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“Life’s adverse situations are not meant to give up on your dreams, they are
warning signals to give up negative thoughts, and an indication to focus on

what exactly you want to achieve....”

- Manoj Amrutkar






ABSTRACT

In past decade, type 2 diabetes (T2D) and associated metabolic complications
have become a major global threat for human health with epidemic increase
in incidence. Currently available treatments for T2D have several limitations
and side effects making it difficult safely reach adequate metabolic control.
Therefore, it is important to identify novel therapeutic targets for metabolic
regulation, which could complement current treatments for T2D.

T2D is closely associated with ectopic lipid deposition. Recent evidence
suggests that hepatic lipid deposition is not merely a consequence of the
metabolic syndrome but rather that non-alcoholic fatty liver disease
(NAFLD), and progression to non-alcoholic steatohepatitis (NASH),
exacerbate hepatic and systemic insulin resistance and actively contribute to
the pathogenesis of the metabolic syndrome. However, no pharmacological
treatment is approved for NAFLD/NASH, to date.

Serine/threonine protein kinase 25 (STK25) is broadly expressed in mouse,
rat and human tissues. Previous studies by our research group in the rat
myoblast cell line L6 by small interfering RNA (siRNA) have shown that
STK25 is involved in regulation of glucose uptake and lipid oxidation.
Studies presented in this thesis work demonstrate that the transgenic mice
overexpressing STK25 challenged with a high-fat diet display a shift in the
metabolic balance in peripheral tissues from lipid oxidation to lipid storage,
resulting in a systemic insulin resistance. In contrast, Stk25 knockout mice
show better-preserved systemic insulin sensitivity via an opposite shift in the
metabolic balance in peripheral tissues from lipid storage to lipid utilization.

We found that STK25 coats lipid droplets in mouse liver and human
hepatocytes. Our studies performed in mouse liver, and in hepatocytes from
both mouse and human, suggest that STK25 regulates hepatic lipid
partitioning by controlling B-oxidation and very low-density lipoprotein
(VLDL)-triacylglycerol (TAG) secretion. Increased activity of STK25
reduces liver lipolytic capacity, which in turn results in lower availability of
lipids for hepatic B-oxidation and VLDL-TAG secretion, leading to enhanced
lipid storage. Upon inactivation of STK25 reciprocal increase in liver
lipolytic capacity, B-oxidation and VLDL-TAG secretion was seen, which



likely account for the reduced hepatic lipid storage. We also found a
statistically significant positive correlation between STK25 mRNA
expression in human liver biopsies and hepatic fat content.

Taken together, our studies suggest that inhibition of STK25 enables the
reduction of ectopic lipid deposition and improves insulin sensitivity and
glucose utilization in peripheral tissues. Our studies highlight STK25 as a
potential drug target for prevention and/or treatment of T2D, NAFLD and
NASH.

Keywords: NAFLD, NASH, Liver lipid metabolism, Type 2 diabetes,
STK25



SAMMANFATTNING PA SVENSKA

Antalet fall av typ 2-diabetes (T2D) och relaterade metabola komplikationer
har okat dramatiskt det senaste deceniet, och har nu blivit ett stort globalt hot
mot ménniskors hélsa. Lipidinlagring, framfor allt i lever, bidrar aktivt till
utvecklingen av nonalcoholic fatty liver disease (NAFLD), progression till
nonalcoholic steatohepatitis (NASH), samt forsdmrad lever- och systemisk
insulinresistens, vilket vidare leder till det metabola syndromet och T2D.
Tillgédngliga behandlingar for T2D wuppvisar flera begridnsningar och
biverkningar, dessutom finns det ingen farmakologisk behandling som &ar
godkind for NAFLD/NASH énnu.

P& jakt efter nya metoder som effektivt forhindrar uppkomsten samt
forbattrar behandlingen av NAFLD/NASH och T2D har vi studerat proteinet
serin/treoninkinas 25 (STK25), vilket har visat sig ha effekter pd bade
lipidinlagring och reglering av lipidforbranning. STK25 fungerar som en
katalysator for utvecklingen av insulinresistens 1 kroppen samt
fettackumulering i perifera vdvnader, vilket i sin tur kan leda till T2D. Vér
senaste forskning—pa cellnivd samt i genetiskt modifierade moss visar att
himmandet av STK25 forbéttrar regleringen av lipidmetabolismen.
Aktivering av STK25 ger motsatt effekt och resulterar i utvecklingen av
insulinresistens som vidare leder till T2D, och progression av NAFLD till
NASH. Vara studier i muslever samt humana leverceller har ocksa visat att
STK25 ticker fettdropparna i lever och dédrigenom reglerar den dynamiska
metabola balansen av fettnivéer och lipidmetabolism i lever.

Sammanfattningsvis har vi visat att STK25 &r ett intressant mal for
forebyggande och/eller behandling av T2D, NAFLD och NASH, da den har
effekt pd regleringen av lipidforbranning och lipidinlagring samt
insulinkénsligheten, glukos- och lipidmetabolismen.
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1 INTRODUCTION

1.1 Type 2 Diabetes (T2D) and its Prevalence

T2D is a metabolic disorder characterized by hyperglycemia in the context of
insulin resistance [1, 2]. T2D is increasing globally at an epidemic rate,
affecting at least 382 million individuals worldwide in 2013, and is expected to
rise to 592 million individuals by 2035 [3]. Number of adults (age 20—79
years) with diabetes, in developing countries and in developed countries, is
expected to rise by 69% and 20%, respectively, between years 2010 and 2035
[3-5]. The global health care expenditure for diabetes is suggested to rise by
30—40% between years 2010 and 2035, indicating a major economical burden
on the society worldwide [6, 7].

Development of T2D involves both lifestyle changes and genetic factors.
Evidence from past decade suggests that despite the fact that inherited features
predispose to T2D, environmental and lifestyle changes are mainly responsible
for the increasing prevalence of the disease. Lifestyle related factors
implicated in the development of T2D are overweight/obesity, low physical
activity, fat-rich diet and stress [1, 6]. From these factors, obesity is the most
commonly acknowledged, with a relative risk for an obese subject to develop
T2D being approximately 10-fold higher compared to lean controls [8-10].
Uncontrolled diabetes leads to a substantially increased risk of premature
morbidity and mortality due to an enhanced risk of associated cardiovascular
complications, renal disease, blindness and amputation [11]. Taken together,
there is an urgent need of preventive measures and more efficient treatment
strategies for T2D.

1.2 T2D and Insulin Resistance

Insulin resistance is a key element in the pathogenesis of the metabolic
syndrome and T2D [1]. Insulin resistance is a state of impaired insulin
sensitivity, i.e. an inability of insulin to lower plasma glucose levels through
effects on insulin-responsive tissues, such as liver, skeletal muscle and white
adipose tissue (WAT) [12]. Potential mechanisms contributing to insulin
resistance include defective intracellular insulin signaling, reduced glucose
metabolism, activation of proinflammatory mediators and impairment in lipid
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homeostasis [9, 13].

Major contributions of liver to the systemic glucose homeostasis involve
regulation of glucose production and glucose uptake by insulin. In the liver,
insulin stimulates the glucose storage in the form of glycogen by activating
several enzymes, such as glucokinase and glycogen synthase [9, 12].
Moreover, insulin inhibits hepatic gluconeogenesis and glucogenolysis,
resulting in suppressed hepatic glucose output [14]. Skeletal muscle accounts
for about 60—70% of whole body insulin mediated glucose uptake; insulin
facilitates entry of glucose into the muscle via increased translocation of the
glucose transporter GLUT4 to the plasma membrane, resulting in lower
plasma glucose levels [12, 15]. In WAT, insulin represses lipolysis by
inhibition of hormone sensitive lipase (HSL, also known as LIPE), which
ultimately leads to decreased circulating levels of free fatty acids (FFAs) [16].
Increased plasma FFAs have been shown to decrease glucose uptake in liver
and skeletal muscle [17]. Overall, insulin resistance in liver, muscle and WAT
results in an elevated plasma glucose levels, and to compensate this, the B-cells
in pancreas secrete more insulin, which ultimately over time results in B-cell
dysfunction, hyperglycemia and development of T2D [18].

