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Abstract

Organs of endocrine system secret hormones, which circulate in blood, modulate

physiological functions of end organs, and maintain body maintain homeostasis.

Common endocrine disorders include thyroid dysfunction, diabetes mellitus, obesity,

and etc. Thyroid which secrets thyroid hormones to affect rates of metabolism is a very

important endocrine organ.

S14 protein is mainly expressed in lipid-producing tissues, such as liver, mammary

gland and adipose tissue. S/4 is a thyroid hormone responsive gene which can be

tremendously induced by T3, glucose, and insulin, and involves in fatty acid synthesis.

However, the presence of S14 in human serum and its relation with thyroid function

status have not been investigated. Compared to wild type, S7/4 knockout mice had

resistance to diet-induced obesity and better glucose tolerance. The mRNA expression

of S14 in the adipose tissue of obese subjects was lower than the controls. It was

suppressible by fasting in non-obese subjects but not in the obese subjects. These

findings suggested that S14 may participate in the pathogenesis of obesity and its

co-morbidities in humans. However, the associations between serum S14 level and

metabolic variables in humans have never been investigated. We developed an

enzyme-linked immunosorbent assay (ELISA) for S14, and explored the possibility of

using S14 as a biomarker in thyroid or metabolic disorders.

vi
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In the first part of our clinical study, we compared the difference of serum S14

concentrations between patients with hyperthyroidism and euthyroidism. We further

evaluated the associations between serum S14 and free thyroxine (fT4) or

thyroid-stimulating hormone (TSH) levels. Twenty-six hyperthyroid patients and 29

euthyroid individuals were recruited. Data of all patients were pooled for the analysis of

the associations between the levels of S14 and fT4, TSH, or quartile of TSH. Our

analysis revealed that the hyperthyroid patients had significantly higher serum S14

levels than the euthyroid subjects. In univariate linear regression, the log-transformed

S14 level (logS14) was positively associated with fT4 and negatively with TSH or

quartile of TSH. The negative associations between logS14 and quartile of TSH

remained significant in multiple linear regression. Our study is the first to investigate

the serum S14 levels in humans and the effects of thyroid function statuses on serum

S14 levels.

The second part of our clinical study was designed to evaluate the associations

between serum S14 concentrations with components of metabolic syndrome (MetS). A

total of 327 subjects were recruited in this cross-sectional study and categorized by

presence of MetS. Our analysis revealed that the patients with MetS had lower serum

S14 levels than those without. Negative associations existed between MetS, central

obesity, high triglyceride (TG), low high density lipoprotein C (HDL-C) and logS14.

vii
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Our analysis also revealed a negative association of age with logS14. This is the first

study to evaluate levels of S14 in patients with or without MetS.

In basic study, the exact function of S14 remains largely unclear and the studies of

S14 in the adipose tissues are rare. However, the expression level of S14 in adipose

tissue is the most abundant among all tissues. We found that after induction of 3T3-L1

with the cocktail of differentiation medium, S14 mRNA was up-regulated by more than

700-fold. We also found that knockdown of S14 by transducing lentiviral S14 shRNA

reduced 3T3-L1 adipocyte differentiation and lipid accumulation. In addition, we also

found that many transcription factors involved in adipocyte differentiation pathway,

such as Kriippel-like factor 15 (KLF15) and peroxisome proliferator-activated receptor

(peroxisome proliferator-activated receptor gamma, PPARy) were affected by the

knockdown of S74 gene. According to the immunofluorescence staining data, we also

observed that S14 protein is mainly expressed in the nucleus of 3T3-L1 pre-adipocytes,

while mainly expressed in the cytoplasm in differentiated fat cells. Previous studies

have shown that the S14 protein may be a transcription factor or co-activator. We tried

to investigate whether S14 can directly or indirectly affect gene transcription. We

performed luciferase reporter assay and found that the promoter activity of KLF15 and

PPARYy with S14 overexpression constructs were slightly increased when compared to

the control groups. We further used chromatin immunoprecipitation (ChIP) combined

viii
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with high-throughput next-generation sequencing and general immunoprecipitation

combined with mass spectrometry (IP-Mass) to search the potential S14 targeted-DNA

sequences and potential S14 interacting proteins.

In our preliminary study, we found that the interleukin (IL) 1B-treatment was

capable of reducing adiponectin level, as well as S14 expression. In this study, we found

that tunicamycin or thapsigargin induced endoplasmic reticulum stress (ER stress) may

trigger the mRNA expressions of adiponectin and decrease S14. Previous studies have

shown that mice lacking S7/4 gene have better insulin sensitivity. We intend to explore

the regulation of S14 expression in inflammation or ER stress-related insulin resistance.

