic
factor (BDNF) pathway [79].

Additionally, p53-mediated POMC transcription is triggered after DNA damage in
UV-exposed keratinocytes in the skin. Secreted a-MSH and ACTH from keratinocytes
activate MCI1R in melanocytes, which in turn triggers PKA-mediated CREB
phosphorylation and then MITF transcription. MITF increases melanogenesis through
tyrosinase [80]. A recent study has shown that CRTCs can also stimulate this CREB-
mediated MITF transcription. UV light also induces the nuclear localization of CRTC1
via SIK2 inhibition. Furthermore, systemic SIK2-KO changes the color from yellow
to brown in Agouti mice, indicating that SIK2 may have a major role in pigmentation.
This is important in terms of being the first study in which SIK2 and POMC were

mechanistically demonstrated together [81].
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The last but may be the most prominent role of SIK2 appears to be its switchlike
behavior in regulating between proteostatic mechanisms such as ERAD and
autophagy. The process of ERAD-mediated degradation is facilitated by SIK2's
phosphorylation of valine-containing protein (VCP)/p97 [82]. SIK2 activity is also
implicated in the initiation and fusion of the autophagosome with the lysosome, a
process that was found to be coordinated by the acetylation-deacetylation cycle [65].
Our recent data suggest that SIK2 mediated switch is not restricted to ERAD-
Autophagy pair but also operates in decision between autophagy and secretion via
COPII vesicles. The molecular mechanisms that are responsible for the distinction
between autophagosomes and vesicular secretion have not yet been fully
characterized, even though autophagosomes have been involved in the secretion of

leaderless proteins.
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2. PURPOSE OF THE STUDY

Previous research has demonstrated that metabolic inflammation in the hypothalamic
arcuate nucleus of diet-induced obese (DIO) animal models can influence the
expression of anorectic POMC and associated neuropeptides, which in turn can result
in alterations in feeding behavior and energy metabolism. POMC knockout mice
exhibit adult-onset obesity, resulting from elevated feeding and reduced energy
expenditure [83]. HFD-induced obese models show that defective regulation of
hypothalamic POMC and associated a-MSH/B-endorphin levels are the earliest
markers distinguishing obesity-prone from obesity-resistant mice [84]. The results of
experiments on mice and rats indicate that the intracerebroventricular (i.c.v.)
administration of MC4R agonists, including a-MSH and ACTH, has a reducing effect
on feeding behavior [50], [85]. These findings suggest that POMC peptides,
particularly MSHs, and derivatives, play a pivotal role in the obesity. Another
relationship has been shown between hypothalamic inflammation, proteostasis, and
associated ER stress, and the lipid content of DIO animal models [86]. Dietary fats can
induce serine-threonine kinases such as IKK and JNK by triggering ER stress in the
hypothalamic neurons during the early stages of obesity [18], [87], [88]. HFD-induced
mice exhibit defects in autophagy and the presence of activated Ixk—Nfikb signaling
in their hypothalamic neurons [89]. Diet-induced obesity also impairs mitochondria-
ER contacts in POMC neurons. This leads to ER stress, defective POMC processing,
and reduced a-MSH production [90].

Systemic SIK2 knockout (KO) mice demonstrated reduced food intake and energy
expenditure along with various dysregulated metabolic parameters such as adipose
tissue dysfunction and impaired glucose/insulin tolerance [68]. This finding suggests a
potential association between the absence of SIK2 in POMC functionalities in relation
to disease etiopathogenesis. However, SIK2’s pleiotropic effects on various cellular
functions make it one of the most challenging kinases to study in the context of
hypothalamic neurons. To tackle this complexity associated with SIK2 functionality
in these apparently heterogeneous POMC populations, we used a relatively less
complicated therefore most informative POMC cell line mHypoA-POMC/GFP-2.

Our primary objective was to study the effect of ER stress and the downstream effector
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kinase SIK2 on the secretome of these neurons paying specific attention to the
secretion of the POMC-derived neuropeptide a-MSH. In the long term, the result of
this study might prove to be useful targets for the treatment of obesity and related

pathologies.
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3. MATERIALS

3.1. Chemicals

Table 3.1: List of used chemicals in this study.

Name Supplier
Acetic Acid Merck, USA
Acetonitrile Merck, USA

Acrylamide:Bis-acylamide (37.5:1, 40%)

Fisher Scientific, USA

Agarose

Sigma-Aldrich, USA

Ammonium Persulfate (APS)

Sigma-Aldrich, USA

Ampicillin

AppliChem, Germany

B-Mercaptoethanol

AppliChem, Germany

Boric Acid

Sigma-Aldrich, USA

Bovine Insulin

CELL, USA

Bovine Serum Albumin (BSA)

AppliChem, Germany

Bromophenol Blue

AppliChem, Germany

Calcium chloride dehydrate

AppliChem, Germany

CellO-IF Cellorama, USA
DMSO Sigma-Aldrich, USA
EDTA AppliChem, Germany
Formic acid Fisher Scientific, USA
Glycerol AppliChem, Germany
Glycine Applichem, Germany

Halt protease and phosphatase inhibitor cocktail

Fisher Scientific, USA

HEPES

Sigma-Aldrich, USA

HG-9-91-01

ApexBio, USA

Hydrochloric acid

Merck, USA

lodoacetamide

Sigma-Aldrich, USA
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Table 3.1: List of used chemicals in this study (continue).

Isopropanol Merck, USA
Kanamycin AppliChem, Germany
Methanol Emsure, Germany
Moviol 4-88 Sigma-Aldrich, USA

N, N, N’, N’-tetramethylethylenediamine (TEMED)

AppliChem, Germany

N,N’-Methylenebisacrylamide

Sigma-Aldrich, USA

NP-40

AppliChem, Germany

Paraformaldehyde

Sigma-Aldrich, USA

PEI-MAX

PolyScience, USA

Phosphate Saline Buffer (PBS)

Lonza, Switzerland

Polybrene

Sigma-Aldrich, USA

ProLong Diamond Antifade Mountant

Invitrogen, USA

Puromycine

Santa Cruz, USA

Recombinant Human Leptin

R&D, USA

Sodium Deoxycholate

Sigma-Aldrich, USA

Sodium Dodecyl Sulfate (SDS)

AppliChem, Germany

Sodium Fluoride

Merck, USA

Sodium Hydroxide

Sigma-Aldrich, USA

SybroRuby Gel Stain

Fisher Scientific, USA

TCEP

Thermo Scientific, USA

Thapsigargin

Sigma-Aldrich, USA

Tris-Base AppliChem, Germany
Triton X-100 AppliChem, Germany
Trypsin Fisher Scientific, USA
Tween 20 Sigma-Aldrich, USA
Urea Invitrogen, USA

Water Soluble Tetrazolium Salt (WST-1)

Roche, Germany
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3.2. Buffers and Solutions

Table 3.2: Solutions and buffers used in this study.

Solutions/Buffers

Contents/Suppliers

Luria-Bertani medium (LB)
(Applichem)

25 g in 1L distilled water
Sterilized by autoclave

LB Agar (Applichem)

40 g in 1L distilled water, sterilized
by autoclave

Ampicillin stock

100 mg/ml in distilled water

100 pg/ml (working concentration)

Kanamycin stock

50mg/ml in distilled water

50pg/ml (working concentration)

20X Tris-Acetic acid EDTA (TAE)

96,8 g Tris base

7,44 g EDTA

22,84 ml Glacial Acetic Acid
distilled water upto 1L

10X TE Buffer

100mM Tris-HCI
10mM EDTA,pH 7,4

5X TBE Buffer

54 g Tris-base

27,5 Boric acid

20 ml EDTA pH 8.0
distilled water upto 1L

10X SDS Running Buffer

30.3 g Tris base

144 g Glycine

10 g SDS

distilled water upto 1 L

10X Transfer Buffer

30.3 g Tris base
144 g Glycine
distilled water upto 1 L

1X Tris Bufferd Saline with Tween-20

(TBS-T)

20 ml Tris-HCI (1M, pH 7.4)
37.5 ml NaCl (4M)

10 ml Tween-20 (10%)
distilled water upto 1 L

Blocking Solution for western blot

5% non-fat milk powder in 1X TBS-T
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Table 3.2: Solutions and buffers used in this study (continue).

4X SDS-PAGE Loading Dye

200mM Tris-HCI pH 6.8
8% SDS

40% Glycerol

4% B-mercaptoethanol
50mM EDTA

0,08% Bromophenol Blue

NP-40 lysis buffer

50 mM Tris-Cl pH 7.4

150 mM NaCl

2mM EDTA

1% NP-40

0.5% sodium deoxycholate

1X Protease Inhibitor Cocktail

1X Phosphatase Inhibitor Cocktail

SOC medium

2% tryptone

0.5% yeast extract
10 mM NaCl

2.5 mM KCI

10 mM MgCl,

10 mM MgSOg4
20 mM glucose

4% (wi/v) Paraformaldehyde (PFA)

10 g PFA
Dissolved within 250ml 1X PBS
Adjusted pH 7.4 by adding 1M NaOH

3.3. Plasmids, Antibodies, and Primers

Table 3.3: List of used plasmids in this study.

Construct Name Origin Backbone
Empty pCMV-3tag-6 Agilent #240200

SIK2-FLAG This study pCMV-3tag-6
mOrange2 ER-5 Addgene #57956

mTFP1-Golgi-7 Addgene #55486

mOrange N1 Addgene #54499

ER-mOrange This study mOrange N1
Golgi-mQOrange This study mOrange N1
mCherry2_N1 Addgene #54517

PEGFP N2 Addgene #6081
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Table 3.3: List of used plasmids in this study (continue).

EBFP2 N1 Addgene #54595

pLKO.1-TRC-cloning Addgene #10878

pLKO.1-TRC SIK2-KD | This study pLKO.1-TRC-cloning

glgrlgrabll-eERC This study pLKO.1-TRC-cloning

psPAX2 Addgene #12260 Viral packaging

pCMV-VSVG Addgene #84549 Viral packaging

Table 3.4: List of used antibodies in this study.
Antibody Host Dilution Supplier (cat.no.) kDa
SIK2 Rabbit 1:1000 CST #6919 130
pSIK2 Rabbit 1:1000 Invitrogen ~130
#PA5-64607
IREla Rabbit 1:1000 CST #3294 130
LC3 Rabbit 1:1000 CST #3868S 14,16
BiP Rabbit 1:1000 CST #3177 78
XBP Rabbit 1:1000 Abcam #ab37152 50, 28
Cleaved Rabbit 1:1000 CST #9661 17,19
Caspase3
POMC Rabbit 1:1000 CST #23499 10, 12,
28, 32

AKT Rabbit 1:1000 CST #9272 60
PAKT (Serd73) | Rabbit 1:1000 CST #9271 60
STAT3 Rabbit 1:1000 CST# 86
pSTAT3 Rabbit 1:1000 CST# 86
(Tyr705)
NFkB Rabbit 1:1000 Affinity # AF5006 65
pNFxB Rabbit 1:1000 Affinity #AF2006 65
(Ser536)
APP Rabbit 1:1000 Affinity #AF6084 117
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Table 3.4: List of used antibodies in this study (continue).

Hsp90 Rabbit 1:1000 Affinity #AF6126 | 90
Calreticulin Rabbit 1:1000 Affinity #DF3139 | 62
Fractalkine Rabbit 1:1000 Affinity 44
#DF12376
Gdf15 Rabbit 1:1000 Affinity #DF4096 | 37
GAPDH Rabbit 1:3000 CST #2118 37
B-Actin Rabbit 1:3000 CST #4970 43
a-Tubulin Mouse 1:3000 CST #3873S 55
Secondary 19G- | Mouse 1:3000 Santa Cruz #sc-
HRP 2005
Secondary 1gG- | Rabbit 1:3000 Santa Cruz #sc-
HRP 2357
Secondary Rabbit 1:500 CST #4412
antibody Alexa
Fluor 488
Table 3.5: List of used primers in this study.
Primer Name | Sequence (5°-3”) Applicatio | Tm
n
mSIK2_Kpnl_ | AAAAAGGTACCATGGTCATGGCGGA | Cloning | 61.2
F TG
mSIK2_Kpnl_ | ATATATGGTACCAGGTCTCCCGGGC Cloning 64
R TAAGCAG
mIRS1_F AGCGCGCCTGGAGTATTATGAGAA gPCR 60.1
mIRS1_R GTCAGCCCGCTTGTTGATGTTGAA gPCR 60.2
mIRS2_F AGCCAGGAGACAAGAACTCC gPCR 56.6
mIRS2_R AGTGATGGGACAGGAAGTCG gPCR 56.5
mIRS4_F TCCTGTACCAATGCTTCTCCG gPCR 56.8
mIRS4_R CGCGAAGTATTCGTCCTGGG gPCR 58.0
mSIK1_F GCGACTACAACGAACAGGTGCT gPCR 59.7
mSIK1_R GTAGGAGGTAGTAAATGGCGGC gPCR 57.3
mSIK2_F GCTGCCTTTATGGAGGAAGAGTG gPCR S57.7
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Table 3.5: List of used primers in this study (continue).

mSIK2_R GAGGTCTCCATCATACTGCTGG gPCR 56.8
mSIK3_F AACGGCAGCTAGGACAACAGTC gPCR 59.4
mSIK3_R GTGTTGGAGTCCTTGTAGGTGG gPCR 57.4
mIREla F GCCGAAGTTCAGATGGAATC gPCR 53.6
mIREla R ATCAGCAAAGGCCGATGA gPCR 54.0
MAgRP_F GGCCTCAAGAAGACAACTGC gPCR 56.3
MAgRP_R GACTCGTGCAGCCTTACACA gPCR o57.4
mBLOC1S1 F | GAGGAGAGAAGCTATCGCTGCA gPCR 58
mBLOC1S1 R | GAGGAGAGAAGCTATCGCTGCA gPCR 56
MSCARA3 F | CCACGGAGAAATCCTTCGCAATG gPCR 58.4
MSCARA3 R | TAGGTCCTCTGCTACCAACAGG gPCR 57
MGAPDH_F CATCACTGCCACCCAGAAGACTG gPCR 59.8
MGAPDH_R | ATGCCAGTGAGCTTCCCGTTCAG gPCR 61.6
mXBP1_F GAATGGACACGCTGGATCCT gPCR 57
mXBP1_R GCCACCAGCCTTACTCCACTC gPCR 60
(s)mMXBP1_F GAGTCCGCAGCAGGTG gPCR 56
(S)MXBP1_R | GTGTCAGAGTCCATGGGA gPCR 53
c-Fos_F GGGAATGGTGAAGACCGTGTCA gPCR 59
c-Fos R GCAGCCATCTTATTCCGTTCCC gqPCR 58
mSIK2_Exon2_ | CCGGAATCTACCGAGAAGTACAGATCTC ShRNA-
ShRNA_F GAGATCTGTACTTCTCGGTAGATTTTTTT based

G knock )

down

mSIK2_Exon2_ | AATTCAAAAAAATCTACCGAGAAGTACA ShRNA-
ShRNA_R _(?ATCTCGAGATCTGTACTTCTCGGTAGAT System -
Scrambled_F CCGGCCTAAGGTTAAGTCGCCCTCGCTC ShRNA-

_CFSGAGCGAGGGCGACTTAACCTTAGGTTTT System -
Scrambled F AATTCAAAAACCTAAGGTTAAGTCGCCC ShRNA-

TCGCTCGAGCGAGGGCGACTTAACCTTA | System -

GG
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4. METHODS

4.1. Cell Culture

Mouse hypothalamic mHypo-A2/30 (#CLU190) and proopiomelanocortin cell line
mHypoA-POMC/GFP-2 (#CLU501) were obtained from Cellutions Biosystems Inc.
(Canada). The human embryonic kidney (HEK)-293FT (#R70007) cell line was
acquired from Invitrogen (USA). The cells were grown according to the
manufacturer's recommendations. The entirety of the cell culture operations were
conducted within a cell culture cabinet, utilizing standard and sterilized culture
materials. The cells were maintained in completed growth media, Dulbecco's Modified
Eagle Medium (DMEM) high glucose (#41966029 Gibco, Canada), which was
complemented with 10% fetal bovine serum (FBS) (Gibco) and 1%
penicillin/streptomycin (10,000 U/ml, Gibco). They were incubated in a CO2
incubator at 37 ° C and with 5% CO2. The purchased cell vial was taken out from
liquid nitrogen and rapidly thawed in a 37°C water bath. It was diluted in the growth
media (1:10 ratio) and then centrifuged at 1000 rpm for 5 min to remove DMSO. The
cell pellet was resuspended with fresh growth media and seeded in a 100 mm tissue
culture plate. The cells were subcultured (1:5-1:10 ratio, depending on the
requirements) when they reached a confluence of 70-80%. During this subculture, 1x
phosphate-buffered saline (PBS) (Lonza, Switzerland) was used to wash cells and 1x
trypsin-EDTA (0,05% for neuronal cells and 0,25% for 293FT at 37°C for 1-5 min)
(Gibco) to detach cells. After the initial growth of the cells, they were frozen (3x10°
cells/ml for neurons and 3x10° cells/ml for Hek293FT) as cryovial aliquots in the
freezing media to prevent the loss of the cell line and to use them in the biological
replicates. The freezing media was identical to the growth medium mentioned earlier,
but it contained an additional 10% DMSO. The cryogenic vials were placed in a
freezing container (Mr. Frosty, NALGENE) for a period of approximately 14-16 hours
(overnight) in a -80°C freezer. On the following day, they were transferred to a liquid

nitrogen tank for long-term storage.
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4.2. Chemical Treatments

For characterizations of neuron cell lines, ER stress inducer thapsigargin (THA)
(Sigma Aldrich, USA), leptin (LEP), and insulin (INS) (#16634, Sigma Aldrich) which
are two crucial hormones involved in the hypothalamic regulation of energy
homeostasis were used. 400.000 cells and 1.000.000 cells were seeded into 60 mm or
100 mm cell-culture dishes, respectively. THA, insulin and leptin were dissolved
within DMSO, BSA-HCI and 20mM Tris-HCI solvents, respectively. 100 - 500nm
THA and 10nm - 100nm insulin/leptin or their solvent vehicles were added to the
media of the cells. After treatment cells were harvested at indicated time points for

further analysis.