1.3 Non-alcoholic Fatty Liver Disease (NAFLD)
and Insulin Resistance

NAFLD is a wide spectrum of clinicopathological conditions characterized by
lipid deposition in liver parenchyma (fatty infiltration in >5% of hepatocytes)
of individuals who have no history of excessive alcohol consumption [19].
NAFLD is divided into two major subtypes: simple steatosis, which is the non-
progressive form of NAFLD that rarely develops into cirrhosis; and non-
alcoholic steatohepatitis (NASH), the progressive form of NAFLD that can
lead to cirrhosis, hepatocellular carcinoma (HCC) and liver related mortality
(8, 20].

Approximately 10—20% of individuals with NAFLD progress to NASH, which
is characterized by the presence of liver inflammation, fibrosis, and hepatocyte
damage in the form of ballooning and apoptosis, in addition to fatty infiltration
[21]. More than a decade ago, Day and colleagues presented the so-called
‘two-hit’ model, suggesting that after a first hit (i.e. hepatic steatosis), another
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hit is needed for NASH to develop [22]. However, the signals that trigger
progression from simple steatosis to NASH remain poorly understood. No
non-invasive tests exist that can reliably differentiate NAFLD from NASH
[23], making it very difficult to know the true incidence and prevalence of this
disorder.

Approximately 90% of the patients with NAFLD have more than one feature
of the metabolic syndrome [20]. While NAFLD is present in 20—30% of the
general population [24], it reaches to the very high prevalence with metabolic
complications: obesity (60—95%), T2D (28—55%) and dyslipidemia (27-92%)
[25]. However, whether NAFLD is a consequence or a cause of insulin
resistance is still a matter of debate. Several studies in genetically modified
rodent models of NAFLD — transgenic mice overexpressing sterol-regulatory
element binding protein (SREBP)-1c¢, ob/ob and db/db mice, [25, 26], as well
as methionine-choline deficient (MCD) dietary rat model for NASH [27] —
showed that insulin resistance accelerated liver steatosis and also progression
of NAFLD to NASH, suggesting that NAFLD is a consequence of insulin
resistance. Moreover, individuals with AK72 mutation who develop profound
resistance to glucoregulatory actions of insulin, while maintaining lipogenic
actions of insulin, progress to NAFLD [28]. On the other hand, transgenic
mice overexpressing liver-specific lipoprotein lipase (LPL) [29] and rats fed a
high-fat diet [30] to induce hepatic steatosis also developed insulin resistance.
Similarly, it has been shown in human subjects that hepatic fat accumulation is
associated with several features of insulin resistance even in normal-weight
and moderately overweight subjects [31], suggesting that liver steatosis also
contributes to the development of the metabolic syndrome.

1.4 Hepatic Lipid Metabolism and NAFLD

There is no single pathway universally responsible for the development of
liver steatosis; rather, there is most likely heterogeneity in flux through
different individual pathways, which are highly influenced by genetics, diet,
environment (toxins, drugs, etc.), and the presence of specific diseases [32]. It
has been reported that approximately 60% of triacylglycerol (TAG)
accumulation in the liver is derived from the circulating FFAs pool [33]. These
plasma FFAs are taken up by hepatocytes, esterified into TAGs and
phospholipids, and either stored in lipid droplets (LDs), or secreted as very
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low-density lipoprotein (VLDL)-TAG or ketone bodies, or oxidized by
mitochondria [33, 34]. When lipid oxidation and secretion are suppressed,
and/or lipid uptake and synthesis are increased, the lipid deposition will
increase over lipid utilization leading to the development of NAFLD [32, 33].
Thus, ultimately, hepatic steatosis occurs due to an imbalance of hepatic lipid
anabolism (fatty acid uptake and TAG synthesis) vs. hepatic lipid catabolism
(fatty acid oxidation and TAG secretion) [32].

1.4.1 Fatty Acid Uptake

The regulation of hepatic fatty acid uptake is complex and often debated. The
liver extracts exogenous FFAs proportional to their circulating levels [35, 36].
Stable isotope studies in human subjects show that the uptake of exogenous
FFAs is the single largest source of stored hepatic TAGs and this contribution
is further increased with fasting and NAFLD [33, 37]. There is strong evidence
for protein-mediated transfer of fatty acids across the plasma membrane. The
proteins involved in the hepatic trans-membrane fatty acid transport are
caveolins, fatty acid translocase (FAT/CD36), fatty acid transport proteins
(FATPs), and fatty acid binding proteins (FABPs) [38]. Several lines of
evidence obtained in rodent models show that excessive fatty acid transport
into the hepatocyte is essential for the development of NAFLD. For example,
sucrose-enriched diet-induced hyperinsulinemia in mice enhances expression
of FAT/CD36 and thereby provokes hepatic steatosis and insulin resistance
[39]. Furthermore, mice lacking liver-specific FABP are protected from
western diet induced obesity and hepatic steatosis [40], and mice lacking
FATPS in hepatocytes are protected from diet-induced NAFLD [41].

1.4.2 Lipid Synthesis

Hepatic lipid synthesis is the sum of two main processes: de novo lipid
synthesis (DNL) and esterification of fatty acids into fatty acid glyceride
species [32]. Although DNL makes a relatively small contribution (~ 5%) to
hepatic TAG accumulation compared to esterification [33, 42], the rate of
postprandial DNL increases significantly in both young and elderly individuals
with NAFLD [34, 43].

DNL is nutritionally regulated and both glucose and insulin signaling
pathways are elicited in response to dietary carbohydrates to synergistically
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induce lipogenic gene expression via activation of nuclear receptors such as
insulin sensitive SREBP-1c and glucose responsive carbohydrate responsive
element binding protein (ChREBP) [44, 45]. Excessive fructose intake is
known to stimulate DNL and hepatic insulin resistance [46, 47]. Interestingly,
reducing lipogenic gene expression through knockdown of peroxisome
proliferator-activated receptor (PPAR)-y coactivator-1B (PGC-1B) protects
against fructose induced hepatic insulin resistance [48], demonstrating the
importance of DNL for hepatic insulin sensitivity.

Acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS) are responsible
for carrying out the committed steps of DNL. Two isoforms of ACC exist:
ACCI and ACC2, which are crucial in the regulation of DNL and lipid
oxidation as the enzymatic product malonyl-CoA is a precursor of lipid
synthesis and also represses lipid oxidation through allosteric inhibition of
mitochondrial fatty acid transporter carnitine palmitoyltransferase 1 (CPT1)
[49]. Inhibiting ACC expression by using antisense oligonucleotide approach
can reverse diet induced hepatic steatosis in mice, which has been attributed to
both decreased lipogenesis and increased B-oxidation [49]. Moreover, mice
lacking liver-specific ACC1 [50] and conventional ACC2 knockout mice show
reduced hepatic TAGs and are protected from lipid induced hepatic insulin
resistance [51, 52].

Most TAGs in liver are formed through esterification of fatty acids [42], and
diacylglycerol (DAG) is an intermediate in this esterification pathway [33].
The main enzymes involved in esterification of fatty acids are: sn-1-glycerol-
3-phosphate acyltransferase (GPAT) [53], sn-1,2-diacylglycerol acyltrans-
ferase (DGAT) [54] and monoacylglycerol acyl-transferase (MGAT) [55].
Interestingly, the hepatic expression of the MGAT isoform MGAT3 is known
to increase in individuals with NAFLD [55].

Fatty acid incorporation into TAGs serves an important role in preventing the
accumulation of intracellular fatty acids and lipid metabolites that can cause
liver injury and dysfunction [56]. The inability of fatty acids to be esterified
into TAGs has been shown to cause the lipotoxicity associated with high levels
of saturated fatty acids [57]. Thus, dysregulation of one or more steps of the
hepatic lipogenesis pathway can have detrimental effects on hepatic function.
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1.4.3 Fatty Acid Oxidation

There are three main pathways involved in the regulation of hepatic lipid
metabolism via controlling fatty acid oxidation. Most fatty acids are
metabolized through mitochondrial B-oxidation, but also through peroxisomal
B-oxidation. A third pathway is w-oxidation by members of the cytochrome
P450 4A family in the endoplasmic reticulum (ER), microsomes [21, 58]. The
extra-mitochondrial fatty acid oxidation pathways become more important in
conditions of increased fatty acid availability in the liver, including NAFLD
[21, 59]. Mitochondrial B-oxidation is primarily involved in the oxidation of
short-chain (<Csg), medium-chain (Cg—C;;), and long-chain (C;—Cy) fatty
acids, and this process provide energy to cellular processes. Mitochondrial f3-
oxidation progressively shortens fatty acids into acetyl-CoA subunits, which
either condense into ketone bodies that serve as oxidizable energy substrates
for extrahepatic tissues or enter into the tricarboxylic acid (TCA) cycle for
further oxidation to water and carbon dioxide [60-62]. Peroxisomal [-
oxidation metabolizes less abundant and relatively more toxic and biologically
active molecules including very-long-chain fatty acids (>C,), which are
subsequently oxidized in mitochondria once their chain has been shortened
[59].