In order to understand the role of S14 in adipose tissue, we have been working on

tissue specific conditional S7/4 knockout mice under the service of Gene Knockout

Mouse Core Laboratory of NTU enter of Genomic Medicine. We used CRISPR/Cas9

gene editing technology to insert loxp respectively at 5° and 3’ to S/4 exon 1. Then we

bred this strain with adiponectin-CreERT mice which was purchased from the Taiwan’s

National Laboratory Animal Center and selected to perform the adipose tissue-specific

S14 knockout strain to investigate the function of S14 in adipose tissue. This part of the

experiment is still in progress.

Based on the above results, we successfully developed an enzyme immunoassay to

measure the concentration of S14 in human serum, and applied it to explore the

ix
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relationship between human S14 and thyroid function as well as metabolic syndrome.

We found that the serum concentration of human S14 was negatively correlated with

TSH. In addition, the concentration of S14 in the blood of patients with obesity or

metabolic syndrome was significantly lower than that of normal subjects. These data are

consistent with previous animal studies. We hope that in the future, this system can be

used to explore more human diseases related to insulin resistance or fat synthesis, such

as type 2 diabetes or non-alcoholic steatohepatitis. At the same time, we also confirmed

by cell experiments that S14 participates in the adipocyte differentiation and oil droplet

synthesis. We found that S14 may indeed involve in the inflammatory response- or

endoplasmic reticulum stress- induced insulin resistance. However, the detail

mechanisms require more investigations in the future.

Keywords: S14, endocrine system, hyperthyroidism, thyroid-stimulating hormone,

thyroxine, metabolic syndrome, central obesity, high triglyceride, low high-density

lipoprotein cholesterol, enzyme-linked immunosorbent assay, adipocyte differentiation,

inflammatory response, endoplasmic reticulum stress.
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Chapter 1. Introduction
1.1 Endocrine system, thyroid disease, and metabolic syndrome

1.1.1 Endocrine system

The endocrine system refers to the cells, glands and organs that produce and secrete
hormones directly into the blood in order to control physiological and behavioral
activities, such as respiration, metabolism, reproduction, sensory perception, movement,
sexual development and growth (Campbell and Jialal, 2019; Mollard and Schaeffer,
2018). The major glands of the endocrine system include pineal gland, pituitary gland,
pancreas, ovaries, testes, thyroid gland, parathyroid gland, and adrenal glands (Mollard
and Schaeffer, 2018). Some factors including aging, certain diseases, stress, the
environment, and genetics can affect endocrine organs (Chrousos and Gold, 1992;
Davidson et al., 1983; Thiessen and Rodgers, 1961). When the glands do not produce
the right amount of hormones, either over or under, or the target cells do not respond
properly to the stimulating of hormones, diseases can develop and affect many aspects
of life (Wallymahmed et al., 1996).

1.1.2 Thyroid gland and thyroid diseases

The thyroid gland is a butterfly-shaped organ located at the base of the neck
(Braverman, 2012). Thyroid gland secretes thyroid hormones including thyroxine (T4)
and triiodothyronine (T3) and calcitonin. These thyroid hormones are important
regulators of calcium homeostasis (Hirsch et al., 2001), energy expenditure (Silva,
2003), body weight (Knudsen et al., 2005), insulin resistance (Al-Shoumer et al., 2006;
Maratou et al., 2010), lipid metabolism (Canaris et al., 2000; Pontikides and Krassas,
2007), and cardiac function (Biondi, 2012; Danzi and Klein, 2012). Hormonal output
from the thyroid is regulated by thyroid-stimulating hormone (TSH) secreted from the

anterior pituitary gland (Pirahanchi and Jialal, 2019). Thyroid dysfunction may cause
1
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several diseases. Hyperthyroidism is a condition in which the thyroid gland is
overactive and makes an excessive amount of thyroid hormone (Campbell and Jialal,
2019). If there is too much thyroid hormone, every function of the body tends to speed
up (Campbell and Jialal, 2019). Signs and symptoms vary among patients and may
include nervousness, anxiety, fatigue, muscle weakness, rapid heartbeat, increased
sweating, difficulty in sleeping, and weight loss (Campbell and Jialal, 2019). In contrast,
hypothyroidism is a state of insufficient thyroid hormone production (Campbell and
Jialal, 2019). In addition, the thyroid gland may also develop several types of nodule
and cancer (Carling and Udelsman, 2014).