4.3. Molecular Cloning and Cell Manipulations
4.3.1. Transient Overexpression System

pCMV-3Tag-6 expression vector system (#240200 Agilent, USA) was used to achieve
transient overexpression in the cells. The artificially created pDream_mSIK2_wild-
type (WT) plasmid, containing the mouse SIK2 gene (Genescript, USA) was utilized
as the source for subcloning. The Benchling cloud-based research and development
platform (R&D) (San Francisco) and the Oligo Analyzer tool from Integrated DNA
Technology (IDT) (USA) were used to design a suitable primer pair. Subsequently, it
was synthesized by Macrogen Europe (The Amsterdam, NL) (Table 3.5).

The gene insert was generated from pDream_mSIK2 WT donor plasmids using the
high-fidelity PrimeStar HS DNA Polymerase (#R010A Takara, USA) based
polymerase chain reaction (PCR). Because of its high priming and short annealing time
capacity, insert production was carried out using the specified reaction mixture and
conditions in Table 4.1 and 4.3 without requiring any PCR optimization. After the PCR
product was detected by the 1% agarose gel running and verified by comparing
GeneRuler 1kb plus DNA ladder (#SM1331, Thermo Scientific, Germany), it was
cleaned with MN Gel Extraction or PCR Clean up Kit (Macherey-Nagel, Germany)

and made ready for digestion.

Restriction enzyme digestion reactions of the produced insert and targeted pCMV-

3Tag-6 plasmid were performed by using fast digest Kpnl enzyme (#FD0524 Thermo
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Scientific, USA) with the appropriate FastDigest Green Reaction Buffer (10x) and
condition (37°C for 30 minutes) according to manufacturer’s recommendations. The
digested insert and plasmid were extracted from 1% agarose gel by using the same

extraction kit as mentioned above.

Ligation of linearized plasmid DNA and digested insert was carried out using T4 DNA
Ligase (#M0202S NEB, USA). NEBioCalculator tool was used to calculate the
required mass of the insert for the ligation reaction. For 20 ul of reaction volume,
a mixture of 50 ng of digested plasmid and inserts was prepared using a molar ratio
of 1:3 or 1:5. The reaction was performed at room temperature (RT) 25 °C for 2 hours
by using T4 DNA Ligase reaction buffer.

The conventional transformation method was employed to transform the ligation
products into competent DH5a. 50 pul aliquots of competent cells were thawed on ice
and 10 pl ligation mix (50%) was added. After 30 min incubation on ice, they were
transferred to a 42 °C heat block for Imin and then on ice for 2 min. Following the
addition of the 750 ul Luria-Bertani (LB) Broth (#A0954, AppliChem) medium onto
cells, they were incubated for 1 hour at 37 °C with gentle shaking (180 rpm) to allow
the production of antibiotic resistance genes. After this incubation, cells were
centrifuged at 3000 rpm for 5 min and then pellets were resuspended with 100 ul LB-
Broth or SOC medium (if a stronger production is requested). The cell suspensions
were spread on appropriate antibiotic-containing (50 pg/ml for kanamycin or 100
ug/ml for ampicillin) LB-Agar plates (#A0927, AppliChem) and cells were grown

overnight at 37°C to obtain colonies.

Table 4.1: PCR reaction mixture for PrimeStar HS DNA polymerase.

Component for 25ul Reaction Final Concentration
Nuclease-free water up to 25ul

5X PrimeSTAR Buffer 5ul 1X

dNTP mix (2,5 mM each) 2ul 200uM each
Forward primer 0,5ul 0,2uM

Reverse primer 0,5ul 0,2uM

Template variable 50ng

PrimeSTAR HS DNA poly. 0,25ul 1,25U/25 ul
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Table 4.2: PCR reaction mixture for Abm Tag DNA polymerase.

Component Volume for 25ul Reaction | Final Concentration
Nuclease-free water up to 25ul

10X PCR Buffer 2,5ul 1X

dNTP mix (10 mM 0,5ul 200uM each

each)

Forward primer 0,5ul 0,2uM

Reverse primer 0,5ul 0,2uM

Template Variable or picked colony | 50ng

Tagq DNA poly. 0,25ul 1,25U/25 ul

Table 4.3: PCR reaction conditions for PrimeStar HS and Abm Tag DNA polymerase.

PrimeStar HS Abm Taq
Step Temperature | Time Temperature | Time Cycle
Initial 98°C 30 sec 95°C 3 min 1
Denaturation
Denaturation 98°C 10 sec 95°C 30sec | 30-35
Anneling 55°C 5 sec 57°C 30 sec
Extension 72°C 1 min per 72°C 1 min per

1kb 1kb

Final 72°C 2 min 72°C 5 min 1
Extension
Hold 4°C 0 4°C 0

Colony PCRs were performed to identify positive clones on the agar plates by using
the designed primer pair and Tag DNA Polymerase (ABM, Canada) according to the
manufacturer’s instructions. A total of 5-10 candidate colonies were picked from the
agar plates using a sterilized toothpick and then mixed with 25ul of the reaction
mixture. pDream_mSIK2 WT plasmid, the source of the insert, was used as a positive
control. The PCR reaction was conducted within a thermal cycler device given in
Table 4.2 and 4.3. The positive clones were identified by running the PCR products
on 1% agarose gel. To further confirm cloning, recombinant plasmid candidates were
isolated from identified colonies using DNA-spin Plasmid DNA Purification Kit
(INtRON Bio.). They were re-cut by using the identical restriction enzymes
that were employed throughout the cloning process. A minimum of three of the

confirmed clone candidates were selected and sent for sequencing at Macrogen. Once
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the sequence had been verified, the next step was to obtain transfection-grade
plasmids. This was achieved by purifying the confirmed pCMV-3Tag6-mSIK2_WT
recombinant plasmid from its colony using the MN NucleoBond Xtra Midi Kit (MN,
Germany), according to the manufacturer’s protocol. The quality and quantity of
plasmids were checked by Nanodrop Lite (Thermo) measurements and agarose gel
electrophoresis.

Polyethyleneimine hydrochloride (MW 40,000) (PEI-MAX) (#24765, Polysciences,
UK) based transfection method was used to generate overexpressed cells. As outlined
in the preceding study, a series of optimizations were conducted on variables that
influence PEI: DNA particle for increasing the efficiency of the transfection. Seeding
the cells the day before the transfection was carried out to achieve 70-80% confluency
on the day of transfection. The amounts of plasmid DNA: PEI (1:3) mixture and
volume of 1x Tris/EDTA buffer with 150 mM NaCl (pH: 8,0) depending on the size
of the used culture plate were indicated in the Table 4.4. After 10 min incubation at
RT, PEl: DNA particles were dispersed equally over the cells. Six hours following the
incubation of the transfection mixture, the culture media was replaced with fresh
growth media to avoid potential toxicity. The transiently manipulated cells were
suitable for utilization in subsequent experiments conducted between 48 and 72 hours

post-transfection. The transfection of the empty backbone was used as a control group.

Table 4.4: PEIl-based transfection mixture conditions.

Culture Plate DNA amount 1x Tris/EDTA buffer
10 cm plate 15ug 750ul
6 cm plate 5ug 250ul
6-well plate 2,5ug 125ul

4.3.2. Lentiviral Based Stable shRNA System

One of the RNA interference, small hairpin RNA (shRNA) was used for gene
knockdown. The three distinct ShRNA oligonucleotides (Table 3.5) were generated by
the use of the Whitehead Institute (WI) siRNA Selection Program (MIT, USA), which
employed the designing rules established by the Broad Institute [91] to target particular
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exon locations within the endogenous SIK2 mRNA, as illustrated in Figure 4.1.
Scramble shRNA was designed as a negative control for RNAIi. The synthesized
oligonucleotides (Macrogen) were cloned into the pLKO.1 TRC Cloning vector
(#10878 Addgene, USA) in accordance with the protocols provided by the
manufacturer (Addgene). At least three of the verified colonies of clones were chosen
and delivered to Macrogen for the purpose of sequencing. Transfection-grade plasmids

were purified from its confirmed colony by using MN NucleoBond Xtra Midi Kit.

UBA Domain

Kruase Domain
S’UTR Exon1 Ex2 Ex3 Ex 4 Ex 5 Ex 6 Ex7 Ex 8 BX9N Ex10 UEXTIN Ex12 FEXI3N Ex14 UBEXISN Ex16
_————————————2

ShRNA

cPPT/CTS, Psrl hPGK -F Xcml,Bcul, Spel,Blpl, Bpul1021, +2
BsaBl, BseJ1,BsrBR1 Hincll, BasMI PF1FI, Psyl +3
Smil, Swal Cpol

Cspl,Rsrll,BstEIL Eco91l

Csil, SexAl
AcchS1

pLKO.1 - TRC cloning vector i1
8901 bp y —he

Figure 4.1: shRNA-based gene manipulation system for SIK2. Targets of designed
CRISPR/shRNA oligos for different SIK2 gene sequence.

Hek293FT are fast-growing, highly transfectable cells modified with the SV40 large
T antigen. They are optimal for producing high-titer lentivirus. The 293FT cells were
seeded in 60 mm cell culture dishes at a density of 80-90% on the day of transfection.
The 2nd Generation Packaging System, comprising 3 pg of psPAX2 (#12260,
Addgene), 2 pg of pPCMV-VSVG (#84549, Addgene), and 4 ug of cloned pLKO.1-
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TRC lentiviral expression vectors, was introduced into the cells by using PEI-based
transfection, as previously described. Lentiviral particles were harvested 48 and 72
hours after transfection by centrifuging the conditioned media of the 293FT cells at
1500 rpm for 5 minutes, followed by filtration through a 0.45-um filter. The collected

particles were divided into single-use 2ml vials and stored at -80 °C.

To generate stable SIK2-KD and Scrambled cell lines, POMC cells were seeded in a
6-well plate at a density of 50-70% on the day of transduction/infection. The single-
use lentiviral aliquots were equilibrated to room temperature and mixed with 8 pg/ml
cationic polymer hexadimethrine bromide (Polybrene) (#H9268, Sigma Aldrich,
USA). The growth media on the cells was removed and then the prepared viral
mixtures were given to the cells for o/n incubation. Depending on cell density, either
only the media were changed, or the cells were sub-cultured into 100 mm cell culture
dishes (for dividing 1:5 ratio). Puromycin found in the pLKO.1-TRC backbone
allowed us to select the cells stably expressing sShRNA. A puromycin killing curve (1-
10 pg/ml) was therefore conducted on POMC cells in order to identify the optimum
puromycin concentration for selection. 5pg/ml puromycin was used for 14 days to
obtain stable manipulated cell lines. Their knockdown efficiency was then evaluated
through immunoblotting. Confirmed ones were frozen as cryovial aliquots as

previously mentioned in the cell culture section.

4.3.3. Reporter System

To investigate possible interaction and localization studies, we designed a reporter
system based on a Red-Green-Blue (RGB) color model. We used mCherry2_N1
(#54517, Addgene), pEGFP_N2 (#6081, Addgene), and EBFP2_N1 (#54595,
Addgene) plasmids and designed primers for the generation of fluorescent fused
proteins (Table 3.5). Additionally, we subcloned ER (#36204, Addgene) and Golgi
(#55486, Addgene) markers from commercial plasmids to the mOrange N1 (#54499,
Addgene) vector to obtain a compatible fluorescent scale (Figure 4.2A). Before the
molecular cloning, we tested the system’s operability via PEI-based transfection of
empty fluorescent backbones into mHypo-A2/30 cells and then obtained a targeted

RGB model under the Zeiss confocal microscope (Figure 4.2B). Recombinant reporter
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plasmids that are specific to targeted proteins were obtained by the molecular cloning

procedure described in detail earlier.
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Figure 4.2: Reporter System for Co-localisation Studies. A) Fluorescent plasmids
proper for Red-Green-Blue (RGB) color model and Fluorescent Emission
chart of reporter proteins within these plasmid systems from FPbase
Fluorescent Spectra Viewer. B) Imaging of co-transfected mHypo cell
with empty fluorescent plasmid backbones by using Zeiss confocal
microscope at 63X magnification.

4.4. Immunocytochemistry (ICC)

Because the especially co-transfection efficiency was low in mHypo-A2/30 and
POMC cells, we decided to develop the ICC protocol for combining with the reporter
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system. We used CellO-IF (Cellorama, USA) all-in-one immunolabeling reagent
system. For a detailed examination of the neurons including axons and synaptic
regions, cells were seeded in a 24-well plate with 15 mm cover glass (NEST, China)
at 50-70% density on the day of ICC. Since all steps, except fixation, will be executed
at 37 °C, all the solutions to be used were heated to 37 °C in the water bath. The cells
were washed with 200ul of 1xPBS and fixed with 200ul of 4% paraformaldehyde
(PFA) at RT for 20 min. After two 1xPBS washes for 5 min, the fixed cells can be
stored in the PBS at 4 °C for up to one week. The fixed cells were washed with 100 pl
of CellO-IF reagent for 5 min and then incubated with 100 pl of targeted protein-
specific primary antibody solutions (1:100- 1:500) (CST) with gentle shaking (180
rpm) for 1 hour. Following three washes of 100 ul of CellO-IF for 5 min, the remaining
steps were carried out in the dark because of the secondary antibodies are sensitive to
light. The cells were incubated with 100 ul of Alexa fluor conjugated seconder
antibody solutions (1:500) (CST) with gentle shaking (180 rpm) for 1 hour. They were
finally washed twice with 200 pl of 1xPBS and then once with 200 pl of dH2O. The
samples on the cover glasses were closed onto slides by using ProLong™ Diamond
Antifade Mountant with SYTOX™ Deep Red (#P36990, Invitrogen). Cells were
examined under the Zeiss confocal microscope. Firstly, the ICC protocol was
performed with GAPDH, POMC and SIK2 proteins to control specificity of ICC
protocol, respectively (Figure 4.3).

Figure 4.3: ICC imaging of POMC neurons. ICC was performed by using primary
GAPDH, POMC, and SIK2 antibodies in the CellO-IF reagent. SytoxRed
Dye was used to distinguish the nucleus. Imaging of fixed cells was
obtained by using specific excitation and emission wavelength of their
proteins/dyes under Zeiss confocal microscope at 63x magnification.
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4.5. Quantitative real-time PCR (gPCR)

Total RNAs were isolated from the cells using RNeasy Mini Kit (#74104, Qiagen,
Germany) according to the manufacturer’s protocol. RNA isolation was performed in
the fume hood, and RNAse Wiper (#21131, iNtRON Biotechnology) was used for all
sterilizations during the procedure. Nanodrop-Lite Spectrophotometer (Thermo
Scientific) and agarose gel electrophoresis were used for the quality and the quantity
of RNA. The OD260/280 ratio of each sample has been confirmed to be 2,0 - 2,2. In
agarose gel electrophoresis, 0,5X Tris-Boric acid-EDTA (TBE) buffer and Red Safe
nucleic acid staining solution (#21141, iNtRON Biotechnology) were used for 1% gel
preparation. RNA samples were prepared with 5x RNA Loading Dye and then were
loaded equally (~100-200 ng) into wells of the gel which was run at 80 Volt for 20
min within the 0,5X TBE buffer. The gels were visualized by Azure ¢600 imaging
system. After RNA verifications, first-strand complementary DNA (cDNA) was
synthesized from 1 pg of total RNA with the Maxima cDNA Synthesis Kit (#K1641,
Thermo, USA) according to the instructions provided by the manufacturer. The gPCR
amplification was performed using gene-specific primers (Table 3.5) and Luna
Universal gPCR Master Mix (#M3003S, NEB, USA) under the specified reaction
conditions (Table 4.5 and 4.6) within the LightCycler 480 (Roche Applied Science).