Recent evidence supports a role of mitochondrial dysfunction in the
development of NAFLD/NASH and insulin resistance. Lower adiponectin
levels have been identified as an independent risk factor for NAFLD and
individuals with NASH have lower adiponectin levels [63]. Adiponectin
deficient mice show an increased hepatic lipid accumulation due to impaired
mitochondrial function in the liver [64]. Mice lacking PPAR-a display
severely impaired fatty acid oxidation in the liver and are prone to NAFLD
[65]. Reciprocally, increasing mitochondrial B-oxidation can prevent a high-fat
diet induced hepatic steatosis and hepatic insulin resistance in rats [30]. At the
same time, increased hepatic mitochondrial oxidation has been observed in
human subjects and rodents with fatty liver [61, 62], which is suggested to
reflect a metabolic adaptation to elevated lipid burden to limit further fat
accumulation. Thus, mitochondrial B-oxidation plays an important role in liver
steatosis and hepatic insulin resistance, although the nature of this role is still
not fully understood.
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1.4.4 Lipoprotein Synthesis and Export

Liver TAGs can be coupled to apolipoprotein B (APOB) and secreted in the
form of VLDL particles [66-69]. APOB synthesis is stimulated by elevated
levels of circulating FFAs and TAGs, as well as by the microsomal transfer
protein (MTP), while it is inhibited by insulin [70, 71]. Hepatic steatosis
secondary to impaired VLDL efflux has been reported in subjects with familial
hypobetalipoproteinemia (OMIM 107730) — a disease caused by loss-of-
function mutations in APOB [72-74], and in subjects with
abetalipoproteinemia — a disease caused by mutations in MTP [75]. Similar
observations have been reported in liver-specific MTP knockout mice [76]
whereas mice with liver-specific overexpression of MTP exhibit VLDL
overproduction and elevated plasma TAG levels [77]. NAFLD associated
insulin resistance is seen in genetic models of impaired VLDL export [78],
whereas, in models of increased VLDL export, NAFLD is ameliorated,
independent of body weight [79, 80]. The bulk of TAGs incorporated into
VLDL originate from hepatocellular LDs and require hydrolysis of TAGs into
FFAs [68]. Thus, modulating the ability of hepatic lipases to hydrolyze stored
lipids represents a rate-limiting step in VLDL assembly [81].

1.5 Hepatic LDs

Hepatic LDs have a central role in both lipid anabolism and lipid catabolism
in the liver. LDs have been the focus of intense research for the past decade
because of their active engagement in lipid metabolism and association with
metabolic abnormalities. LDs are comprised of a core containing primarily
TAGs and sterol esters surrounded by a phospholipid monolayer [82]. The
formation of LDs occurs largely on the membrane of the ER, although
enzymes responsible for TAGs synthesis are also present on LDs and may play
a role in droplet expansion [83]. Numerous models have been proposed, but
the exact mechanism of droplet formation and maturation is still under
investigation.

The surface layer of LDs contains members of a protein family that share
homologous sequences and domains, the so-called PAT proteins perilipins
(PLINs), adipose differentiation-related protein (ADRP; also known as
adipophilin, PLIN2), and tail interacting protein of 47 kDa (TIP47; also known
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as PP17, PLIN3) [84]. The proteins which are associated with LDs vary
comparing different tissues and also between different species. Moreover, the
composition of the LD proteome changes with NAFLD and likely contributes
to changes in hepatic fatty acid metabolism [32, 85]. PLINI, which is
characteristic for LDs of adipocytes and steroidogenic cells, is undetectable in
normal liver but is expressed in human liver with NAFLD [84, 86]. ADRP,
TIP47, and PLINS (also known as OXPAT, MLDP and LSDP5) are elevated
in fatty livers of humans and their ablation alleviates steatosis in mouse
models [87-89]. ADRP is the main LD-coating protein in mouse steatotic liver
[90]. Increased hepatic levels of ADRP have been reported in NAFLD in mice
and humans [91, 92]. Overexpression of ADRP in rodent hepatocytes has been
shown to increase LD accumulation and attenuate fatty acid release from TAG
stores, while suppression of ADRP levels in hepatocytes or in mice prevents
hepatic steatosis, increases TAG hydrolysis, and improves insulin action in the
liver [87, 90, 93-97].

Lipid release from the LDs through the activity of different lipolytic enzymes
is an essential step regulating availability of FFAs for f-oxidation and/or lipid
secretion [98]. HSL and adipose triacylglycerol lipase (ATGL, also known as
patatin-like phospholipase domain containing 2, PNPLA?2) are key lipases in
the liver catalyzing the first steps in the mobilization of TAGs and cholesterol
[99, 100]. Previous studies in adipose tissue have shown that HSL translocates
from cytosol to the droplet surface only upon hormonal stimulation of
lipolysis, whereas ATGL is constitutively associated with LDs [101].

Decreased activity of ATGL in liver has been reported in human NAFLD and
in obese mice [99, 102]. Hepatic depletion of ATGL in mice leads to severe
liver steatosis and reduced p-oxidation, while overexpression of ATGL in liver
has been shown to reduce hepatic steatosis, increase B-oxidation and improve
insulin signal transduction in mice [94, 99, 100]. Conversely, mice deficient in
other known lipases, including HSL and triacylglycerol hydrolase (TGH), do
not develop hepatic steatosis [103, 104], which indicates that ATGL is the key
cytoplasmic lipase in the liver. Of note, it has been reported that ATGL
selectively partitions hydrolyzed fatty acids to f-oxidation without influencing
VLDL secretion [105].
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1.6 STK25 and its Role in Metabolic Regulation

1.6.1 STK25 - A Member of STE20 Kinase Superfamily

Serine/threonine protein kinase 25 (STK25) also referred as SOK1, UKI or
YSKI1, is a member of sterile 20 (STE20) kinase superfamily. The STE20
family is a large family of serine/threonine kinases with about thirty
mammalian members described to date, characterized by the presence of
conserved catalytic domain [106]. Sterile 20 protein (STE20p) kinase was first
described in Saccharomyces cerevisiae as a mitogen-activated protein kinase
kinase kinase kinase (MAP4K) involved in the mating pathway [107]. Based
on the location of the conserved kinase domain, STE20-kinases are divided
into two families: germinal center kinases (GCKs) and p21-activated kinases
(PAKSs), where the kinase domain is positioned at the N-terminus and C-
terminus, respectively [108]. The GCK family is further subdivided into GCKI
to GCKVIII, and STK25 belongs to the GCKIII subgroup together with
mammalian sterile 20-like (MST) 3 (also known as STK24) and MST4 (also
known as MASK) and the homologue described in Caenorhabditis elegans —
GCK-1 (Figure 1) [109]. STE20 kinases regulate a broad range of biological
processes, such as cell differentiation and proliferation, apoptosis, polarity,
stress responses, and cytoskeleton rearrangements [110]. Most of these kinases
activate mitogen-activated protein kinase (MAPK) cascades, which are crucial
in a wide range of cellular events. Interestingly, it has been reported that
STK25 does not activate any of the known MAPK pathways [111, 112].

STK25 was first described in 1996 as a 426 amino acids long kinase activated
by oxidant stress [111]. STK25 possesses a highly conserved N-terminal
catalytic domain, a variable linker region, and a C-terminal dimerization
domain [114]. In rodents, STK25 is ubiquitously expressed, including liver,
skeletal muscle and intestine, while higher expression is detected in the brain
and testis [111, 112]. The predicted size of STK25 is 48 kDa; however, on
SDS-polyacrylamide gel electrophoresis the apparent size is approximately 55
kDa, suggesting that STK25 undergoes post-translational modifications [112].
STK25 is activated by phosphorylation and partly inactivated by
dephosphorylation, with auto-phosphorylation of the Thr'™* residue being an
important mechanism for activation of the kinase [111, 115].
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Figure 1. Phylogenetic tree, domain structure, and multiple sequence alignments of STE20-
kinases. For reference, yeast kinase STE20p, the founding member of this family, is also shown.
PAKs fall into two structurally similar subfamilies, PAK-I and PAK-II, whereas GCKs fall into
eight subfamilies. Protein kinase domains are indicated by blue boxes. Citron-like domains
(green box) may be involved in macromolecular interactions, particularly with small GTPases.
The SARAH domain (yellow box) facilitates dimerization. PAK domains (brown box) allow the
PAK family kinases to bind to members of the p21 and Rho families. In the alignments for each
subfamily shown below the domain structures, red indicates 100%, orange >50%, and blue
<50% identity. Adapted from [113].

1.6.2 Regulation Pattern of STK25

Studies by Pombo et al as well as our research group have shown that oxidant
stress inducers such as hydrogen peroxide (H,O,) and menadione activate
STK25 [111, 116]. Moreover, increase in the concentration of cytosolic free
Ca”" as a consequence of oxidant stress and chemical anoxia have also been
shown to activate STK25 [117]. Previous studies by our research group have
further indicated that treatment with proinflammatory cytokine tumor necrosis
factor (TNF)-a, but not with multifunctional myokine interleukin 6 (IL-6),
leads to a significant increase in phosphorylation of STK25 [116].
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1.6.3 Function of STK25

STK25 has been shown to interact with cerebral cavernous malformation
(CCM) 2 and 3 (also known as PDCDI10), which are part of signaling
pathways essential for vascular development and CCM pathogenesis [118].
CCM3 stabilizes the interaction between STK25 and Golgi matrix protein
(GM130) to promote Golgi assembly, and ubiquitination and subsequent
degradation of STK25 is increased in the absence of CCM3 [119].

In several cell types, STK25 is localized to the Golgi apparatus, where it
functions in a signaling cascade regulating cell migration and polarization
[118-121]. STK25 is needed for correct localization of the Golgi apparatus
within the cell, as well as for cell migration [115]. However, in response to
chemical anoxia and oxidant stress via increased reactive oxygen species
(ROS) production, STK25 has been shown to dissociate from the Golgi
complex, and translocate to the nucleus, where it induces apoptotic cell death
— a process partly dependent on caspase cleaving of STK25 [122, 123]. Thus,
STK25 possess distinctly different roles depending on the redox and energy
status of the cell, regulating cell motility in non-stressed cells and cell death in
the stressed cell (Figure 2).
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STK25 has also been implicated in the nervous system development when in
complex with liver kinase B1 (LKB1), GM130, and STE20-related adaptor
(STRAD) a (also known as LYKS5) [121, 124] (Figure 2). Matsuki et al
showed that STK25 participates in neuronal cell polarity and migration by
interacting with STRADa, an activator of LKB1: depletion of STK25 hinders
LKBI1-STRADa-regulated  epithelial cell polarization  whereas its
overexpression restores polarity defects observed in LKBI1 knockdown
neurons [121].

Interestingly, the expression of STK25 was shown to be regulated by AMP-
activated protein kinase (AMPK) in the skeletal muscle [125]. AMPK is a
central energy sensor in cells and several lines of evidence suggest that
activation of AMPK increases glucose uptake and fat oxidation in the skeletal
muscle, and inhibits glucose output and TAG synthesis in the liver, thus
reverting the main metabolic disturbances in the metabolic syndrome [126].
The finding that metabolic master switch AMPK regulates STK25 led to the
hypothesis that STK25 might also play a role in regulation of energy
homeostasis.

In the support of this hypothesis, quantitative trait locus (QTL) analysis studies
by Su et al suggested STK25 as a candidate for regulating high-density
lipoprotein (HDL) levels in mice [127]. Moreover, previous studies by our
research group have shown that partial depletion of STK25 in the rat myoblast
cell line L6 by small interfering RNA (siRNA) increases lipid oxidation and
improves insulin-stimulated glucose uptake [116]. Consistent with this finding,
higher STK25 levels in the skeletal muscle of patients with T2D were
observed compared to the individuals with normal glucose tolerance [116]
(Figure 2). This thesis work provides additional evidence for the regulation of
liver lipid deposition, glucose and insulin homeostasis by STK25 based on
phenotypic characterization of the transgenic mice overexpressing STK25 and
Stk257" mice, as well as analysis of human hepatocyte cultures and expression
profile in human liver biopsies.
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2 AIM

The general aim of this thesis is to elucidate the metabolic impact of the
protein kinase — STK25 — in regulation of hepatic lipid partitioning, insulin
resistance and T2D.

The specific aims of the four papers included in this thesis:

Paper 1. To elucidate the metabolic impact of STK25 overexpression in
vivo in mice at a whole body level.

Paper I1. To elucidate the metabolic impact of STK25 inactivation in vivo
in mice at a whole body level.

Paper 111. To evaluate the role of STK25 in regulation of hepatic lipid
partitioning and progression of liver steatosis and NASH using
STK25-overexpressing mouse model.

Paper IV. To investigate the role of STK25 in control of lipid deposition
and insulin sensitivity in human liver cells.

13
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3 METHODS

3.1 Ethical Statement

The study involving human participants was approved by the Ethics
Committee of the University of Leipzig, Germany (363-10-13122010 and 017-
12-230112) and was carried out in accordance with the Declaration of
Helsinki. All participants were informed and gave their written consent before
taking part in the study. All animal experiments were performed after prior
approval from the Ethics Committee for Animal Studies at the Administrative
Court of Appeals in Gothenburg, Sweden, and followed appropriate
guidelines.

3.2 Experiments in Human Subjects

Paper IV contains a study in 62 white individuals (men, n=35; women, n=27)
who underwent open abdominal surgery for Roux-en-Y bypass, sleeve
gastrectomy, explorative laparotomy or elective cholecystectomy. A liver
biopsy was taken during the surgery using a Tru Cut fine needle system,
immediately snap-frozen in liquid nitrogen, and stored at —80°C until further
preparations. All liver biopsies were collected between 8:00 h and 10:00 h
after an overnight fast. For participant characteristics and inclusion/exclusion
criteria, see Methods and electronic supplementary material (ESM) Methods in
Paper 1IV. Our collaborator Prof. M. Bliiher, Department of Medicine,
University of Leipzig, Germany, performed these experiments.

3.3 Animal Experiments

Mouse Models

Stk25 transgenic mice overexpressing STK25 were created at the Norwegian
Transgenic Centre, Oslo, Norway, by pronuclear injection using C57BL/6NCrl
strain of mice. For further details, see Paper I. Stk25 knockout mice (a gift
from Prof. B. Howell, Department of Neuroscience and Physiology, State
University of New York Upstate Medical University, Syracuse, NY, USA)
were generated by deletion of exons 4 and 5 that causes a frameshift and
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translational termination, as previously described [124]. Heterozygous mice
were backcrossed to a C57BL6/J genetic background, and heterozygotes in the
N7 generation were intercrossed to obtain Stk25~~ homozygotes used in all
experiments, as described in Paper II. Genotyping was performed as described
in Papers [ and I1.

Only male mice were used for phenotyping. Mice were weaned at 3 weeks of
age and housed 3-5 per cage in a temperature-controlled (21°C) facility with a
12-h light-dark cycle with free access to chow and water. In all studies,
transgenic and/or knockout mice, and corresponding age-matched wild-type
littermates, were fed pelleted high-fat diet (45 kcal% fat) starting from 6 weeks
of age. In most experiments, wild-type littermates of the same age, fed a chow
diet, were included as a reference group.

Body Composition and Indirect Calorimetry

The analysis of total, lean, and fat body mass was performed using dual energy
X-ray absorptiometry (DEXA) in Paper I and body composition analysis
(BCA) in Paper II. Total energy expenditure (TEE) and respiratory exchange
ratio (RER) were estimated using the indirect calorimeter (INCA; SOMEDIC),
which provides high-resolution calorimetric evaluation of energy expenditure
using measurements of oxygen consumption (VO;) and carbon dioxide
production (VCO,). For further details, see Papers I and I1.