Table 4.5: qPCR reaction mixture for Luna Universal g°PCR Master Mix.

Component Volume for 20ul Reaction | Final Concentration
Nuclease-free water up to 20ul

Luna Universal gPCR 10ul 1X

Master Mix

Forward primer (10uM) | 0,5ul 0,25uM

Reverse primer (10uM) | 0,5ul 0,25uM

Template Variable <100ng
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Table 4.6: qPCR reaction conditions for Luna Universal gPCR Master Mix.

Cycle Step Temperature Time Cycle
Initial Denaturation 95°C 60 sec 1
Denaturation 95°C 15 sec 40-45
Extension 60°C 30 sec (+plate

read)
Melting Curve 60-95°C various 1

4.6. Cell Viability Assays

Colorimetric-based cell proliferation reagent Water Soluble Tetrazolium Salt (WST-
1) (Roche, Germany) was used for the non-radioactive quantification of cell viability
and cytotoxicity of THA on the cells. POMC cells were seeded into a 96-well cell
culture plate (TPP, Germany) at densities of ~5,000 cells per well. After 24 hours, they
were treated with 100nM THA and its vehicle DMSO, respectively for the determined
time points (6, 12, and 24 hours). A volume of 10 ul of WST-1 was added to each well
during the final four hours of the treatment period. Following the incubation at 37 °C
and 5% CO2, the spectrophotometric measurements were conducted at two distinct
wavelengths 450nm and 690nm (as a reference wavelength) utilizing the Varioskan
Flash Reader (Thermo Scientific, USA).

To investigate the viability of POMCs in the presence of THA under serum-free
conditions, cells also were seeded into a 24-well cell culture plate (NEST, China) at a
density of ~25,000 cells per well. After 24 hours, cells in the serum-depleted group
were washed three times with 1xPBS and then treated with 100nM THA and its vehicle
DMSO, respectively in serum-free media for 6 and 12 hours. For serum-containing
groups, treatment was performed directly in the completed media. The ratio of live to
dead cells was determined by quantifying the viable cell count via the trypan blue stain

under the DMi1 light microscope (Leica, Germany).

4.7. Conditioned Media (CM) Isolation

To perform a pure CM isolation, we optimized our protocol according to previous
reports [92]. POMC cells were seeded into three 100 mm cell culture dishes (NEST,
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China) at a density of approximately 800,000 cells per condition. After 24 hours, cells
were washed three times with 1xPBS and then incubated with 100nM THA and its
vehicle DMSO, respectively in 5ml of growth media containing 0% serum for 6 and
12 hours. The CMs collected from three 10cm cell culture dishes were combined into
15 mL of total medium for each condition. They were centrifuged at 500 x g for 5
minutes, followed by centrifugation at 2,000 x g for 10 minutes at 4°C. The supernatant
was then filtered through a 0.22um PES filter to exclude cellular debris and apoptotic
bodies. At this point, the cleaned CMs can be stored in the short term at -20 °C and in
the long term at -80 °C. The removal of extracellular vesicle contamination from the
soluble secretome was conducted through a series of centrifugations at 10,000 x g for
30 minutes at 4°C (for the microvesicle fraction) and then at 100,000 x g for one hour
at 4°C (for the exosome fraction). The resulting pure soluble secretome samples were
concentrated to a volume of approximately 200-500 ul and buffer exchanged into 50
mM Tris-HCI (pH 8.0) by using the Amicon® Ultra Centrifugal Filter with a 3 kDa
molecular weight cut-off (Merck, Germany). The Amicon centrifugation procedures
were conducted by utilizing a fixed-angle rotor at 5,000 x g at 4°C. The Qubit 3.0
device with the Qubit Protein Assay Kit (#Q33211, Thermo Scientific, USA) was used

to determine the total protein concentration, following the manufacturer's instructions.

4.8. One-Dimensional Gel Electrophoresis (1DE) and
Immunoblotting

The 1DE and immunoblotting methods were used for qualitative and quantitative
analysis of proteins, respectively. For cell line characterization assays and proteomics
experiments, the total protein of cells was isolated by using a lysis procedure.
Following two washes in 1XPBS, cell lysates were collected on ice by scraping within
NP-40 lysis buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 2mM EDTA, 1% NP-40,
0.5% sodium deoxycholate), which was supplemented with Halt protease and
phosphatase inhibitor cocktail (#78440, Thermo Scientific). The cell lysates were
centrifugated at 18,000 x g for 15 minutes at 4°C. Harvested protein supernatants can
be stored in the short term at -20 °C and in the long term at -80 °C. The concentrations
of protein were determined through the utilization of the Bicinchoninic Acid (BCA)
Assay Kit (#23225, Thermo Scientific) based on bovine serum albumin standards
(BSA) (0,125-2 mg/ml) at 562 nm absorbance by using Varioskan Flash Reader

(Thermo Scientific, USA) according to manufacturer's instructions.
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SDS-PAGE gels were cast, run, and transferred utilizing the Mini Protean Tetra Cell
and Criterion Blotter System (Bio-rad, USA). Although 4% stacking and 10%
resolving gel were routinely prepared, 5% and %12 resolving gels were also used for
further investigations of large and small molecular-weight proteins, respectively. The
gel contents are shown in Table 4.7. After gel polymerizations, the protein samples
were prepared (20-25 pg routinely) with 4x Laemmli Loading Dye and then denatured
at 95 °C for 5min. 2-3 ul of the pre-stained protein markers Prime-Step™ Broad Range
Protein Ladder (#773301, BioLegend, Canada) and Gangnam Stain Protein Ladder
(#24052, iINtRON Biotechnology) were used as the molecular weight standards.
Denaturated proteins and markers were loaded equally into wells of stacking gel and
run at 80-120 Volt within the 1x SDS running buffer.

Table 4.7: Component of the prepared SDS-PAGE gels.

Resolving Resolving Resolving Stacking Gel
Gel (10%) | Gel (12%) | Gel (5%)
dH20 4,7ml 4,2ml 5,95ml 4,55ml
ég;v' Tris B pH 2.6ml 2 6ml 26ml i
1M Tris-HCI (pH
6.9) (p . - L 750ul
SDS 10% (w/v) 100ul 100ul 100ul 60ul
Acrylamide:Bis-
acylamide (37.5:1, 2,5ml 3ml 1,25ml 600ul
40%)
APS 10% (w/v) 100ul 100ul 100ul 30ul
TEMED 10ul 10ul 10ul 6ul
Total volume 10ml 10ml 10ml 6ml

Following the SDS-PAGE, the gels for total protein quality control were stained with
SYPRO Ruby Protein Gel Stain (#512000, Invitrogen, USA) according to the
manufacturer's recommendation. They were visualized by ChemiDoc XRS+ (Biorad)
with predefined settings. In the other gels, proteins were transferred to the PVDF
membrane (Thermo Scientific) for 2 hours at 100V on the magnetic stirrer at 4 °C
within the cold 1x transfer buffer. The membranes were blocked in 5% non-fat dried
milk in 1x TBS-T for 1 hour at RT with shaking using an orbital shaker. After three
times washing with 1x TBS-T for 5 min, they were incubated with an antibody solution
(5% BSA in 1x TBS-T) containing targeted primary antibodies (Table 3.4) at 4°C on
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an orbital shaker (or rotator for falcons). After overnight incubation, they were
incubated with an antibody solution containing HRP-conjugated secondary antibodies
(Table 3.4) at RT for 2 hours and then washed again three times with 1x TBS-T for 5
min. The protein bands were visualized using a chemiluminescence-based
WesternBright ECL HRP substrate (Advansta, USA) according to the manufacturer's
instructions. The images were then captured using the ChemiDoc XRS+ system
(Biorad).

4.9. Proteomics Analysis
4.9.1. Sample Preparation for Bottom-up Proteomics

For trypsin-based bottom-up protein digestion, 5-10 pg of protein samples were
dissolved in 50 mM Tris-HCL, pH:8.0 (Invitrogen, USA) containing 6M Urea
(Invitrogen) which is required for full digestion. The reduction was conducted using
500 mM tris(2-carboxyethyl) phosphine (TCEP) (#PG82080, Thermo Scientific,
USA) at a final concentration of 20 mM for 1 hour at 60 °C (or 10 min at 95 °C) in a
thermoshaker with 400-500rpm. Subsequently, alkylation of them was performed
using 1M iodoacetamide (IAA) (Thermo Scientific) at a final concentration of 40 mM
for 30 min at RT. Because of the high concentration of urea affects trypsin activity,
the samples were diluted (Urea <1M) with 50mM Tris-HCL (pH:8,0). Afterward, they
were digested with Pierce trypsin protease (#90057, Thermo Scientific) at a ratio of
1:20 (w:w) for overnight at 37 °C in the thermoshaker with 400-500rpm. Formic acid
(#A117, Thermo Scientific) was added to each sample at a final concentration of 1-
2% in order to stop the tryptic digest. Pierce C18 tips (#87784, Thermo Scientific) and

a speed-vac evaporator were used to desalt and concentrate the digested peptides.

4.9.2. Mass Spectrometry

The prepared peptides were loaded onto a reverse-phase column on a nanoflow ultra-
high performance liquid chromatography (hano-UHPLC) instrument (Ultimate 3000
RSLCnano, Thermo Fisher Scientific, USA) coupled on-line to an LTQ Orbitrap
ELITE mass spectrometer equipped with a nano-electrospray ion (ESI) source
(Thermo Fisher Scientific). The peptides were diluted to 200ng/ul using a sampler
buffer (5% acetonitrile and 0.1% formic acid in LC-MS Grade Water) (Thermo
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Scientific) resulting in a total volume of 3 fractions. They were then injected into the
liquid chromatograph with a 2 pl injection volume. Mobile phase A was composed of
0.1% (v/v) formic acid in LC-MS grade water, whereas mobile phase B consisted of
0.1% (v/v) formic acid in 80% acetonitrile in LC-MS grade water. Gradient separation
of peptides was carried out using a C18 column (Acclaim PepMap, RSLC 75 pm x
250mm) (Thermo Scientific), starting with 4% of phase B over 5 min, 4-55% over 85
min, 55% over 10 min, 55-95% over 10 min, with final elution of 95% B for 5 min at
a flow rate of 300nL/min. The LC-MS/MS analysis was performed on each sample in
three fractions, using a data-dependent acquisition (DDA) methodology with the
positive ion mode. MS1/MS2 scans were conducted in Orbitrap and ion trap analyzers,
respectively, with a scan range of 350-1800 m/z at a resolution of 60,000. All MSn
spectra were acquired using collision-induced dissociation (CID) with 35%
normalized collision energy, 0.25 activation Q, a 10 ms activation time, and a 1 m/z
isolation width. The data were acquired within the platform of Xcalibur 4.0 software
(Thermo Scientific) and subsequently analyzed using the Proteome Discoverer (PD)

2.3 software (Thermo Scientific).

4.10. Bioinformatic and Statistical Analysis

The LS-MS/MS results for all samples are derived from three independent biological
replicates and three technical fractions for each experimental condition and hence
represent a robust and reliable dataset. The mouse total protein database, the secretome
database (specifically the "Secreted” category from the cellular component of Gene
Ontology), and the sheddome database (specifically the "Transmembrane™ and "GPl
anchored" categories) from the UniProt protein resource were employed for the
analysis of MS/MS spectra. This analysis was performed using the Sequest HT and
msAmanda 2.0 search engines. The precursor ions were allowed to deviate from their
expected mass by up to 10 parts per million (ppm), while the fragment ions were
allowed to deviate by up to 0.5 Daltons (Da). The dynamic modification of oxidation
(M) and the static modifications of N-terminal acetylation and carbamidomethylation
were selected for analysis. The peptide sequence mass (PSM) was validated by
utilizing the Percolator tool with a false discovery rate (FDR) and g value (< 0.05). For
the study of proteins with small abundances, the spectral cluster node [93] was
identified using the MS Amanda 2.0 engine [94], as recommended by the developers.

The spectral clustering has the potential to enhance the ability to identify proteins with
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low abundance while improving the accuracy of the resulting quantitative data, without
simultaneously increasing the noise level of the datasets. Furthermore, the msAmanda
search engine node consistently generates more precise spectra than the Sequest engine
when analyzing datasets, while maintaining the same FDR. The utilization of these
nodes allowed the examination of low abundant proteins (FDR > 0.05 and classified
as LOW) which can also exhibit a significant fold change by label-free quantification
(LFQ). For differential expression of protein analysis, the LFQ method was utilized
with the Minora detection and precursor ion quantifier nodes of PD. The statistical
significance of peptide abundances between experimental groups was evaluated using
a one-way analysis of variance (ANOVA), with a p-value threshold of <0.05. Proteins
exhibiting a fold change of 2 or greater were identified as statistically significant.
Because the preliminary results showed no significant differences between the
secretomes of POMCs in the Scramble and pCMV-3tag6 groups, the secretome of the
scrambled POMC was used as the control group (Appendix E). We investigated
proteins that showed statistically significant variations in ER stress between the THA
and DMSO experimental groups, which had different genetic profiles for SIK2
(Control, KD, and WT). In addition, we also calculated the differences that depend on
the modification of SIK2 (e.g., KD versus Control) in both ER stress and non-stress

circumstances.

For visually representing the hierarchical clusters between experimental groups, heat
maps were created by using PD with the "Euclidean™ distance function, which
calculates the geometric distance between two data points in multidimensional space.
The linking method was specified as "Complete," which computes the dissimilarity
between two clusters as the greatest distance between any two data points in separate
clusters. The ShinyGO software was used for gene ontology (GO) and biological
pathway enrichment analyses [95]. For the source of terms and pathways, GO terms
(cellular component, biological process, and molecular function), Reactome, KEGG,
and WikiPathways were selected. The size of the pathway was specified between 2 -
5,000 genes. A Cytoscape plug-in ClueGO (v.2.5.10) software [96], was employed to
identify and functionally visualize the nonredundant biological terms for the resulting
hierarchical clusters within the grouped networks. The selection threshold was
specified as "medium”, in which at least 3 genes from the uploaded list and 4% of

genes selected for gene ontology terms were determined to be related to a term by
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referencing the databases. The CluePedia extension was also used for comprehensive
pathway analysis, which displays common genes as functional groups of terms and
pathways based on a kappa score of 0.4. Hypergeometric distribution and Bonferroni
step-down statistical options were employed to calculate the minimum p-values via
the FDR method. To visualize protein-protein interaction networks in functionally
related groups, based on experimental or database-predicted information, the STRING
platform was employed [97]. The threshold for statistical significance was defined as

0.05 for the p-value in all comparative analyses.

Immunoblotting and cell viability experiments were also conducted using samples
from independent biological triplicates. Densitometric measurements for Western blot
quantitation were performed using ImageJ software (version 1.48, USA). One-way
ANOVA was used to perform statistical analyses for a Bonferroni-based multiple
comparison of the control group with the treated/manipulated groups utilizing
GraphPad Prism 9.3 software (USA). The obtained data were displayed as the mean
values with the standard deviations. Additionally, the statistical parameters were

included in the figures and accompanying figure legends.

As a result of gPCR, Cq values were found using regression analysis of the
amplification traces. The average Cq values for triplicates were adjusted (ACq) based
on a reference gene. Ultimately, the expression levels were determined using the 2-
ACq equation. The one-way ANOVA analysis was conducted using the GraphPad

software, as previously described.
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5. RESULTS

5.1. Cell Lines

Commercially available hypothalamic murine cell line, mHypo-A2/30 was produced
from two-month-old male C57BI/6 mice by retroviral transfer of SV40 T-Ag. These
cells were reported to express an ever-expanding variety of neuropeptides, enzymatic
markers, and biologically active receptors in response to a wide range of hormones
and stressors (CEDARLANE). As expected cells are sensitive to anorectic hormones
insulin and leptin for neuronal activation and responded well to pharmacological
stressor thapsigargin (THA) for ER stress induction [98]. We performed a series of
dose response assays for THA (100nm and 500nm), insulin (10nm and 100nm) and

leptin (10nm and 100nm) at the time period of 12 hours at given intervals.