Glucose Homeostasis and Insulin Sensitivity

During glucose tolerance test (GTT), a bolus dose of glucose (1g/kg) was
injected intraperitoneally and plasma glucose and insulin levels were
monitored over a period of time. GTT determines the systemic clearance of
glucose and the result is determined by insulin secretion, in combination with
effectiveness of insulin action [128]. The GTT was used in Papers I and I1.

During insulin tolerance test (ITT), a bolus dose of human recombinant insulin
(1U/kg) was injected intraperitoneally and plasma glucose levels were
monitored over a period of time. The decrease of blood glucose levels in
response to insulin is an indicative of whole body insulin action [128]. The
ITT was used in Papers I and 1.

During pyruvate tolerance test (PTT), a bolus dose of sodium pyruvate (2g/kg)
was injected intraperitoneally and plasma glucose levels were monitored over
a period of time. PTT specifically determines the hepatic gluconeogenesis as
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pyruvate is converted into glucose through hepatic gluconeogenesis [129]. The
PTT was used in Papers Il and /1.

Euglycemic-hyperinsulinemic clamp (EHC) technique is considered the
“golden standard” method for assessment of insulin sensitivity [130]. In brief,
insulin is intravenously infused at a constant rate whereas glucose is
simultaneously infused at a variable rate until mice reach their steady state, i.e.
when blood glucose levels reach similar to basal level and remain stable over a
period of time (approx. 15-20 minutes). Glucose infusion rate (GIR) provides a
measurement of the whole body insulin action [131-133]. Insulin sensitive
animals rapidly take up and utilize the glucose during the hyperinsulinemic
condition, while glucose utilization and clearance are impaired in insulin
resistant animals. In Paper I, prior to the EHC, the system was primed with
[*H]-glucose to be able to calculate glucose turnover rate, hepatic glucose
production, as well as overall glucose uptake. To assess the glucose uptake in
individual tissues, the EHC approach was further refined in Paper II to include
injections of ["*C]-labelled 2-deoxy-D-glucose (2-DOG) at the steady state.
2DOG is converted to 2['*C]-deoxyglucose-6-phosphate (2DOG-6P) and
trapped in tissues, which enables to calculate the rate of insulin-stimulated
glucose uptake in individual organs [134].

In Papers I, I1I and 111, the plasma concentration of glucose and insulin was
determined using Accu-Chek glucometer and Ultrasensitive Mouse Insulin
ELISA kit, respectively.

Lipid Homeostasis

TAG clearance assay determines the lipid uptake and clearance capacity of the
liver. Briefly, a bolus dose of Intralipid (1g/kg) was administered via the retro-
orbital vein, and plasma TAG levels were monitored over a period of time.
Intralipid is a lipid emulsion of long-chain TAG enveloped by phospholipids,
and previous studies have shown that the liver is mainly responsible for
clearance of these TAGs [135].

TAG secretion assay determines the capacity of the liver to release hepatic
lipids as VLDL. In brief, mice were injected with Triton WR-1339 (500
mg/kg) intraperitoneally and plasma TAG levels were monitored over a period
of time. Triton WR-1339 blocks VLDL catabolism and clearance [136], and
under these conditions, plasma TAG is mainly derived from hepatic VLDL
secretion. TAG clearance and secretion assays were used in Papers IIl and V.
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Histology

The ability to visualize and differentially identify microscopic structures
during histological examinations is frequently enhanced through the use of
histological stains.

Haematoxylin and eosin (H&E) stain is one of the most commonly used stains
and often the “golden standard” in medical diagnosis. During H&E staining,
blue to purple shaded nuclear staining by haematoxylin is followed by
counterstaining with aqueous or alcoholic solution of eosin, which colors
eosinophilic structures in shades of red, pink and orange. Liver tissue was
fixed immediately after dissection in 4% vol./vol. phosphate-buffered
formaldehyde and embedded in paraffin; 6 um sections were subsequently
stained with H&E.

Oil Red O, a diazo-based fat-soluble dye, is often used for staining of neutral
lipids and TAG on frozen sections. Liver tissue was embedded in optimal
cutting temperature mounting medium and frozen in isopentane cooled by dry
ice, followed by cryosectioning and Oil Red O staining.

Histological analysis was used in Papers I, Il and II1.

Hepatic Lipid Profiling (Lipidomics)

Lipidomics is categorized as a subgroup of metabolomics, and has been
defined as the system level analysis and characterization of lipids and their
interacting moieties. The importance of characterization of hepatic lipids
species as a part of etiology of T2D, NAFLD and pathogenesis of the
metabolic syndrome has been well recognized. The lipidomics consists of two
components:

(i)  Lipid Extraction: Two of the most common methods for extracting a
broad spectrum of lipid classes are the methods described by Folch,
Lees and Sloane [137], and by Bligh and Dyer [138]. The basic
principle of these methods is that initially chloroform and methanol are
added to the sample, which creates a mono-phase system that extracts
the lipids from the sample matrix. Then an aqueous buffer is added,
which cleans the lipid extract from non-lipid components. In Papers 11,
11T and 1V, all lipid extractions were performed as described in Folch et
al [139].
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(i1) Lipid Analysis: Lipids can be analyzed by mass spectrometry using
direct infusion techniques or in combination with online
chromatography. Chromatography allow the separation of closely
related analytes in complex mixtures [140]. In all chromatographic
methods, the analytes are transported in a mobile phase that can be a
gas, liquid or supercritical fluid. The mobile phase is forced through a
stationary phase that is fixed inside a column or on a plate. Due to the
differences in distribution of the analytes between the two phases, they
will be separated from each other [140]. In Papers II, Il and IV, lipid
analysis was performed using both ultra-performance liquid chromato-
graphy/mass spectrometry and direct-infusion mass spectrometry.

3.4 Cell Culture Experiments

Cells

Immortalized human hepatocytes (IHHs) (a gift from Prof. B. Staels, The
Pasteur Institute of Lille, University of Lille Nord de France, France) were
obtained from healthy liver tissue removed surgically from a 59-year-old man,
as described by Schippers and colleagues [141, 142]. HepG2 is a human liver
carcinoma cell line (American Type Culture Collection (ATCC), Manassas,
VA, USA), derived from the liver tissue of a 15-year-old white American male
with a well-differentiated hepatocellular carcinoma [143]. These immortalized
cell lines have been widely used as a model system for studies of hepatic lipid
metabolism. IHHs and HepG2 cells were cultured as described in Paper IV.

Primary mouse hepatocytes are an important tool enabling to confirm the
results gained from immortalized cells lines. Under optimal conditions, these
cells will preserve both liver-specific functions and morphology over a
substantial period of time [144]. Primary mouse hepatocytes were cultured as
described in Papers Il and IV.

Transfection of Cell Lines

The main purpose of cellular transfection is to study the function of a gene by
overexpression/inhibition or to produce recombinant proteins [145]. Foreign
nucleic acids can be introduced into the cell either by transient (short-term) or
stable (long-term) methods of transfection. In Paper IV, liposome-mediated
transfection was used to introduce the foreign DNA into cells; [HHs and
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HepG2 cells were transiently transfected with pFLAG-STK25 for STK25
overexpression, or with anti-S7K25 siRNA for depletion of STK25.

Lipid Staining

Cells were fixed with phosphate-buffered formaldehyde, and stained with Nile
Red or Oil Red O as described in Paper IV. To quantify lipid accumulation,
100% isopropanol was added to the cells, and the eluted Oil Red O dye was
monitored spectrophotometrically at 500 nm. For detailed staining procedure,
see the ESM Methods, Paper IV.

Glucose Production and Glucose Uptake

The hepatic glucose production (HGP) is a key physiological process that
becomes altered in T2D patients [146]. To measure HGP, cells were incubated
with glucose production buffer in the presence or absence of insulin over a
period of time and the glucose levels in the media were measured. For further
details, see Papers 11l and IV.

The glucose uptake rate into the cells was measured using [*H]-labelled 2-
DOG. In brief, cells were pre-treated with insulin to stimulate glucose uptake,
followed by addition of 2-DOG. The glucose uptake was stopped by addition
of phloretin, a glucose transport inhibitor, and the amount of [3H]-glucose in
the cells was quantified by scintillation counting. For further details, see
Papers Il and 1V.