Western blot studies with specific antibody indicated that 100nm thapsigargin was
sufficient for ER stress induction as specified by the level of glucose-regulated protein
78 (GRP78/BiP) a well-known ER stress marker. SIK2 responded acutely to ER stress
induction by reaching its peak value at 15 min of THA treatment followed by a gradual
decline as indicated by the phosphorylation of its activation loop T175. POMC
expression decreased in the early periods of treatment but it has reached the control
level in the late period. This situation may be due to the stress response of the cell in
the early period. Leptin and insulin were also sufficient for POMC production with
different expression levels. They were also triggered the SIK2 activity, especially at
the 15min similar to ER stress response. This intriguing intersection can contribute to
revealing the role of SIK2 activity within these neurons between stressed and hormone
induced conditions for our further investigations (Figure 5.1).

41



10nm 100nm

Veh 15m 1hr 6hr 12hr Veh 15m 1hr 6hr 12hr

D-SIK2 T — e e e e ——
AC e . s D R e G— — —

INS

1.0 14 09 11 10 1.0 19 15 19 18 :pSIK2Actin
PONC o s s S S - —— —
TUDUIN i — — — — oy e — — —
10 08 07 09 08 10 18 40 43 40 :POMC/Tubulin
10nm 100nm
LEP Veh 15m 1hr 6hr 12hr Veh 15m 1hr 6hr 12hr

D-SIK2 —— — e, T - . - e
ACtin i —— — - R — — — —

10 15 11 11 1.0 1.0 15 08 06 0.5 :pSIK2/Actin
—
PONC - el
TUDUIIN i a— — — — ey s — — —
10 07 08 06 09 10 10 14 12 1.2 :POMC/Tubulin
100nm 500nm
THA Veh 15m 1hr 6hr 12hr Veh 15m 1hr 6hr 12hr

p-SIK2 s BN SR B SRS gl Sy e s ——
Al o s e S S D e S — -

1.0 18 14 1.3 0.9 1.0 1.3 0.6 0.6 0.5 :pSIK2/Actin

POMC |I=T

TUDUIN i — — — — oy e — — —
1.0 0.9 0.6 0.9 1.2 1.0 1.0 04 :POMC/Tubulin

Hp — - — -—

LSS -‘----—-

1.0 1.0 1.4 3.3 9.0 1.0 11 1.0 1.9 5.8 :BiP/Tubulin

Figure 5.1: POMC expression and SIK2 phosphorylation profile of mHypo A2/30
cells. POMC expression and activation patterns of SIK2 were detected
under stressed (THA) or hormonal-induced conditions (INS and LEP) via
western blotting using specific antibodies against phospho-T175/T163 of
SIK2 and POMC at the protein level. Additionally, tubulin and BiP are
observed as housekeeping and ER stress marker genes, respectively. The
fold change levels of proteins (n=6) were calculated according to vehicle
control groups.
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To further characterize the SIK family, POMC/AgRP expression, and UPR response,
we performed SYBR-Green-based qPCR against the isoforms of SIK2, ER-resident
sensor protein IRE1, and splicing of XBP1 under ER stress and insulin/leptin-induced
conditions. This assay was performed by using 100nm THA, insulin, or leptin which

was determined in the previous experiments at different time scales.

According to our gPCR data, pomc expression could not be detected at any time points
of induction. This may be due to its low-level of expression in the cells that do not
change with ER stress, insulin or leptin induction. On the other hand, agrp was
significantly decreased at the 15 min of inductions and normalized thereafter. This
may indicate an acute response. Because of the heterogenic properties of
mHypoA2/30, which includes both POMC and AgRP-derived populations, this change
in the agrp levels has not been surprising for us (Figure 5.2). All three isoforms of SIK
showed a gradual increase approximately 2-fold within 6-hour of THA treatment and
returned to preinduction level thereafter in 12 hours. This showed that we should
consider the possibility of compensation among isoforms in POMC neurons. As we
expected, Xbpl splicing and irel level increased proportional to duration of ER stress.
(Figure 5.2A).

As result of these assays, because of the heterogenic properties of mHypoA2/30 cell
line harboring both POMC (weak response) and AgRP-derived population and
associated complications, we decided to use the company’s new addition to their
hypothalamic POMC lines so called mHypoA-POMC/GFP-2. This cell line represents
a relatively more homogenous POMC cell line due to their isolation criteria based on
the POMC expression. The POMCs were obtained and immortalized from the
hypothalamus of four male POMC-GFP mice that were aged eight weeks old. The
expression of the EGFP transgene was driven by the POMC promoter (strain
C57BL/6J-Tg(Pomc-EGFP)1Low/]) (CEDARLANE). Previous studies with these
cells further confirmed their identity by showing the secretion of a-MSH and their
responses to anorectic hormones including insulin and leptin. Beside they responded
to endoplasmic reticulum stressor palmitate as expected. Overall, these cells are
reliable in vitro model for the diagnosis, development, and validation of novel
treatments that target diseases related to neurodegeneration, obesity and metabolism
[99], [100].
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Figure 5.2: mMRNA-based characterization of mHypo-A2/30. Expression patterns of
interested genes at the mRNA levels under stressed (A) or hormone-
induced conditions (B) via SYBR-Green-based qPCR using specific
primers. GAPDH was used as the control for normalization. Vehicles were
used as induction minus control of assays. Delta Ct (n=6) analysis was
performed to determine relative mRNA levels. The error bars on the
densitometric graphs represent the means + standard deviation (SD). For
the statistical significance is indicated as ****P < 0.0001, and ***P <
0.001.
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For the characterization of POMCs, the expression level of genes specific to neuronal
activation, energy metabolism-related neuropeptides, and SIK isoforms were analyzed
at transcriptional level by gPCR. Despite the significant upregulation of c-fos, a marker
of neuronal activation, was observed at 15 minutes and persisted for up to one hour,
no statistically significant changes were observed in agrp and pomc levels in response
to ER stress. All isoforms of SIKs showed a gradual increase up to the 3rd hour of
THA treatment and returned back to uninduced level under long-term ER stress
(Figure 5.3A). This indicates the possibility of compensation between isoforms against
ER stress. Like in the stress response, it was observed that hormonal induction could
activate neurons within 15 min. In response to insulin, there was an increase in pomc
expression and a decrease in agrp expression. Among the SIK isoforms, only SIK2
was found to be increased by a minimum of 1.5-fold in response to insulin, with a
significant level at 1 hour (Figure 5.3B). Although the neuronal activation was induced
by leptin, only a significant decrease in agrp level was observed only at 15 min. No
statistically significant change was detected in SIK isoforms or in the pomc level
(Figure 5.3C). Considering the known POMC heterogeneity, the presence of Agrp
expression within our cells is not unexpected. However, as anticipated, they exhibited
an increase in pomc expression and a contrary decrease in agrp expression in response
to insulin and leptin stimulation. The reason why leptin stimulation was not as effective
as insulin may once again be attributed or linked to the known receptor heterogeneity.
Our cell population may contain a significantly higher number of POMC cells that
carry insulin receptors. Additionally, insulin may have a more acute effect on the cells,
whereas leptin is more chronic. Therefore, the duration of leptin administration may
not be sufficient for stimulation. Despite possible compensatory effects in the ER
stress, no significant changes in isoforms other than SIK2 were observed following
insulin and leptin induction. This suggests the potential involvement of SIK2 in

hormonal induction processes.
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Figure 5.3: Characterization of POMCs. Expression patterns of interested genes at

the mRNA levels under stressed (A) or hormone-induced conditions (B
and C) via SYBR-Green-based gPCR using specific primers. GAPDH was
used as the control for normalization. Vehicles were used as induction
minus control of assays. Delta Ct (n=6) analysis was performed to
determine relative mRNA levels. The error bars on the densitometric
graphs represent the means + standard deviation (SD). For the statistical
significance is indicated as ****P < 0.0001, ***P < 0.001,**P < 0.01 and,
*P < 0.05.
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Figure 5.4: POMC expression and SIK2 phosphorylation profile of POMCs. POMC

expression and activation patterns of SIK2 were detected under ER stress
(A) or hormonal-induction conditions (B and C) by western blotting using
specific antibodies against phospho-T175/T163 of SIK2 and POMC for
the indicated time points. Additionally, the expression of BIP,
phosphorylation ratio of NFkB, AKT, and STAT3 showed ER-stress,
inflammation, insulin, and leptin signaling induction markers,
respectively. The indicated fold change levels of proteins were calculated
according to vehicle control groups (n=6). The error bars on the
densitometric graphs represent the means = standard deviation (SD). For
the statistical significance is indicated as ***P < 0.001 and, *P < 0.05.

47



At the protein level, it was observed that ER stress triggered SIK2 activity for up to 1
h with a maximum level detected at 15 min. The precursor POMC level showed a
critical increase in 1 h in parallel with SIK2 activity and then returned to the basal
level, indicating protein accumulation in response to acute ER stress. Phosphorylation
of STAT3 did not change up to 1 hour and showed a critical decrease in the following
hours of stress. This is consistent with the finding that STAT3 inhibition is required
for apoptosis induced by chronic ER stress [101]. AKT phosphorylation demonstrated
a significant decrease at 15 minutes, coinciding with the peak in SIK2 activity. This
was followed by a rapid increase, returning to the basal level after an extended period
of stress. NFKB phosphorylation, associated with inflammation and apoptosis
pathways, exhibited a gradual increase in response to prolonged ER stress (Figure
5.4A). Insulin induction was achieved within 15 min by observing the phosphorylation
of AKT. This phosphorylation demonstrated a gradual decrease in a time-dependent
manner. SIK2 activity reached its maximum level at 15 min and then gradually
decreased, as observed in cases of ER stress. The POMC expression significantly
increased in response to insulin, as would be expected and consistent with gqPCR
(Figure 5.4B). Despite the absence of any alterations in SIK2 and STATS3 activity in
response to leptin induction, a statistically insignificant increase in the POMC levels
was observed (Figure 5.4C). This may be due to the previously mentioned receptor

heterogeneity.

5.2. SIK2 Activity and Localization Under ER Stress

To confirm SIK2 activity and examine its subcellular location in POMCs in response
to ER stress, immunocytochemistry targeting pSIK2 was performed. We obtained an
image consistent with the pSIK2 pattern of POMCs that we have seen at the protein
level in the characterization assay (Figure 5.4A). SIK2 activity increased at 30 min
around the nucleus and decreased after 6 hour of ER stress induction (Figure 5.5).
Upon 1 hour pre-incubation of 1uM HG-9-91-01 SIKs inhibitor, this activity also
decreased against the 30 min ER-stress conditions. This finding confirms the presence
of SIK2-specific activity during the early ER stress period. The pSIK2 signal
concentrated around the nucleus and may underly its ER localization consistent with
the earlier reports. However, this has to be further delineated by its colocalization with
ER specific markers.
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Figure 5.5: pSIK2 localizations in the POMCs. ICC was performed by using primary
pSIK2 (T175) and secondary Alexa488 antibodies with CellO-IF reagent.
Sytox Deep Red dye was used to distinguish the nucleus. Imaging of fixed
cells was obtained by using specific excitation and emission wavelength
of their proteins/dyes under Zeiss confocal microscope at 63x
magnification. 100nm THA was used for ER stress induction. 1uM HG
PAN (HG-9-91-01) was used as an SIK2 inhibitor.
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5.3. The Preliminary Experimental Outcomes of the
Secretome Studies

The secretomes containing soluble proteins secreted by POMCs in response to ER
stress and the presence/absence of SIK2 were collected and subsequently subjected to
LC-MS/MS analysis to determine their identities and relative amounts of protein
content. For this, a series of optimization studies were conducted. In the present study,
although the initial stages of ER stress (0-12 hours) were examined, the effects of stress
conditions on the cells were observed over a 24—-48-hour interval to ensure sufficient
secretome collection. Initially, the impact of varying serum conditions (0-10%) on
cellular outcomes was examined over 24 hours (Figure 5.6). This investigation aimed
to assess the influence of serum conditions on secretome quality and cell survival, with
a potential correlation to diverse stressors, including ER stress, autophagy, and
apoptosis. Despite an increase in serum deficiency, tolerance of ER stress and
autophagy was observed, as indicated by the expression of BiP, XBP1 splicing and
LC3II/I ratio. However, there was a proportional increase in apoptosis as evidenced
by caspase 3 cleavage (Figure 5.6A). Subsequently, the impact of 100 nm THA on cell
viability was assessed over a 24-hour period under identical conditions. Microscopic
observations revealed that only 10-20% of cells exhibited mortality under serum-
deficient conditions. Upon THA induction, it was observed that the cells exhibited
tolerance up to 12 hours, but at later time points, approximately 40-50% mortality was
evident across all conditions (Figure 5.6B). Based on these findings, the decision was

taken to collect secretomes under 12 hours of ER stress with serum-free conditions.
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Figure 5.6: Stress tolerance of POMC neurons at varying serum levels. POMC cells
were cultivated in varying serum conditions (0%-10%) for 24 hours to
examine the potential stressors that may arise due to serum deprivation.
The control of stress conditions was conducted via immunoblotting at the
protein level, utilizing specific antibodies to stress markers (A), while
morphological examinations under the ER stress (B) were observed under
a light microscope (Leica, Dmil) at 4x magnification. Immunoblot
analysis was performed by calculating the band areas using Image J
software, normalizing the reference protein a-tubulin, and determining the
fold change relative to the 10% serum control group.

51



A preliminary secretome experiment was conducted under conditions of 12-hour ER
stress. Western blot analysis was conducted on lysates obtained from the treated cells
to ascertain the stress status. It was observed that ER stress was triggered only by
thapsigargin, and that apoptosis gradually increased depending on the duration of
stress. The total amount of LC31 and 11 increased with serum deficiency and decreased
with thapsigargin. However, the conversion of LC3I to LC3Il showed an opposite
pattern. This result was unexpected and cannot be explained by the results of this
experiment alone (Figure 5.7A). The SDS-PAGE confirmation of the secretome
revealed the presence of a broad protein band with an approximate molecular weight
of 60 kDa (Figure 5.7B). Given the possibility that this band may represent serum
albumin residue with a molecular weight of 66 kDa, it was determined that performing
at least two PBS washes during the transition to serum-free medium in subsequent

experiments would be appropriate, considering the available literature.
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Figure 5.7: Analysis of the stress tolerance and secretome quality of 12-hour ER
stress-induced POMC neurons. A) Cells whose secretome is taken were
lysed and immunoblotted with specific antibodies to ascertain the presence
of various stress markers. B) To ensure the quality of the secretome, gel-
based control step was conducted. This entailed loading the same amount
of protein sample (10 pg) as that used in the LC-MS/MS procedure onto
an SDS-PAGE gel and staining the total protein with Sypro Ruby. The
immunoblot analysis was conducted by calculating the band areas using
Image J software, normalizing to the reference protein, a-tubulin, and
determining the fold change relative to the 10% serum control group.
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The collected and verified secretome samples were analyzed by LC-MS/MS. The
analysis conducted with Proteome Discovery software revealed that 177 of the 1,510
total proteins were extracellularly secreted proteins. Of these, 104 were secreted
independently of ER stress, 20 were secreted only in the presence of ER stress, and 53
were secreted in the absence of ER stress (Figure 5.8A). The heatmap analysis of the
177 secreted proteins revealed the formation of two clusters, one representing ER
stress-dependent decreased protein expression (cluster 1) and the other representing
ER stress-dependent increased protein expression (cluster 2) (Figure 5.8B). Gene
ontology terms, pathway analysis, and functional assignments were conducted on the
protein lists of the two clusters separately using g: Profiler, a bioinformatics analysis
server (Appendix-A). For each cluster, the g: GOST graph was employed to perform
functional profiling of the gene lists, utilizing a range of biological evidence. A
statistical enrichment analysis was conducted to determine the overrepresentation of
information obtained from Gene Ontology (GO) terms, biological pathways,
regulatory DNA elements, human disease gene annotations, and protein-protein
interaction networks. The graph depicts the negative logarithm of the p-value, which
represents the randomness of the intersection between the given gene lists and the
ontology term, on the y-axis. The x-axis represents the color-coded functional terms
grouped by data sources. Upon examination of the graph, it becomes evident that the
cellular compartment assignments of both subsets indicate a significant level of
association with the "extracellular matrix" and "synaptic cleft” (see p-values between
1022 and 101Y). Similarly, the molecular function assignments align with expectations,
pointing to "signal receptor binding activity," "cytokine/chemokine activity," and
"hormone activity" as being associated with extracellularly released proteins. This

corroborates the findings of our studies targeting the secretome.