Palmitate Oxidation Assay (B-Oxidation)

B-oxidation is the process by which fatty acids are broken down in the
mitochondria to generate acetyl-CoA, which will be fed into the citric acid
cycle to generate the high-energy molecule ATP, CO, and H,O. To measure
the rate of B-oxidation, palmitate was used as substrate. In brief, liver tissue
homogenate or cells were incubated with a mixture containing radioactive
palmitate over a period of time, and acid-soluble metabolites or radioactive
water formation was measured by scintillation counting. For further details,
see Papers IIl and 1V.
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Fatty Acid Uptake, Lipid Synthesis and Secretion Assays

The fatty acid uptake rate into the cells was measured using [*H]-labelled
oleate or palmitate. In brief, cells were incubated with a mixture containing
radiolabelled oleate or palmitate and oleic or palmitic acid, over a period of
time. The fatty acid uptake was stopped by addition of phloretin, and the
amount of [’H]-oleate or [3H]-palmitate in the cells was quantified by
scintillation counting. For further details, see Papers 11l and IV.

To measure lipid synthesis, incorporation of ['*C]-oleate or ['*C]-glucose into
TAG was measured. In brief, the cells were incubated with ['*C]-oleate or D-
[U-"*C]-glucose over a period of time and cells were collected for lipid
extraction, followed by lipid separation by thin-layer chromatography on silica
gel plates. Radiolabelled TAG was detected by iodine vapor and quantified by
a scintillation counter. For further details, see Papers 11l and IV.

The TAG hydrolase activity was determined in total cell lysates using [*H]-
triolein as the substrate. The total amount of triolein hydrolyzed was adjusted
to the protein concentration of the cellular homogenate to yield specific lipase
activity. For further details, see Papers I1I and IV.

3.5 Analysis of mRNA and Protein Levels

Quantitative Real-Time PCR (qRT-PCR)

RNA was purified from cells or homogenized tissue samples using the RNeasy
Mini Kit from Qiagen (Paper I) or the EZNA Total RNA kit from Omega Bio-
Tek (Papers I-1V). The extracted RNA was used to synthesize complementary
DNA (cDNA) by reverse transcriptase and DNA polymerase using High
Capacity cDNA Reverse Transcription kit from Applied Biosystems.

qRT-PCR was performed by the TagMan based ABI Prism 7900HT
Sequencing Detection System. TagMan based detection uses a fluorogenic
probe, which is specific for the gene of interest. The probe is conjugated with a
reporter fluorescent dye at the 5’end and a quencher dye at the 3’end. The
probe also contains a quencher that will eliminate the fluorescence from the
reporter as long as the probe is intact. The signal from the reporter dye is
directly proportional to the amount of amplicon produced. Threshold cycle
(Ct) is defined as the number of cycles for the fluorescent signal to be higher
than the minimal detection level [147]. This will always occur at the
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exponential phase and Ct values are inversely proportional to the amount of
target transcript in the sample. Quantification of the amount of target can be
performed using a standard curve or with relative quantification with a
housekeeping gene for normalization. The qRT-PCR technique was used in all
papers in this thesis.

Protein Extraction and Western Blot Analysis

Western blot analysis uses specific antibodies to identify proteins that have
been separated from one another according to their size by gel electrophoresis.
In brief, protein lysates were prepared and the protein concentration was
determined in duplicates using the BCA protein assay kit. Proteins were
separated based on size using gel electrophoresis, and then transferred to a
membrane. To ensure that the transfer of proteins to the membrane was
complete, the membrane was incubated with 0.5% wt./vol. Ponceau S solution.
In addition, housekeeping genes, such as actin or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), were routinely used as loading controls. The
western blot technique was used in all papers in this thesis.

Immunostaining

Widely used immunostaining techniques are immunohistochemistry (IHC) and
immunofluorescence (IFC), which refer to the processes of detecting antigens
(e.g. proteins) in cells or a tissue section by exploiting the principle of
antibodies binding specifically to antigens using chromogen or fluorophores
based detection of antibodies, respectively [148-150]. The immunostaining
technique was used in all papers included in this thesis.

3.6 Statistical Analysis

For statistical analysis, Microsoft excel was used in Papers I and III, while
SPSS statistics software (v22) was used in Papers Il and [V. Statistical
significance between the groups was calculated with an unpaired 2-tailed
Student’s ¢ test or by 2-way ANOVA followed by Tukey’s post hoc test where
indicated. In Paper IV, correlation analysis between STK25 expression in
human liver and hepatic fat content was assessed by Spearman’s rank
correlation analysis after the Kolmogorov-Smirnov test was performed to
assess normality of data using SPSS Statistics. P<0.05 was considered
statistically significant.
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4 RESULTS

Below is a brief summary of the main findings of the four papers included in
this thesis work. For further details, see the full papers at the end of the thesis.

Paper 1

Increased Expression of STK25 Leads to Impaired Glucose Utilization
and Insulin Sensitivity in Mice Challenged with a High-Fat Diet

In this study, we investigated the impact of overexpression of STK25 on whole
body metabolism based on the phenotypic characterization of Stk25 transgenic
mice and wild-type littermates challenged with a high-fat diet.

Overexpression of STK25 decreased the energy expenditure during the dark
phase of observation, despite increased spontaneous activity. In Stk25
transgenic mice, the fasting plasma insulin concentration was approximately 2-
fold higher than in wild-type littermates, while normal blood glucose levels
were maintained by excessive insulin secretion. Glucose utilization and insulin
sensitivity were impaired in transgenic carriers compared to wild-type
littermates. We observed increased hepatic and skeletal muscle lipid
deposition along with enhanced adipocyte hypertrophy in transgenic mice.
Moreover, significantly increased total protein abundance of a key enzyme
stimulating lipid synthesis and repressing lipid oxidation — ACC — was seen in
liver and skeletal muscle of transgenic carriers. In liver, the mRNA expression
levels of key enzymes regulating lipogenesis (Fasn), glycogen synthesis (Gck)
and gluconeogenesis (G6pc, Fbpl) were increased in the transgenic carriers,
while in skeletal muscle of transgenic mice, reduced expression levels of genes
controlling lipid oxidation (Cptl/, Acoxl) were seen, indicating reduced
oxidative capacity in this tissue.

Taken together, our findings suggest that overexpression of STK25, in
conditions of excess dietary fuels, leads to a shift in the metabolic balance in
peripheral tissues from lipid oxidation to lipid storage, resulting in a systemic
insulin resistance.

The mechanisms behind enhanced hepatic lipid deposition in connection to
STK25 overexpression were further investigated in a mouse model in Paper
111 and in human liver in Paper IV.
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Paper 11

Genetic Disruption of Protein Kinase STK25 Ameliorates Metabolic
Defects in a Diet-Induced T2D Model

In this study, we investigated the impact of inactivation of STK25 on whole
body metabolism based on the phenotypic characterization of conventional
Stk25 knockout mice and wild-type littermates challenged with a high-fat diet.

Stk25~" mice showed similar energy expenditure and respiratory efficiency
ratio measurements compared to wild-type littermates. Diet-induced
development of hyperglycemia and hyperinsulinemia was suppressed in
Stk25~" mice compared to wild-type littermates, and knockout mice displayed
better-preserved systemic glucose tolerance, reduced hepatic glucose
production, and increased insulin sensitivity. We observed reduced hepatic and
skeletal muscle lipid deposition along with diminished adipocyte hypertrophy
in knockout mice compared to wild-type littermates. Moreover, the total
protein abundance of ACC was significantly reduced in the liver of Stk257~
mice, while no change in ACC level was seen in skeletal muscle, compared to
wild-type littermates. In the skeletal muscle of knockout mice, augmented
mRNA expression levels of mitochondrial and peroxisomal enzymes
controlling lipid oxidation (Cptl, Acoxl, Cs, Cycs and Ucp3) were seen,
indicating increased oxidative capacity, thereby contributing to the reduced
lipid storage.

In summary, our findings in Paper II show that depletion of STK25, in
contrary to STK25 overexpression studied in Paper I, leads to a shift in the
metabolic balance in peripheral tissues from lipid storage to lipid utilization,
resulting in a better-preserved systemic insulin sensitivity.