53



Secreted

S

Cluster 2

Figure 5.8: LC-MS/MS Analysis of the ER stress-dependent POMC secretome. A)
Purified POMC secretome samples were subjected to LC-MS/MS
(Orbitrap ELITE, Thermo) analysis, yielding 1,510 total protein (Uniprot
"mus musculus") data. Of these, 177 were identified as being included in
the secretome database (Uniprot "signal "+"secreted”, GO Cellular
Compartment “extracellular"). B) To illustrate the clustering of proteins
under conditions of ER stress and DMSO control, a heat map of the POMC
secretome was generated. The protein abundances were quantified using
z-scores, which were visually represented by a color code.

An examination of the proteins in Cluster 1 revealed those proteins whose expression
were decreased in response to ER stress induction belong to biological terms;
"negative regulation of apoptosis/programmed cell death (heat shock protein 84b,
secreted phosphoprotein 1, macrophage migration inhibitory factor, follistatin-related

protein 1)," "TGF-B production," "acute inflammation response (complement C3,
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metallopeptidase inhibitor 1)," and "positive regulation of proliferation.” Furthermore,
these proteins have been linked to molecular functions such as "cytokine binding"
(Biglycan, Cartilage oligomeric matrix protein), "interleukin-1 binding" (Heat shock
protein 84b), and "nerve growth factor binding," as well as biological pathways such
as "PI3K-Akt signaling pathway." Additionally, it has been linked to cellular

compartments such as secretory vesicles and phagosomes (protocathepsinl).

In cluster 2 proteins whose expression were increased in ER stress-dependent manner
associated with several biological processes, including microglial cell proliferation,
positive regulation of I-kappaB phosphorylation (Fractalkine), ER stress response,
negative regulation of interleukin-1 production, and protein maturation (Protein
disulfide-isomerase, Fibulin-1, Beta-2-glycoprotein 1, Gelsolin). Moreover, these
proteins were linked to cellular compartmental functions, including the ER-dependent
protein quality control apparatus and the ER chaperone complex (Protein disulfide-
isomerase), as well as molecular functions such as PI3 kinase catalytic subunit binding
(Gelsolin).

Then we performed series of LC-MS/MS-based secretome studies conducted in the
presence of ER stress to better understand the effects of SIK2 on the secretome profile
of POMC:s. For this purpose, stable SIK2-KD POMC cell lines were first established
by shRNA. Subsequently, the cells were cultivated in four 10-cm culture dishes, and
conditioned media (CM) and simultaneous lysates of the cells were collected for
further analysis after 24 and 48 hours with THA treatment. It was not feasible to collect
48-hour cell lysates from the experimental samples, as the mortality rate reached
approximately 40-50% with ER stress at 24 hours and the viability decreased to
approximately 10-20% at 48 hours. Thus, the CM were used from the cells transfected
with scrambled shRNA or shSIK2 RNA and treated only with DMSO for 24 and 48 in
the analysis of the secretome. The results demonstrated that SIK2 suppression was
maintained at 70-80% in the cell lysates, as evidenced by immunoblotting. As
anticipated, the expression of BiP and the splicing of XBP1 were diminished in SIK2-
KD cells. The LC3I1/I ratio was then analyzed to determine the flux of autophagy.
LC3Il accumulation and autophagy flux in SIK2 KD cells was reduced by ER stress
compared to the control (Figure 5.9A). This result in autophagy flux observed in our
experiments may be attributed to prolonged serum starvation (24 hours) or SIK2

deficiency. Additionally, SDS-PAGE gels were utilized to examine the isolated
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secretome profiles, which demonstrated that PBS washing effectively reduced the
albumin band, thereby facilitating the acquisition of protein bands of the secretome

with enhanced quality (Figure 5.9B).
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Figure 5.9: Effect of SIK2 on stress response and secretome of POMCs. A)
Immunoblotting was conducted using specific antibodies to ascertain the
SIK2 protein level and various stress markers. B) The 5 ug protein sample
to be analyzed by LC-MS/MS was loaded onto an SDS-PAGE gel, and
quality control was performed by staining total protein with Sypro Ruby.
Immunoblot analysis was conducted by calculating the band areas using
Image J software, normalizing to the reference protein a-tubulin, and
determining the fold changes relative to the Scramble-DMSO control

group.

The collected and verified secretome samples were analyzed by LC-MS/MS. Our
analysis of the data using Proteome Discovery software revealed that 389 proteins out
of a total of 1993 proteins were identified as extracellularly released proteins (Figure
5.10A). It is postulated that the elevated number of proteins associated with the
secretome in comparison to the results displayed in Figure 5.8 (see 177 proteins). This
can be attributed to the fact that the sample collection periods were conducted later in
the day (24 and 48 hours), serum could be effectively removed, and four 10 cm petri
dishes were utilized for each condition instead of two. The data set did not include ER

stress due to the high rate of cell death observed in the subset where ER stress was
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triggered for 24 and 48 hours. A principal component analysis (PCA) of the data
reveals that the proteins exhibiting the most significant changes in expression due to
the gene effect between the control (scrambled) and SIK2 KD cells are predominantly
present in the 24-hour data set. The orientations of the scrambled and SIK2 KD groups
with respect to the point of origin exhibited a statistically significant difference at 24
hours. In contrast, at 48 hours, the protein expressions of the SIK2 KD and control
groups were found to be similar (Figure 5.10B). This may be attributed to the fact that
the cellular response to serum starvation over the subsequent 48 hours hinders the
impact of genetic manipulation. As illustrated in the volcano graph, the expression of
30 proteins secreted from SIK2 KD cells exhibited a notable decline at 24 hours in
comparison to the control. Conversely, the expression of 5 proteins increased by a
minimum of twofold. At 48 hours, the expression of 12 proteins declined significantly,
while the expression of 21 proteins increased by a minimum of twofold (Figure 5.10C).
The observed decrease in protein expression at 24 hours, followed by an increase at 48
hours, may provide a potential explanation for the gene effect in the PCA analysis that
was lost at 48 hours. As observed in the heat map, the proteins that underwent
significant alterations were grouped into six clusters. In addition to the data
represented in the PCA graph, it is notable that the rates of significant change in the
24-hour data are higher than in the 48-hour data (see Figure 5.10D, 1% and 2"
columns), with a discernible pattern difference. Gene ontology terms, pathway
analysis, and functional assignments were conducted on the protein lists of the six
clusters separately using g: Profiler (Appendix-B).

An examination of the proteins in Cluster 1 reveals that those exhibiting a significant
reduction (> 3-fold) in expression due to SIK2 depletion are associated with a number

of biological processes, including “protein trimerization,” "long-term neuronal

plasticity," "vesicle-associated transport regulation,” and "positive regulation of
interferon-p and interleukin-1p production." Moreover, these proteins have been
linked to molecular functions such as "DNA-binding transcription factor binding™ and
"insulin receptor binding," as well as biological pathways such as "post-translational
protein phosphorylation.” Additionally, it has been linked to cellular compartments
such as COPIlI-coated ER-Golgi transport vesicles and secretory vesicles. In

examining the proteins within Cluster 2, it becomes evident that the proteins exhibiting
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a significant reduction (> 2-fold) in expression due to SIK2 depletion are similar to the

protein assignments observed in Cluster 1.
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Figure 5.10: LC-MS/MS Analysis of SIK2-dependent POMC secretome. A) LC-
MS/MS analysis of the SIK2 manipulation-dependent POMC secretome
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using PD revealed 1993 proteins, of which only 389 were identified as
belonging to the secretome database. B) The PCA plot was employed to
examine the genetic manipulation and time-dependent parameters that
resulted in notable alterations among all samples. C) A volcano plot was
employed to illustrate the proteins whose secretion exhibited an increase
or decrease over the 24- and 48-hour periods, depending on the influence
of SIK2. D) A heat map of the POMC secretome was constructed to
illustrate the clustering of proteins under 24 and 48 hours of SIK2
depletion. The protein abundances were quantified using z-scores, which
were visually represented by a color code.

In contrast, Cluster 3 exhibited no alterations in its protein expression patterns. Cluster
4 comprises proteins whose expression decreased significantly (> 1.5-fold) compared
to the control up to 24 hours and increased significantly (> 2-fold) compared to the
control at 48 hours due to SIK2 reduction. These proteins are associated with a number
of biological processes, including “regulation of lipid metabolism”, “protein
heterodimerization", “reduction of food intake in response to dietary excess", "positive
regulation of microglia and macrophage proliferation” and "positive regulation of the
MAPK pathway". Additionally, it has been linked to molecular functions such as
cytokine activity and SMAD binding, as well as cellular compartments including the
Golgi-mediated vesicle, the CSF1-CSF1IR complex, and the ER-to-Golgi

compartment.

Cluster 5 comprises proteins whose expression is significantly increased (> 2-fold) in
the control groups at 48 hours, as well as proteins whose expression is absent or
significantly decreased (> 3-fold) in both hours compared to the control, with the
decrease in SIK2. These proteins are associated with a number of biological processes,

including "negative regulation of RNA polymerase activity"”, "negative regulation of
apoptotic cell clearance", "positive regulation of DNA repair", "positive regulation of
Toll-like receptors 4 and 9" and "UV protection”. Additionally, molecular functions
such as "interleukin-22 receptor activity,” "type 1 interferon receptor activity,” and
"DNA binding" were identified, as well as cellular compartments including "alpha v-

beta3 integrin-HMGB1 complex."

In examining the proteins within Cluster 6, we observe that those expressed at 48 hours
in the control groups and exhibiting a significant increase (> 2-fold) in expression
compared to the control with SIK2 reduction at both time points are associated with a

9% ¢¢

range of biological processes, including “growth factor activity”, “protein sequestering

59



99 ¢y bR 1Y

activity”, “insulin-like growth factor I binding”, “complement C1q complex binding”,
“neurexin family protein binding”, and “1-3 beta glucan binding”. Additionally, it has
been linked to cellular compartments, including the “interleukin-5 receptor complex”.
As demonstrated in Table 5.1, the selected proteins were identified as markers of
clusters affected by SIK2 modification. Our preliminary results have indicated a

correlation between the interested proteins and both SIK2 and ER stress.

Table 5.1: Differentially secreted protein list depends on SIK2 manipulation.

Protein Name Variation
Nidogen-2 DOWN
Alpha-2-HS-glycoprotein DOWN
Amyloid-beta precursor protein DOWN
Heat shock protein 84b DOWN
Spp1l protein DOWN
Calreticulin DOWN
Periostin DOWN
Syntenin-1 DOWN
Slit homolog 1 protein DOWN
C-C motif chemokine UP
Growth/differentiation factor 15 UP
Angiopoietin-related protein UP
Matrix metallopeptidase 10 UP
Stromelysin-1 upP

5.4. Establishment of the POMC Model for the
Comparative Secretome Analyses

In order to understand how SIK2 affects the overall energy balance and eating habits
of an organism, we aimed to discover the released proteins of ER-stressed POMCs,
which are the main characteristic of hypothalamic obesity. In order to accomplish this
objective, we conducted a differential secretome investigation using LC-MS/MS on
the conditioned medium of POMCs that were either missing or overexpressing SIK2
under ER stress conditions. Before commencing comparative secretomic experiments,

the effectiveness of SIK2 knockdown and overexpression in POMCs, as well as their
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sensitivity to THA, were validated using immunoblotting employing particular
antibodies (Figures 5.11A and C). Each of sShRNAs suppressed SIK2 by approximately
70-80% in the SIK2-KD POMC neurons containing Exon2 design were selected for
further experiments. SIK2 is a very sensitive sensor for ER stress. It quickly responded
to THA treatment, reaching its active form within 15 minutes. However, it sharply
decreased below the control level within 3 hours, then it gradually decreased despite

ongoing stress induction (Figure 5.11B).
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Figure 5.11: Validation of stable POMC cell lines and determination of secretome
specificity. A) Three separate POMC lines were generated by utilizing
shRNAs that specifically targeted different exons of the SIK2 mRNA. B)
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The activation profile of SIK2 was identified at specific time points by
inducing ER stress with 100 nM THA and utilizing an anti-pSIK2 (T175)
antibody. SIK2 activation is measured by quantifying the relative
intensities of pSIK2/SIK2 bands, which are represented as fold change in
the bar graph (n=6). C) The modulation of SIK2 was verified by
immunoblotting on SIK2-knockdown, SIK2-overexpressing, and control
POMC cells that were treated for 6 and 12 hours with 100nm THA. ER
stress was verified using the measurement of BiP expression (n=6). * The
higher bands represent SIK2 that has been tagged with 3xflag. D) The
purities of secretomes were assessed for the presence of cytoplasmic
impurities using antibodies that target a-tubulin and f-actin. Cell lysates
(L) were compared with secretomes (S), (n=6). The error bars on the
densitometric graphs represent the means + standard deviation (SD). For
A, the statistical significance is indicated as ****P < 0.0001, and for B, it
is indicated as **P < 0.01.

In the context of secretomics research, POMC cells containing either naturally
occurring, excessively produced, or suppressed SIK2 were subjected to THA for
durations of 6 and 12 hours in the absence of serum. The secretomes that underwent
24 hours of ER stress induction were not included in the data analysis since the neurons
showed lower proliferation and viability (Figure 5.12A). There was no statistically
significant difference in the percentage of viable cells between cultures containing
serum and without serum. The cell viability remained consistently above 90%
throughout the experiment, including ER stress conditions (Figure 5.12B). We did not
find any statistically significant differences in cell viability and death when comparing
SIK2 deletion and overexpressing cells in serum-free medium during the 12-hour THA
treatment (data not shown). The secretomes from both control and modified POMCs
were obtained by collecting the conditioned medium through a series of centrifugation
steps. To check the integrity and purity of the secretome, immunoblotting was
conducted using specific antibodies for cytoplasmic proteins actin and tubulin on both
the POMC secretome and the entire cell lysate. -actin was found in low quantities in
the secretome samples in comparison to the entire lysate (Figure 5.11D). Although a
12-hour time frame is a commonly used interval that allows cells to synthesize their
de novo secretomes, we also collected secretomes at 6-hour post-ER stress induction
to more accurately represent changes attributable to SIK2 activity (peak level in the
initial 30 min as shown in Figure 5.11B) in the resulting secretome. Moreover,

supporting results have suggested that cultivated cells are capable of producing a
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secretome efficiently and in adequate quantities within a time frame of 6 hours after

being treated with pharmacological substances [102]
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to 12 hours. The experimental settings were standardized to the control
group of 6 hours with serum (n=6). C) Purified secretomes from control,
SIK2 knockdown (SIK2 KD), and SIK2 overexpressing (SIK2 WT)
POMCs, which were exposed to ER stress for 6 hours and 12 hours, were
examined using 1D electrophoresis after staining the total protein with
SyproRuby gel stain. The red rectangular signal represents protein bands
that are secreted in a distinct manner. The error bars represent the means
+ standard deviation (SD). The statistical significance is denoted by ****P
< 0.0001, whereas "ns" indicates non-significance.

5.5. SIK2 modulates POMC Secretome in response to ER
stress

Prior to mass spectrometry analysis, the integrity of isolated secretome samples was
assessed by one-dimensional gel electrophoresis (1DE) and SYPRO-Ruby staining.
As noted in the literature, after the treatment of the cells an adequate time of at least
12 hours allowed for transcription, translation and subsequent secretion to reach
completion and fully represented in the ensuing secretome. Our prior analyses of CMs
confirmed the differential expression of some secreted proteins that could even be
spotted on the gel by the naked eye (Figure 5.12C). After the analysis of LC-MS/MS
based data, a total of 1306 proteins that had FDR above 0.05 were identified, with a
confidence interval ranging from medium to high. Among these proteins, 149 were
soluble secreted proteins, 12 were shed proteins, and the rest were intracellular
proteins. In order to identify proteins that are present in low abundance, we employed
the analysis methods of msAmanda and spectrum clustering. Figure 5.13A illustrates
that the utilization of this methodology led to the identification of 885 soluble proteins
and 144 shed proteins. A heatmap was constructed based on the LFQ abundance
intensities. Subsequently, we applied clustering methodology to these 1029 proteins
whose secretion was either increased or decreased together concerning the SIK2 and
ER stress variables. The heatmap displays hierarchical clusters of the comparative
POMCs secretomes differentially regulated by ER stress and SIK2 separately and in
combination as a function of stress duration (Figures 5.13B and C). In the absence of
ER stress, SIK2 overexpression produced the most significant (>2-fold) increase in a
group of related proteins (cluster 3) compared to SIK2 knockdown or control cells
(Figure 5.13B). However, in response to (short term) 6-hour of ER stress induction,
significant increases of at least two-fold in the secreted proteins listed in clusters 5 and

6 were detected in SIK2 knockdown cells compared to both control and SIK2

64



overexpression. That is, ER stress-mediated SIK2 activation in POMCs suppresses the
level of these proteins, especially during the early phase of ER stress response (Figure
5.13C).