The mechanisms behind reduced hepatic lipid deposition in connection to
STK25 depletion were further investigated in human liver in Paper IV.
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Paper 111

Protein Kinase STK25 Regulates Hepatic Lipid Partitioning and
Progression of Liver Steatosis and NASH

In this study, we investigated the role of STK25 in regulation of hepatic lipid
partitioning and progression of liver steatosis and NASH using Stk25
transgenic mice and wild-type littermates challenged with a high-fat diet.

In Paper I, we observed higher levels of TAGs in transgenic mice based on
biochemical measurement in liver tissue homogenates. In this study, we
characterized the hepatic lipid accumulation (steatosis) in more details by
morphometric analysis as well as lipidomics. Histological examination
demonstrated that in contrast to low-grade macrovesicular steatosis observed
in wild-type mice, pronounced macrovesicular steatosis, accompanied by
microvesicular steatosis, was seen in the liver of Stk25 transgenic mice.
Morphometric analysis confirmed markedly higher LD density and a shift in
the LD size distribution, with a significantly higher number of very large
droplets, in Stk25 transgenic livers compared to wild-type livers. Lipidomics
analysis revealed enhanced accumulation of TAGs and DAGs in the liver of
transgenic carriers compared to wild-type littermates without any significant
increase in other lipid species.

To understand the role of STK25 in lipid partitioning in liver, we studied the
subcellular localization of STK25 by immunofluorescence. We found that
STK25 coats hepatic LDs, and it fully co-localizes with ADRP, the main LD-
coating protein in mouse liver. Protein levels of LD associated proteins ADRP
and synaptosomal-associated protein of 23 kDa (SNAP23) were markedly
increased in transgenic livers compared to wild-type livers. Interestingly, in
the liver of Stk25 transgenic mice, the association of main liver lipase — ATGL
— with LDs was markedly reduced compared to their wild-type littermates.
Consistently with the displacement of ATGL, the TAG hydrolase activity was
repressed in the liver of Stk25 transgenic mice. Stk25 transgenic mice also
displayed reduced hepatic VLDL-TAG secretion and -oxidation, which likely
account for the increased lipid storage observed.

In addition to severe steatosis, the liver of Stk25 transgenic mice was also
characterized by increased inflammatory infiltrate, hepatocellular damage and
fibrosis, consistent with advanced NASH phenotype. The impact of STK25 in
the development of NASH is now being further studied in Stk25 transgenic
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and knockout mice fed pelleted MCD diet (studies in progress).
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Figure 3. Putative model for STK25 function in regulating lipid partitioning in mouse
liver. ER, endoplasmic reticulum; FFA, free fatty acids; LD, lipid droplet; N-VLDL,
nascent-very low-density lipoprotein. (Figure adapted from Paper II).

In summary, we propose a model of STK25 function in the liver: increased
activity of STK25 reduces lipolytic capacity, which in turn results in lower
availability of lipids for B-oxidation and VLDL-TAG secretion, leading to
increased number and size of LDs (Figure 3).
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Paper 1V

Protein Kinase STK25 Controls Lipid Partitioning in Hepatocytes and
Correlates with Liver Fat Content in Humans

In this study, we investigated the role of STK25 in control of lipid deposition
and insulin sensitivity in human hepatocyte cell lines IHHs and HepG2. We
also studied association between STK25 mRNA levels and hepatic fat content
in human liver.

In agreement with previous observation in the liver of high-fat-fed Stk25
transgenic mice (Papers I and I1), overexpression of STK25 in the IHHs and
HepG2 cells enhanced lipid deposition by suppressing p-oxidation and TAG
secretion, while increasing TAG synthesis. Conversely, siRNA knockdown of
STK25 in IHHs and HepG2 cells attenuated lipid accumulation by stimulating
B-oxidation and TAG secretion, while inhibiting TAG synthesis. TAG
hydrolase activity was significantly repressed in cells overexpressing STK25
and reciprocally increased in cells where STK25 was knocked down compared
with their respective control-transfected cells. Furthermore, reciprocal to
findings in Stk25 transgenic mice (Paper III), increased hepatic VLDL-TAG
secretion and p-oxidation were seen in high-fat-fed StA25 mice compared to
wild-type littermates, which likely account for the reduced liver lipid storage
reported in Paper I1.

In agreement with previous findings in mouse models (Papers II and II]), the
insulin-stimulated increase in glucose uptake and suppression of glucose
production were significantly impaired in hepatocytes overexpressing STK25
and reciprocal enhancement in response to insulin was seen in cells where
STK25 was knocked down, compared with their respective control-transfected
cells.

A statistically significant positive correlation between S7TK25 mRNA
expression and fat content was seen in liver biopsy material from 62 white
men and women with a wide range of a body mass index (BMI), body fat and
liver fat content. Furthermore, STK25 expression was significantly higher in
the liver of individuals with high intrahepatic TAGs (>6%) compared with
liver from those with low intrahepatic TAGs (<6%).

Taken together, our findings provide several lines of evidence to support the
key cell-specific role of STK25 in the control of lipid deposition and insulin
sensitivity in human liver cells.
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Summary

Our analysis of genetically modified mouse models for STK25 and human
hepatocytes, combined with our observations of increased STK25 expression
in the liver of individuals with high intrahepatic TAGs, suggest that inhibition
of STK25 enables to reduce ectopic lipid accumulation and improve insulin
sensitivity and glucose utilization in peripheral tissues, combined with reduced
hepatic glucose production (Figure 4). Our studies highlight STK25 as a
potential new drug target, and strategies to develop and validate antagonists of
STK25 for prevention and/or treatment of T2D, NAFLD and NASH are
warranted.

Whole body level
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Figure 4. Schematic illustration of the metabolic impact of inactivation of STK25 in
individual organs as well as at whole body level. Inhibition of STK25 ameliorates
metabolic defects by improving systemic glucose and insulin homeostasis. The figure
is based on studies performed in mouse model as well as human cell system.
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5 DISCUSSION

Approximately 90% of patients with NAFLD have more than one feature of
the metabolic syndrome, and NAFLD is consistently associated with obesity
(60— 95%), T2D (28— 55%), and dyslipidemia (27— 92%) [25]. Based on this
evidence, NAFLD was long considered a liver manifestation of the metabolic
syndrome. However, in the past decade it has become evident that lipid
accumulation in the liver is not merely a consequence of the metabolic
syndrome, but rather that NAFLD exacerbates hepatic and systemic insulin
resistance and actively contributes to the pathogenesis of the metabolic
syndrome [8]. Despite this medical importance, to date, no pharmacological
treatment is approved for NAFLD/NASH and the molecular mechanisms
controlling hepatic lipid accumulation and progression from simple steatosis to
NASH is poorly understood. In this thesis, we describe a new mediator —
protein kinase STK25, which regulates progression of NAFLD and NASH,
and controls the whole body metabolic profile.

We are the first, and so far the only research group, who has described a role
of STK25 in metabolic regulation. We found that partial depletion of STK25
in L6 muscle cells improves lipid oxidation and insulin-stimulated glucose
uptake [116], which provided the first line of evidence of the metabolic effect
of STK25. In this thesis, we have further investigated the role of STK25 in
regulation of whole body metabolism by phenotypic characterization of
transgenic mice overexpressing STK25 and conventional knockout mice
where STK25 was depleted. Stk25 transgenic mice, when challenged with a
high-fat diet, display increased ectopic lipid storage and impaired glucose and
insulin homeostasis compared to respective wild-type littermates, while high-
fat-fed Stk25" mice show lower ectopic lipid storage and improved glucose
tolerance and insulin sensitivity.

STK25 has been shown to localize to the Golgi apparatus and is also known to
translocate to the nucleus upon chemical anoxia and increased ROS production
in various cell types such as human embryonic kidney 293 cells (HEK293),
sarcoma osteogenic cells (Sa0S2), and fibroblasts like cells from monkey
kidney (COS7) [115, 151]. In this study, we found that STK25 coats LDs in
mouse liver, which was further confirmed in hepatocytes of human origin.
Interestingly, our preliminary studies show that STK25 protein is not confined
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to the LDs in skeletal muscle (unpublished data). These studies in skeletal
muscle, combined with earlier evidence gathered in several cell lines, point
toward the possibility that association of STK25 with the LDs is a liver-
specific phenomenon.