The comparative analyses of heatmap clusters revealed that SIK2 plays a pivotal role
in regulating the secretion of proteins belonging to the extracellular matrix, immune
response, axon guidance, neurite outgrowth, and feeding behavior-related terms and
pathways. However, this connection between SIK2 and dictated secretome has been
lost at prolonged (12 hours) ER stress induction consistent with the lowest SIK2
activity detected during this period (Figure 5.11B). The observed fluctuations between
the 6-hour and 12-hour time points in the control group in the absence of stress may
be attributed to the potential effects of serum starvation. However, there are no
statistically significant differences calculated according to LFQ-based analysis for
these fluctuations. On the other hand, the findings showed that the fraction of
differentially secreted proteins that showed an increase at the 6-hour of ER stress was
greater than those detected at 12-hour ER stress for both SIK2 knockdown and
overexpressing cells, compared to the control (Figure 5.14). As an example, under no-
stress conditions, the overexpression of SIK2 appeared to have a more extensive (about
70%) but distinct incremental influence on the secreted proteins in the clusters that
were highlighted by two asterisk (Figure 5.14C). Collectively the data presented
suggests that the effect of SIK2 on the POMC secretome is specific to the early phase
of the ER stress response. The biological processes seem to be controlled by SIK2
through altering the related cellular secretome is in complete agreement with its known
biological functions gathered from systemic SIK2 knockout animal models and

various cell lines, including both neuronal and non-neuronal origin.
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Figure 5.13: Visualization of the POMC proteins that are secreted differently
depending on either ER stress or SIK2 or both in combination. A) The
presence of soluble and shed secreted proteins is depicted. The size of the
circles is directly proportional to the quantity of proteins. The heatmap
displays the distribution of POMC secretome proteins with respect to
SIK2 availability in the absence (B) and the presence of ER stress (C).
The hierarchical clustering method used for this analysis by Proteome
Discoverer 2.3. The proteins are represented by the rows, while the groups
of replicates are shown by the columns. The protein abundances were
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quantified using z-scores, which were visually represented by a color code
(green shows the decrease; black shows no change; red shows the
increase; white shows no detection). Functional annotation clustering with
ShinyGO for the gene ontology terms/pathways is shown on the left,
sorted by enrichment FDR score (<0.05).

12 be, DMSO
6he, DMSO

Figure 5.14: Heat maps depicting the ER stress responses that are specifically
influenced by manipulations of SIK2. The heat map displays the
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distribution of POMCs secretome proteins obtained at 6 and 12 hour of
ER stress inductions for control (A), SIK2 KD (B), and SIK2 WT (C)
samples. The hierarchical clustering was performed using Proteome
Discoverer 2.3. Proteins are represented by rows, whereas groups of
replicates are represented by columns. The colors represent z-scores, with
green indicating a decrease, black indicating no change, and red
indicating an increase, and white indicating no detection. *The proteins
that showed the greatest increase in expression with 6 hours of treatment
with THA in the SIK2 KD POMCs secretome. **The proteins that
showed the greatest increase in expression with 6 hours of DMSO
treatment in the secretome of SIK2 WT POMC:s.

5.6. Functional Enrichment Analyses of Secretome

A study of functional enrichment was carried out on the gene lists derived from the
proteins that were arranged in a hierarchy within the heatmap (which included Clusters
1-6). The analyses were performed using ShinyGO to determine functional pathways
and biological processes with a high level of specificity defined as FDR of less than
0.05 (Figures 5.13B and C). Clusters 2-5, which were comprised of the secreted
proteins that were influenced by SIK2 activity and displayed the lowest FDR values
as assessed by ShinyGO, were subsequently moved to ClueGO, a Cytoscape plug-in,
for further observations (Figures 5.15 and 5.16).

Most of the identified proteins that are released are involved in cellular functions
ranging from receiving and processing signals from the external environment to the
regulation of the extracellular matrix. In both physiological and ER stress conditions,
SIK2 was found to be critical in determining both identity and quantity of majority of
the secreted proteins that were categorized into functionally related groups (Figures
5.15A and 5.16A). In line with its systemic knockout phenotype, SIK2 activity has
been consistently correlated with its ability to transiently switch on cascade of
physiological processes including inflammatory macrophage polarization in support
for maintaining cellular homeostasis and cell survival of various cell types including
neurons and microglia. The effects of SIK2 on the identity and quantity of secreted
proteins revealed the enrichment of functionally associated neuropeptides related to
feeding behavior, cellular stress, and immune response, as well as neuron maturation
and axon guidance in the absence of ER stress (Figure 5.15B). Furthermore, the
secretion of chemotactic, inflammatory, appetite, and protein folding-associated

proteins were found to be altered by SIK2 activity under ER stress conditions (Figure
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5.16B). Using the LFQ abundance ratios, we have discovered 35 secreted proteins that
are regulated by SIK2. These proteins are related to obesity and feeding behavior,
neuroinflammation, axon guidance and neurite outgrowth pathways. These new
findings have expanded the functional territories of SIK2 to include regulation of
COPII mediated secretory vesicle formation and sorting physically in close proximity
to its proposed role in phagophore formation. For a comprehensive list of secreted
proteins affected by SIK2 is provided in Appendix C and Appendix D.

69



Inflammatorv Resoonse Pathway 4.75% **
platelet-derived arowth factor bindna 3 48% **
formation of primary oerm laver 316% **
regulation ¢f smooth muscie cell-macrix adhesion 2.85% *
mermovmucelmm 85% **
vmohocwte miaration 2 53% **

Atetrasaccharde mumemmeﬂmuommzm »
regulstion of eothelial cel miaration 2.53% **

eutocyte chemataxis 253% **

gamo Ros orotein sianal transduuction 253% *

ve reaulation of leukocvie miaration 2.22% **
ne;nnmeamnnnnwn 2%
carboxveeotdase activity 1 9% **

- Assembly of active LPL and LPC ipase complexes 6.33% **
dycolipid binding *2.97% **

— —— ~regulation of leukocyte migration 5.7% **
B Immunoreguiatory nteractions between a Lymphoid and a non-Lymphoid cell 15.19% **

axon receneration 1.9% ** insuin-ke arowth vmu receptor wndm pathway 0,32%
artery develoment 1 9% * .
Schvwann cel dfferentiaton 1 56% * @ requiaticn M leukocyte mm 0.32%
regulation of motonuclear cell miaration 1 58% esponse 1o retinoic acid 0.32%

Sxvcela veaice | 7% | requiation of dlycoprotein metatolic process 0.32%
| Cell surface interactions at the vascular wall 0,32% **

Soinal Cord Inary 0.32% **

tesponse to estradiol 0,32%

tion of myelod Sed apoptatic process 0.53% **

elular response 10 vascular endothelial growth factor stimulus 0,.63%

celhar serescence C63% *

~embryo implantation 0 63% **

@owth factor ectity I-

oxidoreductase activity, acting on a sulfur group of donors 0.63%

% genes per group

— Alzhe mar's diseasa 1,69% ™

Keraan sul‘ate bicsynthasis 1,68% * —
— = antimicrotial humoral response 8.9% **

C-glycesylatior of TSR domain-containing proteins 3,39% **
90athvé ragu 30N Of ProdLetion o mokecular Mediator of IMMUNG 165PONSE 1,27%
synapse-associaied exraceliular matric1,69% =
hyaluronic acid binding 1,66% ** /
arizular cartlage deve opment 1.27% ** /,
negative cremotacs 2,12%
upoptobe coll chearance 2,12%
neuron maturation 1,.27%
proteoglyzan binding 339% "/ /
synaplic clen 3,39% ~ '/ /
Cho esterol metabolism 2 .97% **
monocyts chemotaxis 212% ** 7
Complement Activation Classical Pathway 8.06%
card ac epithelial to masenchymal transitior 1,69% **
positive ragulation of tumer nacrosis factor production 7,63% = Comglomentcaseade 11,02% %

—— humoral immune resaonse €.32% **

complement activaticn 381% **
Ppesitive rgulation of substrate achesion-dependent cell spreading 2,54% **
regulation of extinsic spoptatic sigraling pathway via d2ath domain receptors 2,54% ™

~—lipoprotelr part cle raceptor tinding 1,27% **
~Karatan sulfateXkeratic metabofism 1,69% **
T Interleukin-1 famiy sigraling 5.51% **

- ————killng of cells of another orgarism 5,93% **

extracellular matrix response to dietary
excess

O e

me

“ Molecular Function

O Immune System Process.

extracellyfiar matrix process.
asspmbly
st et ' D XEGG
b A Lt
et gor £sowal 7 [ rerre

A K AT
positive regulation

. rorosomolas of Post vanismens geotee A =
neuron matdsation A i receptor-mediated
oftare stnan cndocytosls
[ ] gusmcnctchemonmen L signaling receptor
regulation of % OGRS o activator 1chvnty
endocrine process { I

Schwann cell

differentiation Node size significance

9
nguaton ot
”.@““‘ ¥|.x|c il migration @) V=01
O oV 0.05.01
positi qulatio positive regulatlon
M_‘N, gon  Of « cell chemotaxis of protein kinase PV 0.005.0.05
eocrn e activity

Sewon pecpecion tegererston 1

acut ory

" - PV 0.0005-0.005
Py

- F )

Ve synapse-associated

extracgllular space SN et el
a lar matrix N
o dtowwn rmcsn
s maintenance of

re se to axon
o protein location
injury 3

sty tevgone 0 ardigene
st

Figure 5.15: Assessment of SIK2-induced POMC secretome functional enrichment
without ER stress. A) The ClueGO and CluePedia software generated pie
charts displaying the Gene Ontology terms and pathway analysis for
Cluster 2 (top) and Cluster 3 (bottom). The charts also indicate the
percentage of terms/pathways linked with each gene group. B) Conducting
a network analysis on certain phrases or paths that are functionally
grouped. Each node in the graph represents a Gene Ontology (GO) word
or pathway. The size of the node indicates the p-value, which i
represented by a distinct shape for each database (please see the legend for
information on node size and shape). The edge signifies the linkage
between the processes that are functionally connected, as shown by kappa
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statistics. The various colors within a single node indicate the proportion
of genes that exhibited significant enrichment within the term, categorized

by different groups.
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Figure 5.16: Assessment of SIK2-induced POMC secretome functional enrichment

with ER stress. A) Pie charts developed by ClueGO and CluePedia display
the Gene Ontology terms and pathway analysis for Cluster 4 (top) and
Cluster 5 (bottom), indicating the percentage of terms/pathways per related
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gene group. B) The network of specifically chosen functionally grouped
terms/pathways. Every node in the graph represents a specific term or
pathway. The size of each node corresponds to the p-value, and different
databases are represented by distinct node shapes (please see the legend
for information on node size and shape). The edge symbolizes the link
between the processes that are functionally connected. The various colors
within a single node indicate the proportion of genes that exhibited
significant enrichment within the term, categorized by different groups.
The network was established by defining the requirement as having a term
annotation for a minimum of two genes, rather than three genes (as
indicated in the square on the right).

During the early phase of the ER stress response, a set of proteins related to feeding
and the maintenance of the energy balance such as growth/differentiation factor 15
(Gdf15), Serpincl, amyloid precursor protein (App), TIMP metallopeptidase inhibitor
1 and 2 (Timpl and Timp2), showed a significant increase in the secretome of SIK2-
knockdown neurons. A comparable effect was also observed, albeit to a slightly larger
extent, in the secretome of cells with SIK2 overexpression but no ER stress. This
finding collectively provides evidence for SIK2 having a crucial role in determining
the quantity and quality of these select neuropeptides secreted from POMCs. These
secreted neuropeptides enable POMC neurons to communicate with its effector
secondary neurons in the hypothalamus (PVN, LH etc.,) and immediate neighbor
neurons including nonneuronal cells (such as microglia) to control energy
homeostasis, expenditure and feeding behavior. However, calreticulin (Calr), which
belongs to the same group, showed an opposite response to the SIK2 absence. It
decreased by 2-3-fold compared to control cells when short-term ER stress was
induced. However, when SIK2 was overexpressed, Calr returned to its original level.
This may suggests that SIK2 act differentially on counteracting factors within the same
group. (Refer to Appendix C, specifically the obesity and feeding behavior group
highlighted in red.)

The release of proteins involved axon guidance and neurite growth, namely perlecan
(Hspg?2), dickkopf-like protein 1 (Dkkl1), cathepsin B (Ctsb), matrilin-4 (Matn4), and
nidogen-1 (Nid1), were found to be collectively elevated in the secretome of cells
lacking SIK2 at the early phase of ER stress. This secretion pattern was quite similar
to the one observed in cells with SIK2 overexpression but no ER stress. On the other

another member of this group, DKkI1 displayed the opposite response. (Refer to
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Appendix C in the section on axon guidance and outgrowth, which is highlighted in
green).

Under physiological and early ER stress conditions, SIK2 strictly regulates the
secretion of a specific group of proteins. These proteins belong to the proinflammatory
cytokine and chemokine family. The family members, specifically macrophage
migration inhibitory factor (Mif), annexin Al (Anxal), fraktalkine (Cx3cll), and
granulin (Grn), showed similar levels of secretome abundance in response to both
SIK2 deficiency and short-term ER stress. During short-term ER stress, the secretome
of cells with SIK2 knockdown exhibited sustained and significant elevation in the
levels of Mif, Anxal, Cx3cll, and Grn. Under basal conditions in the absence of ER
stress, SIK2 positively regulated the expression of three inflammatory secreted
proteins: Mif, Grn, and Cx3cll (See Appendix C in the inflammation section,
highlighted in blue).

In the listed three groups, the secretion levels of the proteins could be regulated by
stress-activated SIK2 during the early phase of the ER stress response. However,
during the late phase of the ER stress, coincident with the deactivation of SIK2 the
secretion profile of the POMCs is irreversibly changed to represent abrogation of the
cellular homeostasis to indicate the end of the cell survival period (Appendix D).
Furthermore, functional enrichment analysis of differentially secreted proteins
grouped into clusters 2 and 4 (Figures 5.13B and C) revealed a concerted effort to
activate the major survival-related PI3K-AKT pathway during the early phase of the
ER stress response [103] (Figure 5.17), whereas death-related C/EBP homologous
protein (CHOP) signaling emerged as the activity of SIK2 decreased in response to

prolonged ER stress induction[104]

73



| PI3K-AKT SIGNALING PATHWAY

|
TTOR | - \ - Protein
1 prlEE] 7>
= s:ﬁKl/z}L}v [ss |-/

"
O ]
pva g

O——#[CCNDI | ————»

CemaTon ] [PoK ] ) Jrm e T )
9 X
- ’ O—0 —SEE——so—s Dl
PIS. P2 PIG4,5)Ps A ML
P
\ NRI7I—— [ | ———————— = Cell survival

— (s

DNA

Data on KEGG graph
Rendered by Pathview

Figure 5.17: The PI3K-AKT pathway contains proteins that have been identified
based on data from the KEGG database. The PI3K-AKT pathway is
classified in both Cluster 2 and Cluster 4 based on the functional
enrichment analysis of differentially secreted proteins. The graphic is
produced by ShinyGo and depicts associated terms represented by red
rectangles.

5.7. Evaluation of Protein-Protein Interactions Network

The secreted proteins produced from POMCs, which are controlled by SIK2 during
the initial stages of the ER stress response, were entered into the STRING software to
analyze the protein-protein interactions (PPI) network (Appendix C). A network of
PPIs that are functionally significant was presented, together with their functional
annotations, derived from either experimental or database-predicted data. Analysis of
the STRING revealed links among the members of the three distinct gene groups
discovered in the functional enrichment analysis. The table below (Figure 5.18) lists
the genes that are represented in the PPI network. Analysis of the PPI network showed
a complex network of interactions among the members of three functionally related

groups. This emphasizes the complex connection between the individuals in these
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three separate but functionally interconnected groups, which are regulated by SIK2,
presumably downstream of the unfolded protein response (UPR), in ER-stressed
POMC neurons. For example, the stress alarmone and anorectic protein Gdf15 interact
with members of two other categories, including the inflammatory Cx3cl1, axon
guidance-related protein (Bmp3), and the obesity-related proteins Timpl and
erythropoietin (Epo). Timpl, a shed protein implicated in the inflammatory response
plays a central regulatory role at the crossroads of protein-protein interactions between
obesity-related proteins and feeding behavior-related proteins (Gdf15, Cd44, Sparc,
and Angptl4) as well as axon guidance-related proteins (Ctsb, Hspg2, Collal, and 2)
and neuroinflammation related proteins (Cx3cll1, Anxal, and Mif). Furthermore, our
investigation uncovered a correlation between cathepsin B (Ctsb), a type of cysteine
protease located in lysosomes that is involved in protein degradation and the
breakdown of amyloid precursor protein (App), and various proteins linked to obesity
and feeding behavior, specifically Calr, App, Hsp90abl, Timpl, and Timp2.
Furthermore, cathepsin B also interacted with inflammation-related proteins Hmgb1l
and Grn (Figure 5.18). Although APP is predominantly linked to the pathophysiology
of Alzheimer’s disease, a recent report pointed out its association with obesity
phenotypes such as insulin resistance and inflammation, which are regulated by tumor
necrosis factor o (TNF-a)[105] [106]. In conclusion section, we carried out an

extensive and targeted examination of these PPIs.
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Figure 5.18: Visualization of the investigated protein-protein interactions using the
STRING tool. The proteins in the PPI network are visualized as 3D spheres
and identified by their corresponding gene names, with each protein
representing a node in the network. The nodes are linked by edges that
symbolize their interaction. The hue of the edges corresponds to their
source of interaction knowledge, as illustrated. Proteins are organized into
clusters based on their related biological terminology, with each group
being depicted by a circle of distinct colors. The complete names of the
proteins are provided in Appendix C.
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5.8. The Confirmation of Secretome Protein Profiling
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Figure 5.19: Confirmation of the detected secretome proteins by western blotting. The
levels of secreted proteins were verified by immunoblotting on the
secretome of SIK2-knockdown, SIK2-overexpressing, and control POMC
cells that were treated for 6 and 12 hours with 100nm THA. Immunoblot
analysis was conducted by calculating the band areas using Image J
software. The indicated fold change was calculated by normalizing each
band intensity to the control of 6-hour or 12-hour THA induction,
separately.

For further verification, immunoblotting was performed on secretome samples for
some of the proteins found to be regulated by SIK2. Since the protein guantities in the
secretome samples were lower than those in the standard cell lysates, three biological
secretome samples were combined and analyzed. According to mass spectrometry
analyses, proteins with high FDR classification were effectively detected in
immunoblotting, while proteins with medium and low FDR values such as
Fracktalkine and Gdfl15 could be poorly visualized, especially in the 6-hour point.
Consistent with the findings of the LC-MS/MS, SIK2, and ER stress-dependent
alterations in protein profiles were detected, predominantly in the 6-hour samples.
However, these changes were largely disappeared within 12 hours. The levels of Calr
and Hsp90 chaperones, secreted in response to ER stress, were diminished in the
absence of SIK2, yet increased to critical levels upon SIK2 overexpression. As
anticipated, the APP secretion demonstrated an opposite pattern in comparison to these
chaperones. As far as they can be visualized, Fractalkine and Gdf15 can increase in

the absence of SIK2 independently of ER stress, and their secretion is further increased
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by SIK2 overexpression. While it is evident from the LC-MS data that these proteins
can be restored to physiological levels in SIK2-overexpressed cells, their drastic
increases in SIK2-KD could not be adequately demonstrated (Figure 5.19).

5.9. SIK2 and POMC Processing

To unravel the possible role of SIK2 on POMC processing, immunoblotting with few
antibodies specific to overlapping but distinct regions of the POMC protein was
performed on the cell lysates of secretomes samples treated or not with THA. Since
POMC processing is a complex process involving the formation of different
biologically active peptides and intermediates, antibodies that differentially recognize
a subset of these peptides was used to decipher the POMC processing and resulting
active secreted peptides in POMC neurons. POMC-N is an antibody that recognizes
the synthetic peptide corresponding to the residues surrounding Pro69. It is therefore
ideal for the detection of y-MSH and its intermediates. POMC-C is an antibody that
recognizes the synthetic peptide derived from human POMC corresponding to amino
acid residues R236-E267. This peptide, with its conserved sequence, corresponds to
mouse B-endorphin and its intermediates. a-MSH antibody recognizes synthetic a-
MSH peptide (SYS MEHFRWGKPV) and is therefore ideal for the detection of a-
MSH and its intermediates, including ACTH (Figure 5.20A). Because each peptide
sequence recognized by these antibodies is also part of POMC and ACTH precursors,
they can also detect these precursors (>20 kDa).

The obtained results indicate the presence of POMC precursors with a molecular
weight greater than 20kDa and intermediates less than 20kDa (Figure 5.20B, C, D). In
addition to the bands corresponding to the expected molecular weights, a variety of
other bands of different sizes were observed. This phenomenon may be attributable to
the presence of known or unknown variants that may be subject to posttranslational
modifications. Detected intermediate and peptide regions by N-POMC (Figure 5.20B)
and C-POMC (Figure 5.20D) antibodies are much weaker than a-MSH (Figure 5.20C).
This is an expected result since it is known that y-MSH and B-MSH are not secreted
in rodents. Although the a-MSH bioactive peptide with a size of 1.5kDA could not be
detected for methodological constraints, the prominent visualization of its
intermediates indicated dominant a-MSH processing. In the absence of ER stress, an
increase in POMC precursors is observed in the absence of SIK2, especially in the 6-

h experimental conditions in which we previously saw that SIK2 exerts an effect. The
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parallel increase in a-MSH intermediates suggests that the absence of SIK2 increases
the expression of POMC rather than affecting its processing. This is consistent with
the reduced appetite observed in the systemic SIK2 ko phenotype. Conversely, when
SIK2 is overexpressed, there is no change in POMC precursors, but there is an ER
stress-independent increase in intermediates. This may indicate that SIK2 increases
POMC processing. In general, POMC intermediates were decreased by ER stress. This
is consistent that ER stress cause defective POMC processing and reduced a-MSH
production [90]. However, elucidation of the possible effects of SIK2 on the POMC
process requires further studies.
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Figure 5.20: Assessing POMC processing under ER stress conditions in SIK2
Manipulated POMCs. A) Schematic representation of antibodies and
recognition sites targeting different peptides in the POMC processing. B)
The levels of POMC precursors and derived neuropeptides/intermediates
were verified by immunoblotting on the SIK2-knockdown, SIK2-
overexpressing, and control POMC cells that were treated for 6 and 12
hours with 100nm THA.
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5.10. The effects of SIK2 and ER stress on POMC
processing throughout the anterograde secretion
pathway

Because of our protein extraction methodology which disregards rather small peptides,
neuropeptides such as a-MSH could not be detected by mass spectrometry. To observe
how a-MSH neuropeptide is affected by ER stress and SIK2, ICC was performed in
SIK2-manipulated POMC neurons using an a-MSH specific antibody. The ER-Golgi
axis was visualized by plasmid backbones that contained protein markers of these
organelles fused to the fluorescent reporter protein. In the presence of ER stress, the
co-localization of a-MSH with Golgi and secretory vesicles exhibited a time-
dependent decrease compared to the DMSO control. In the absence of ER stress, SIK2
depletion increased this co-localization in the opposite direction. In the early period of
stress, a decrease was observed, as seen in control cells. Conversely, in the case of
prolonged stress, an increase was observed, and this remained relatively high
compared to control (Figure 5.21 and 5.23A). Moreover, the total areas of Golgi and
secretory vesicles also exhibited a pattern correlated with this co-localization (Figure
5.23B, left).

It is noteworthy that the a-MSH signal is concentrated around the nucleus when its
colocalization with Golgi is reduced. This observation prompted us to investigate the
potential ER accumulation of POMC precursors. As expected, co-localization of a-
MSH with ER demonstrated a significant increase under conditions of ER stress, most
notably during the initial phase, followed by a subsequent decrease as stress
progressed. In the absence of ER stress, the SIK2 depletion caused this co-localization
to be less pronounced. In the early phase of ER stress, a similar but weaker increase
was observed, as in the control group. However, it was observed that their
accumulation on the ER continued with prolonged stress and did not decrease contrary
to control group (Figure 5.22 and 5.23A). Moreover, total ER areas show a correlated

pattern with this colocalization (Figure 5.23B, right).
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Figure 5.21: Colocalization of a-MSH with Golgi and secretory vesicles. The ICC
procedure was conducted on transiently Golgi-mOrange overexpressing
POMCs, which were SIK2-WT co-expressing, SIK2-knockdown, or
control POMC. The ICC process was performed utilizing anti-a-MSH and
secondary Alexa488 antibodies. DAPI was used to distinguish the nucleus.
The imaging of fixed cells was obtained by using specific excitation and
emission wavelength of their proteins/dyes under Zeiss confocal
microscope at 63x magnification.
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Figure 5.22: Colocalization of a-MSH with ER. The ICC procedure was conducted
on transiently ER-mOrange overexpressing POMCs, which were SIK2-
WT co-expressing, SIK2-knockdown, or control POMC. The ICC process
was performed utilizing anti-a-MSH and secondary Alexa488 antibodies.
DAPI was used to distinguish the nucleus. The imaging of fixed cells was
obtained by using specific excitation and emission wavelength of their
proteins/dyes under Zeiss confocal microscope at 63x magnification.
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Figure 5.23: Statistical analysis of colocalization of a-MSH with ER and Golgi.
The colocalization analysis (A) and calculations of the total Golgi and ER
areas (B) was conducted on approximately 25-30 cells by BioJacop, a
plugin of the Fiji. One-way ANOVA analyses were performed on the
obtained Pearson coefficient values using GraphPad Prism software. Total
organelle areas were normalized to scramble DMSO control group. A
minimum of three distinct regions from each sample were imaged using a
Zeiss confocal microscope at 63x magnification. The error bars on the
densitometric graphs represent the means + standard deviation (SD). For
the statistical significance is indicated as ****P < 0.0001,and ***P <
0.001.
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6. DISCUSSION

Hypothalamic obesity is frequently characterized by hypothalamic inflammation and
specific neuroendocrine changes including hyperleptinemia and insulin resistance.
However, a recent study has demonstrated that defective regulation of POMC
neuropeptides occurs prior to hypothalamic inflammation in HFD [84]. Moreover,
different studies have shown that AgRP neuronal activity is not a prerequisite for the
development of obesity [33], [34]. In the light of these findings, we centered our
hypothesis on POMC neurons in the ARC involved in energy homeostasis. In the
preliminary characterization studies POMC cells exhibited good responsiveness to
both insulin and leptin associated with expected SIK2 activation profiles not only to
these anorectic hormones but also to ER stress induction validating their suitability for

the further functional studies.

Interestingly, SIK2 is largely localized to the ER membrane and undergoes a quick
and transient activation profile when treated with pharmacological ER stressor
thapsigargin [107]. Our study (the data not shown) and other research suggest that the
UPR plays a role in the activation of SIK2 in response to ER stress. Nevertheless, the
precise location of its substrate in the ER, along with the specific upstream activator
kinase, remains to be elucidated. Following the UPR, SIK2 has been consistently
connected to the regulation of important ER stress response pathways, such as
inflammation, ERAD, and autophagy. A recent study has demonstrated the presence
of SIK2 in ER lipid rafts, which are essential for the proper packaging of secretory
cargo proteins into export vesicles [108]. Collectively these findings suggest that SIK?2
may also play critical roles in a molecular mechanism that enables it to regulate the
quantity and type of secreted proteins in metabolically active cell types including
neurons. We postulated that the impact of SIK2 on the POMC secretome could be
easily probed by studying the alterations in secreted proteins by LC-MS/MS based
guantitative secretome study. To accomplish this, we conducted a comparative
secretomics investigation using SIK2 knockdown and overexpressing POMC neurons
that were exposed to short- and long-term ER stress induction with thapsigargin. It was
discovered through an analysis of the secretomes of POMCs, that SIK2 plays a key
role in the regulation of protein secretion during the early phase of the ER stress

induction coincident with the ER stress-induced activation pattern of SIK2 (Figure
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5.11B). The secreted proteins regulated by SIK2 were grouped into six biologically
relevant clusters. We specifically studied four clusters (Cluster 2 and 3, and Cluster 4
and 5) that are associated and grouped within biological terms obesity and feeding
behavior, axon guidance and neurite outgrowth, and neuroinflammation. These
clusters were selected based on their FDR values of functional enhricments and
significant overlap with the biological functions of SIK2 reported for its systemic
knockout mice as well as for its modified cell lines. While SIK2 is primarily
responsible for determining the early phase responsive secretome of the POMC
neurons, prolonged ER stress induction associated with below the threshold SIK2
activity creates an opportunity for the counter acting inflammatory and apoptotic
pathways to gain dominance over homeostatic ones. That is, SIK2 pressure on these
secreted proteins is simultaneously relieved by the deactivation of SIK2 during the
prolonged ER stress response. This will make it possible for inflammatory and
apoptotic mediators to settle in neuronal and non-neuronal cells that are part of the
neuronal circuitries for feeding and energy homeostasis. In this new vein, SIK2
suppresses the inflammatory content of the POMC secretome primarily in the early
phase of the ER stress response, parallel to its effect on two other groups, including
obesity and feeding behavior and axon guidance and neurite outgrowth as shown in

Appendix C.

Within the group of obesity and feeding behavior, GDF-15 is often regarded as one of
the proteins that have the highest potential for therapeutic application. SIK2 and ER
stress exert their influence on the basal level of GDF-15 in a manner that is both precise
and independent. This protein is an anorexigenic substance that functions by binding
to its specific receptor GFRAL on the PVN, the secondary effector neurons
downstream of POMCs, to reduce feeding and increase energy expenditure [109].
According to our findings, the level of Gdf15 in the secretome of SIK2 KD POMCs
increased significantly at the early phase of ER stress induction. However, when SIK2
is overexpressed, the level of Gdf15 returned to level of control cells. In the absence
of ER stress, the increased expression of SIK2 led to an increment in the level of Gdf15
that was comparable to or even greater than the increase by the induction of short-term
ER stress in the absence of SIK2. This pattern was largely confirmed by the
immunoblot studies on secretome samples. Nevertheless, protein expressions other

than this pattern were also detected in early phase of ER stress induction, especially in
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the SIK2 KD samples. This may be attributable to the fact that immunoblotting is a
less sensitive method in comparison to LC-MS, or alternatively, it may be due to biases
that may result from combining three biological samples. It is commonly observed that
the level of circulating Gdf15 is elevated in obese human subjects despite increased
food intake [110]. This is not in agreement with the recent report that exogenous Gdf15
injection ameliorated the obesity phenotype in obese animal models [111]. This
contradiction necessities that the future therapeutic strategies targeting Gdf15 or its
upstream regulator SIK2 in POMC neurons of the obese human brain will require the

identification of differences in the Gdf15-GFRAL axis between the two species.

Calreticulin (Calr), which exhibits a response to short-term ER stress induction, is an
example of a protein that deviates from the typical pattern observed in this group. It
displayed a significant increase in the secretome of neurons overexpressing SIK2,
compared to control cells. There was a significant decrease in the quantity of Calr that
occurred when SIK2 was deficient independent of the ER stress. This pattern was also
confirmed by immunoblot studies on secretome samples. Calreticulin is a
multifunctional ER chaperone implicated in obesity and related metabolic disorders,
and its secreted form acts as a molecular chaperone for App [112], [113]. App has been
connected to a number of features of obesity and feeding behavior, in addition to its
well-known involvement in the pathogenesis of Alzheimer's disease [105]. The
decreased amount of Calr that was observed in the secretome of SIK2-deficient POMC
neurons during the early stress response of the ER is likely to cause a disruption in the
normal folding of App. The present findings are consistent with the reverse protein
secretion pattern of App against calreticulin, as revealed by LC-MS analysis and
confirmed by immunoblotting. Furthermore, Hsp90, another secreted chaperone,
exhibits a similar pattern of secretion like Calreticulin. This observation suggests the
potential for SIK2 to regulate the quality control of secreted proteins through the action
of secreted chaperones. However, any pharmacological endeavor to enhance the
secretion of Calr or Hsp90 by activating SIK2 should be approached cautiously due to

the inverse regulation of other members within the same group.