We found that augmented expression of STK25 results in enhanced lipid
storage while depletion of STK25 diminished lipid storage both in mouse liver
and in human hepatocytes. Enhanced lipid accumulation could occur due to 1)
increased rates of lipid uptake and synthesis, 2) decreased levels of fatty acid
oxidation, 3) reduced hepatic lipid secretion as VLDL-TAG or 4) combination
of any of the above. Despite increased mRNA expression of genes regulating
fatty acid uptake and lipid synthesis in the liver of Stk25 transgenic mice, we
did not see any changes in lipid uptake or synthesis rate in primary hepatocytes
isolated from Stk25 transgenic mice. Interestingly, transient overexpression of
STK25 in human liver cells enhanced lipid synthesis despite reduced fatty acid
uptake. We observed no change in expression of genes regulating lipid uptake
or synthesis in the liver of St25~ mice and consistently, isolated hepatocytes
from Stk257" mice did not show any change in lipid uptake rate. Deletion of
STK25 in human liver cells reduced lipid synthesis without any significant
difference in fatty acid uptake. It is currently not known whether these
differences in regulation of fatty acid uptake and synthesis obtained in mouse
primary hepatocytes vs. human liver cell lines after increased expression of
STK25 reflect different gene function in these two species or relate to the
differences in experimental setup such as using primary cells (mouse) vs.
immortalized cell lines (human).

B-oxidation is known to play an important role in liver steatosis and
development of insulin resistance thereby regulating hepatic metabolic balance
[61, 62]. High-fat feeding studies in rodents show that reduced P-oxidation
leads to steatosis and insulin resistance, while increasing B-oxidation can
prevent this metabolic imbalance [30, 58]. Our studies performed in primary
hepatocytes isolated from Stk25 transgenic and knockout mice and in human
liver cells show reduced B-oxidation when STK25 is overexpressed while
reciprocal increase is seen in condition of STK25 inactivation. ACC is one of
the key controllers of the balance of lipid storage vs. lipid oxidation. ACC
activity is regulated by reversible phosphorylation, where kinases such as
AMPK directly phosphorylate and inactivate ACC [152]. We found that the
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protein abundance of ACC is regulated in an opposite manner in Stk25
knockout vs. transgenic liver. To further investigate the underlying
mechanisms for altered protein abundance of ACC in knockout livers, we
compared relative abundance of ubiquitinated ACC. Ubiquitination is an early
step for proteins destined for proteosomal degradation, and ubiquitination of
ACC has previously been shown to result in inactivation and degradation of
ACC [153]. We found that the level of ubiquitinated ACC was markedly
increased in Stk25 knockout livers, which indicates that STK25 controls the
amount of ACC through regulation of ubiquitination and subsequent
degradation of this protein. Taken together, our data suggest that regulation of
ACC protein levels might contribute to the changes in B-oxidation rate in
response to overexpression and depletion of STK25.

It is generally accepted that liver exports TAGs to extrahepatic tissues through
VLDL-TAG secretion, and this process is highly dependent upon availability
of cytosolic TAGs [154, 155]. This might appear contradictory to our finding
that augmented expression of STK25 results in reduced VLDL-TAG secretion
in both mouse and human liver cells while lipid deposition is markedly
increased, and the reciprocal change is seen in knockout mice and human
hepatocytes where STK25 is inactivated. However, the observation that
increased cytosolic TAG accumulation alone does not necessarily result in
enhanced VLDL export has also been reported in several different models such
as leptin-deficient ob/ob mice and Tm6sf2 knockout mice [156-158].

LDs, once thought to be only inert energy storage depots, are increasingly
recognized as organelles that have important functions in hepatocytes beyond
lipid storage [159]. Intrahepatocellular LDs are the major source of TAG
substrate for the biogenesis of VLDL via a process involving lipolysis [160,
161]. Alternatively, the FFAs released from liver LDs by lipase activity can be
utilized for mitochondrial B-oxidation [21]. The activity of LD-associated
proteins plays an important role in TAG hydrolysis [98] and thus, regulates
availability of lipids for f-oxidation and VLDL-secretion in the cell. We found
that augmented expression of STK25 results in reduced TAG hydrolysis and
reciprocal increase in TAG hydrolysis was seen in condition of STK25
inactivation in human liver cells. Based on this evidence we speculate that
regulation of hepatic TAG hydrolysis by STK25 is a primary event, which
then subsequently leads to altered P-oxidation and VLDL-TAG secretion in
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the liver.

Ectopic lipid deposition within the liver is known to contribute to the
development of hepatic and systemic insulin resistance [8, 9]. Based on this
evidence we hypothesized that STK25 indirectly regulates insulin sensitivity in
the liver through its effect on hepatic lipid accumulation. To test this
hypothesis, we measured glucose production and glucose uptake in response to
insulin in IHHs and HepG2 cells where STK25 was knocked down both after
challenge with oleic acid (OA), when intracellular lipid deposition is reduced
in STK25-deficient cells, and under basal conditions, when lipid storage level
is similar. We found improved insulin sensitivity in STK25-deficient cells,
compared to control-transfected cells, only after challenge with OA,
supporting that STK25 regulates insulin sensitivity through changes in cellular
lipid content.

Obese humans as well as mice with diet-induced and genetic obesity and T2D
frequently develop certain degree of hepatic steatosis but seldom experience
the progressive liver damage NASH [162]. According to the 2-hit hypothesis,
hepatic steatosis is a risk factor for NASH, whereas imposition of secondary
signals is required for progression to NASH [22]. In contrast to high-fat-fed
wild-type mice, transgenic mice overexpressing STK25 fed a high-fat diet
develop NASH-like liver phenotype with presence of severe steatosis,
hepatocellular injury, inflammatory infiltrate and fibrosis. To elucidate the
possible role of STK25 in development of NASH, we challenged the Stk25
knockout and transgenic mice with the MCD diet, which reproduces the main
pathophysiological features of human NASH [163, 164]. Preliminary results
from these analysis show that depletion of STK25 in knockout mice protects
from MCD diet induced NASH, while overexpression of STK25 markedly
increases the susceptibility to the disease (unpublished data). These data
further extend our studies in high-fat-fed mice summarized in this thesis,
supporting that STK25 is an important mediator in disease progression from
simple liver steatosis to NASH.

In this study we show that STK25 mRNA levels correlate significantly and
positively with the hepatic fat content in human. Previous studies by our
research group also show increased STK25 mRNA levels in biopsies from
skeletal muscle of T2D individuals compared to healthy subjects [116],
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supporting that STK25 may regulate lipid deposition not only in liver but also
in other peripheral tissues prone to diabetic damage such as muscle. Notably,
we have only been able to measure STK25 mRNA in human biopsies, and it is
currently not known whether any physiological situations exist in which the
STK25 protein level is increased to an extent similar to that of the
overexpressed protein in human hepatocytes transfected with the STK25
expression plasmid or in the transgenic mice.

Studies presented in this thesis work, we have characterized changes in
expression level of genes involved in lipid and glucose metabolism in liver and
skeletal muscle in Stk25 transgenic and knockout mice, thus mapping a
number of downstream transcriptional targets for STK25 signalling. However,
we have not characterized any direct substrates for the kinase activity of
STK25. To our knowledge the only known direct targets (substrates) of
STK25 are myelin basic protein (MBP) [117], Golgi associated 14-3-3zeta
[115] and CCM3 [118], and these proteins are likely not physiologically
relevant mediators for metabolic functions of STK25. To identify direct
phosphorylation targets for STK25 in metabolic tissues, we have initiated an
un-biased analysis in a proteome-wide scale by mass spectrometry based
quantitative proteomics approach in skeletal muscle and in isolated LDs from
liver of the Stk25 transgenic and knockout mice.

In summary, there is an increasing body of evidence suggesting that hepatic
lipid accumulation is an integral part of development and aggravation of the
metabolic syndrome, insulin resistance and T2D, and therefore, understanding
the molecular mechanisms underlying pathogenesis of hepatic lipid
accumulation is of high clinical relevance. With the new insight presented in
this thesis, STK25 is emerging as a key regulator controlling hepatic lipid
partitioning and whole body insulin sensitivity in peripheral metabolic tissues
prone to diabetic damage. This study has a potential to lay the basis for the
development of novel treatment for T2D, based on STK25 antagonists. This
work also contributes to our overall understanding of the complex and
integrated molecular networks connecting ectopic lipid deposition with insulin
resistance and T2D.
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