Fractalkine/Cx3cl1, an inflammatory chemokine, plays a crucial role in regulating
communication between neurons and microglia. It also has a dual role in
neuroinflammation by both suppressing the generation of proinflammatory cytokines

by microglia and attracting immune cells as a chemoattractant [114], [115]. Fractalkine
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exhibits a common secretion pattern triggered by ER stress and SIK2 or both. This
pattern was largely confirmed by immunoblot studies on secretome samples. However,
protein expressions other than this pattern were also detected in early ER stress
conditions, especially in the SIK2 KD samples. This may be due to the immunoblotting
methodology previously mentioned in Gdf15 discussion. Fractalkine secretion pattern
suggests that the capacity of SIK2 to reduce fractalkine levels in the POMC secretome
at the beginning of the ER stress response relies on its activation through the UPR.
However, in the absence of ER stress, SIK2 overexpression can potentially inhibit the
normal activity of endogenous SIK2 due to the constant physiological level of ER

stress and cause increment of Fractalkine.

Collectively, the data indicates that the natural activity of SIK2 is necessary for
maintaining all these neuro proteins that are released. These proteins collectively
promote cell survival and homeostasis under normal or physiological settings without
any stress. We observed a clear association between the amounts of these released
proteins and the levels of SIK2, as shown in Figure 6.1 (left panel). However, when
short-term ER stress is induced, the levels of the members in all three groups become
inversely associated with SIK2. This means that their levels increase significantly in
the secretome of SIK2 knockdown cells, while they decrease moderately (2-3-fold) in
the secretome of SIK2 expressing cells, regardless of gene manipulation (Figure 6.1,
right panel). The comparative analyses of the effects of SIK2 and ER stress on POMC
secretomes clearly demonstrate that SIK2 is vital in controlling the fundamental levels
of various biological processes necessary for maintaining cellular and organismal
equilibrium under normal physiological conditions, independent of ER stress.
Nevertheless, when short-term ER stress was induced, SIK2 show a significant ability
to reduce the amount of secreted proteins in most of these groups, although there were
a few instances where it had the opposite effect, as previously described. However,
SIK2 seems to relinquish its regulation over these proteins when the ER stress is
prolonged for 12 hours. This coincides with an increase in inflammatory and apoptotic
proteins, which is consistent with decreased cell survival and significant cell death
(Figures 5.12A and B). The observed augmentation in secreted proteins in cells with
suppressed SIK2 during brief ER stress induction offers further substantiation of its
function as a switch-like regulator in maintaining appropriate levels of protective

biological activities in response to variations in cellular stress conditions.
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Figure 6.1: The illustration of the distinct and combined impacts of SIK2 and ER
stress on specific proteins within three primary groups. The relative fold
changes that are associated with the pattern of differential gene expression
(DGE) are displayed using colored bars. These bars are used to show the
changes. The proportional increase or decrease in the amount of proteins
that were released is represented by the bars. In all of the experimental
scenarios, the amount of protein that was present was shown to be
comparable to that of the control group when there was no stress present.
Table 5.2 provides a full compilation of the fold changes for the genes that
are not included in the graph.

In summary, we suggest using a physiological switch-like model for SIK2 due to its
capacity to function as an adjustable control. This model can effectively detect changes
in ER stress levels in both normal and pathological conditions, and subsequently
initiate a corrective cellular response by precisely regulating various biological
processes essential for cell survival and homeostasis. If the ER stress continues and is
not reduced, the ability of SIK2 to maintain cellular balance and promote survival
pathways is overpowered by opposing mechanisms. These mechanisms include the
activation of inflammatory and apoptotic pathways, which occur because of UPR

sensors and signal transducers IRE1, PERK, and ATF6. This aligns with the findings
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of our data-driven physiological switch-like model shown in Figure 6.1. This study
does not focus on the molecular mechanisms responsible for the changes in secreted
protein levels induced by SIK2. However, we suggest that SIK2 may accomplish this
function indirectly by regulating ERAD and autophagy processes, or directly by
affecting the autophagy-related unconventional secretion pathway. This can be
occured by regulating the activity of downstream coactivators such as CRTCs,
p300/CREB-binding protein, and TFEB at the transcriptional level [65], [116].
However, it is equally or even more likely that SIK2 participates in the coat protein
complex 1l (COPII) vesicle formation and/or cargo selection at the specified ER
subdomains rich in lipid rafts [107], [108]. Our laboratory and others reported direct
and indirect physical interactions between SIK2 and the outer coat protein of COPII
vesicles in immunoprecipitation-based mass spectrometry (IP-MS)-driven protein—
protein interaction data (These results have not been published yet). Additionally, ER-
resident chaperones such as Calr and Hsp90 are known to contribute to the quality
control of secreted proteins by participating in COPII vesicle-mediated transport
through C-terminal conformational changes that hide their retention KDEL sequence.
Our study has revealed that the secretions of these chaperones undergo significant
changes in relation to SIK2. It is suspected that SIK2 in lipid rafts may have a role in
directing the formation of secretion vesicles or the choice of cargo proteins for

secretion.

The presence of biologically active neuropeptides including a-MSH could not be
detected in the results of the LC-MS/MS analysis due to the neuropeptides being below
the 3kDa limit, which was a consequence of the secretome collection methodology.
Additionally, POMC precursor peptides, which are known to be released into the CSF,
were not detected under any of the experimental conditions. Consequently, further
studies were carried out to investigate the effects of SIK2 on POMC processing and a-
MSH secretion. Previous studies have shown that diet-induced obesity leads to ER
stress, defective POMC processing, and reduced a-MSH production [90] [117].
Consistent with these reports, our results demonstrated that in response to ER stress,
Golgi and secretory vesicle co-localisations with a-MSH decreased and its precursors
accumulated in the ER, accompanied by a decrease in POMC intermediates.
Conversely, in the absence of ER stress, SIK2 depletion results in an increase in both

the production and co-localization of a-MSH with Golgi and secretory vesicles. This
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data aligns with the reported SIK2 knockout phenotype, which is characterized by
decreased food intake and energy expenditure [68]. Furthermore, it was observed that
this SIK2 effect in cells may be associated with the ER-Golgi vesicular transport. In
the absence of SIK2, there was a significant increase in Golgi area and secretory
vesicles in a stress-independent manner, consistent with our mechanistic proposal that
COPII vesicle formation is regulated by SIK2. Additionally, the research showed that
SIK2 moves to a particular subdomain of the ER in order to promote autophagy and
protect cells from death under ER stress [96]. This suggests a close physical
relationship between two separate but interconnected processes that are believed to be
controlled by SIK2 during ER stress situations. Indeed, under prolonged ER stress
conditions, the decreasing pattern in the ER-Golgi areas observed in the presence of
SIK2 disappeared in the absence of SIK2. This phenomenon may be attributed to the
disruption of the SIK2-mediated regulatory balance between autophagy and apoptosis.
It is worthy of further studies to reveal the possible mechanisms of action of SIK2 to

keep cells alive in the early stages of ER stress and apoptosis in the prolonged stages.
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7. CONCLUSION

The proposed work is unique in the sense that it addresses the etiopathology of
hypothalamic obesity by probing the quantitative and qualitive changes in the
secretome of anorectic POMC neurons and the primary targets of the current
therapeutic interferences. These neurons are responsible for controlling the energy
balance and expenditure of the body. Both diet-induced obese animal models and
humans show malfunction in POMC neurons, characterized by resistance to anorectic
hormones such as leptin and insulin, or their loss due to apoptotic death. Hence, it is
crucial to maintain healthy communication of POMCs with other components of the
feeding circuitry in the hypothalamus and extra hypothalamic centers including
secondary neurons located in PVN. We propose a new regulatory role for SIK2 in
controlling the secretome of POMC neurons among which a few obesity-related
secreted proteins GDF 15, calreticulin and APP need to be further elucidate for their

contribution to disease pathogenesis especially in in vivo DIO models.

Finally, we need to get further insight into molecular mechanisms of the regulatory
role of SIK2 in the generation and selection of secretory autophagosomes and COPII
vesicles formation. Our comparative analysis of secreted proteins showed that POMC
neurons secrete numerous valuable therapeutic target proteins. These proteins could
influence both neuronal and non-neuronal cellular components of the hypothalamic
and extra hypothalamic centers in the related neuronal circuits for feeding and energy

homeostasis.
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APPENDICES

APPENDIX-A: The functional annotation analyses of the proteins belonging to
the two clusters in the heat map shown in Figure 5.8.
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APPENDIX-B: The functional annotation analyses of the proteins belonging to
the six clusters in the heat map shown in Figure 5.9.
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APPENDIX-C: Relative Fold Changes of three major groups with SIK2
modification and early phase (6 hour) ER stress-dependent manner.
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B QeZiPe Angiopoielin-related protein 4 (Angotid) Low oG 116 1,13% 1238 7573 2277 7,305 4512
P12032 [} i inhibitor 1(Timp1) Hgh [¢X¥] 0127 038 0073 0313 4778 1626 282

§ F25785 p inhibitor 2 (Timp2) Hgh oG 0811 1,144 0276 078 4,885 1,374 1,454
035568 Sndecan-4 (Sdod) Medium Ci-G5 0376 0313 05 0318 1542 0212 1,088

QBNCUA SPARC(Sparc) Figh o3 005 0,187 0037 0,78 1,654 2,704 1,02
PORSIEFTHS Apha-2 HS g yooprotein (Ahsg) Hoh =553 0875 1,51 0816 0,467 274 2548 2523

QBA0N1 Adipocyte enhancer-binding protein 1 (Aebpi) Hgh [FX5] 001 001 [ 0711 14,224 001 FX

Matrilin-4 (Matnd) Tow - 0,767 208 0,788 0,804 1618 2458 1,914

E Bz Gypican-1(Gpel) Medium =53 001 001 0345 001 1,181 001 12,078
3 0275 in-3€{Semade) Low [eX:] 7,148 12 0,860 1519 482 1,36 4177
2 BaAs Dickkopf-like protein1 (DKKI1) ow =27 0452 4%3 001 627 1 17,087 001
H P10605 Cathepsin B{Ctsb) Hgh =X 0128 0,283 0079 0754 1737 1,884 1,085
g PDAOGZETS ogenetic protein 3 (Bmp3) ow 053 [E 854 1,566 038 0,731 347 3.08
I P72 ogenetic p o Tow [ 1,142 358 0,708 =] 0,406 0872 0,36
§ P11087 Collagen alpha-1(1) chain(Col1al Hgh [FX5] 028 0,562 022 0504 2571 252 2,30
= Qo149 Collagen alpha-2(1) chain (Col1a2) Hoh oG 037 0,576 0351 08 404 45% 3,065
2 Q04857 Collagen alpha-1(V1) chain (Gol6at) Hgh [F5) 086 229 0,604 0329 0,981 1 0,801
g BIENCT Perlecan (heparan sulfate proteoglycan 2)Hspg)|__ Hgh Ci-G6 0287 1,086 0103 0673 1528 2135 058
Pi0453 Nidogen-1 (Nid) Fgh [=27] 0121 0342 0,104 058 3,745 3,005 2,66

TSEVS Figh mobilitygroup protein B1 (Hmgb1) Medium X3 1,027 1,008 0,787 065 1678 321 1,64

g a4 igration inhibitory factor(Mif) Fgh [EX6] 0721 218 0817 0864 218 5431 338
= 0astes G ine (Cxaci1) Medium Ci-cB 082 252 0556 0549 1,766 2,356 1,016
E QERASD Interleukin-36 gamma (1136g) Medium Cl-G8 1131 2242 0862 0,791 1432 2@1 1,957
= QaCPT4 Wheloid-derived growth factor(Mydgf) Heh [#2¢] 20852 24,19 26057 1483 1,431 128 1,348
E QIFNE Annexn (Anxat) Medium [¢Xs] 0088 0,966 001 0,087 0,084 1578 0.01
=0 Granulin (Gm) Hgh X 0417 1,821 0267 0668 6,055 28 1,678

*FDR classifies Low as having a g-value greater than 0.05, while High and Medium are classified as having a g-value less than 0.05.
a: The ratio of secreted protein quantity in ER-stressed cells to unstressed cells.

b: The ratio of secreted protein by SIK2 knockdown cells relative to control cells.

c: The ratio of secreted protein by SIK2 overexpressing cells in relative to control cells.

APPENDIX-D: Relative Fold Changes of three major group with SIK2
modification and late phase (12 hour) ER stress-dependent manner.

Accession D Protein Name (Abbreviation) FDRClass* Clusim’l
‘035082 Hatho (K} Low C-C 0315 1211 1.066 112 125 4,306 415
Q5416 Aalithrombin-iil (SerpinC1) Medium (== 1.082 078 1,184 1,174 0,8% 0,888 1,072
cang Growth/Differentiation Factor 15(Ga5) Low [=Xs 0348 0953 0857 1,17 o 1303 1,274
5 QE2361 Fr (Trh) Low QC 100 12618 037 0,886 1,008 1238 09861
H Eoli) in (Epo) low 1 1 0,061 0,6% T 0,716 [kl
K BN Ca Calr) Hgh s 743 215% 6090 0254 057 0,088 2485
-4 P23 ATYIOIC DU PrEGUrSOr CrOtN (App) [ 20 059 0,58 0798 102 0557 1,073 1293
3 GEL] D& antigen (Caad ) Hgh G0 1,48 1752 1415 155 1003 218 0607
arine Heal shock protein HEP 50-beta (Hspa0ab1) Hgh [ts) 0378 1,076 1265 0545 08 07z 1319
H cezIPe Telalecl prolein 4 (Pogatid) Low 13 0466 [ 178 145 135 1.5 2578
F3 PI20G2 AMmpt) Hgh @0 053 0077 0083 055 087 128 11%
E PE5TES Wetall naseinhibilor 2 Hgh @0 119 0,178 029 058 0@z 1424 1673
cusees Medium ac 0u7 1.2 0568 0257 0555 0,37 1408
QSNCLA SPARC(Sparc) Hoh 20 0,052 0,038 0064 1,083 0734 082 0481
FOASSEPTHS Apha-Z- in (Mg Hah as 15 088 1,143 145 053 0,367 0,727
CEANT indi 1(fabpt) Ha [=Xe] 02 0,062 0,067 0,554 1213 1,12 1,404
E 0a9029 Matrilin 4 (Matnd) Low [EE<] 1,136 [ 081 1,55 108 0,508 e
CBCRF? Gypican-1(Gpel) Medium 20 0,408 0,01 180 0,08 0,358 0,062 1,706,
= PTOZTS in-3E(Semade) Low o0 0567 0.2 1 2388 0091 1,600 oot
2 o] Dickkopflike proteinT (DKKIT) Low <0 0,994 1,899 218 1,061 o7& 2,108 0,953
-] PI0605 Cathepsin B{Ctsb) Hgh o3 0115 0158 0055 055 082 1,38 0571
g POPOGZETS Bone morphogenetic protein 3 (Bmp3) Low [=T=] 0z 10,965 1,067 Xl 0823 1,046 13
8 [Zir-] Bone c protein 6 (| Lo Q-G 12357 0% 2513 556 0,488 0,077 1,858
H P1108T Collagen alpha-1(l) chain{Col1al) High @0 a7 264 245 =3 0.7% 1,867 0678
= anlies Collagen alpha-2{1) chain (Col 1a2) Hgh 205 116 445 148 317 1112 4,758 1,006
% QaasT e M) ol€al) Hgn [=Xe 2 79 543 649 0642 129 0,989
g BIECT 2) Hgh CI-C6 1% 5 254 T 07% 0,807 ERESS
Pioass Nidogen-1 (Nid1) Fgh -0l 008 0081 =3 TET 0751 0,752 1881
== Figh mobility group protein B1 (Hmgbt) Medium [Xs) 0.2 1,169 &5 103 1,067 1,204 1131
5 PaaEaL Wacrophage migration inhibitory actor(ViT) Hgh [X<] 1428 182 1.708 1382 0856 228 1073
E 065163 Cxacll) Medium C1-36 0831 0,965 1353 1,257 113 0642 052
[ ] Interi eukin-36 gamma (1136g) Medium C1-CB 016 TE (L] 1,3 0972 0,676 844
3 aBcPTE W -ertved oW facior Mydg) Han o 16375 445 B 118 0581 045 &
- Aanedn { Ao ) Medium 001 [ 134 053 0548 0,888 585
Granulin (Gm) Hgh [=XeC 176 26 0218 0,856 1283 1,431 737

*FDR classifies Low as having a g-value greater than 0.05, while High and Medium are classified as having a g-value less than 0.05.
a: The ratio of secreted protein quantity in ER-stressed cells to unstressed cells.

b: The ratio of secreted protein by SIK2 knockdown cells relative to control cells.

c: The ratio of secreted protein by SIK2 overexpressing cells in relative to control cells.
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APPENDIX-E: Heat maps depicting the secretome profile of control vector
expressing POMCs in response to ER stress.
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