1.1.3 Obesity, chronic inflammation, ER stress, and insulin resistance

In many developing and developed countries, obesity has become an important public
health issue (Wilkin and Voss, 2004). Genetic inheritance, excessive calories, and
sedentary life habits contribute to the occurrence of obesity (Wilkin and Voss, 2004).
Previous studies have shown that obesity will increased risks of type 2 diabetes mellitus
(T2DM), cardiovascular disease, and certain types of cancer (Wilkin and Voss, 2004).
Insulin resistance is one of the pathological responses of obesity (Wilkin and Voss,
2004). Insulin plays a key role in getting blood glucose into cells and responds promptly
to postprandial glucose rising and stimulates glucose utilization by cells (Hardy et al.,
2012). During the process of adipose tissue expansion, either with an increase of
adipocyte number (hyperplasia) or increase in adipocyte cell size (hypertrophy),
adipocytes as well as adipose tissue-resident immune cells would secrete
pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a), interleukin 6
(IL-6), and IL-1pB (Hardy et al., 2012; Ye, 2013). Although inflammation is a protective
reaction in the body, persistent chronic inflammation may cause several adverse effects,

such as macrophage infiltration, decreased insulin sensitivity, tissue injury, and organ

2
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dysfunction (Ye, 2013). On the other hand, endoplasmic reticulum (ER) stress is also
involved in the development of insulin resistance (Salvado et al, 2015). The ER
performs important functions related to the synthesis, folding and transport of proteins,
and also plays a critical role in lipid synthesis and calcium homeostasis (Salvado et al.,
2015). Any disturbance in these functions, referred as an “ER stress”, will lead to the
activation of a cellular response termed the unfolded protein response (UPR) (Flamment
et al., 2012). Many studies have shown that UPR response is linked to different
processes involved in the development of insulin resistance, such as lipid accumulation,
insulin biosynthesis, inflammation, and B-cell apoptosis (Flamment et al., 2012). In
order to overcome insulin resistance, pancreas would secret more insulin and thus result
in hyperinsulinemia, which may secondarily cause hyperglycemia and diabetes mellitus
(Hardy et al., 2012). Furthermore, insulin resistance and hyperinsulinemia may also
impair fat metabolism, increase blood levels of triglyceride (TG) and low density
cholesterol (LDL-C), decrease blood levels of high density of cholesterol (HDL-C), and
induce coagulopathy or arteriosclerosis (Roberts et al., 2013). Obesity, impaired glucose
and fat metabolism are major components of metabolic syndrome. Therefore, it is
important to investigate the interactions among obesity, chronic inflammation, ER stress
and insulin resistance in the context of metabolic syndrome.

1.1.4 Metabolic syndrome

Metabolic syndrome (MetS) is a cluster of several metabolic abnormalities (Kaur,
2014). MetS increases the risk for heart disease and other health problems, such as
diabetes and stroke (Kaur, 2014). The prevalence of MetS in Taiwan is approximately
19.7% (male: 20.3%; female: 19.3%) (Hwang et al., 2006). The possible contributing
factors of MetS include genetic defect, aging, physical inactivity, overweight or obesity,

insulin resistance, chronic inflammation, and dysfunctional adipose tissue (Kaur, 2014).
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According to different ethnicity, the definition of MetS by different organizations is not
exactly the same. In 1998, World Health Organization (WHO) firstly proposed the
definition of MetS (Alberti and Zimmet, 1998). It emphasized the patients with MetS
were ever diagnosed T2DM, impaired glucose tolerance, or insulin resistance and
combined any two of higher waist-to-hip ratio/body mass index (BMI), higher TG/lower
HDL-C, elevated blood pressure (BP), or microalbuminuria. On the other hand, in 2001,
the National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP III)
proposed that MetS was diagnosed with at least three components of the five constituted
criteria, including elevated waist circumference, TG, BP, fasting glucose, and reduced
HDL-C (Expert Panel on Detection and Treatment of High Blood Cholesterol in, 2001).
In 2005, the American Heart Association/National Heart, Lung, and Blood Institute
(AHA/NHLBI) subsumed the medical history of hypertension or the medications for
elevated TG, BP, glucose, reduced HDL-C as components of MetS. Consideration of

ethnic and gender difference, a lower cut-point of waist circumference (=90/80 cm in

male/female) was recommended for Asian population (Grundy et al., 2005). At the same
year, the International Diabetes Federation (IDF) proposed a worldwide definition of
MetS (Alberti et al., 2005). By the definition of IDF, a person having central obesity
plus at least two components of raised TG, BP, fasting glucose, or reduced HDL-C can
be diagnosed as MetS. A modification of the NCEP-ATP III definition of MetS was used

in Taiwan (Hwang et al., 2006).

1.2 Adipocyte differentiation and lipid droplets accumulation
Adipose tissue is a special connective tissue mainly composed of adipocytes.
Adipocytes store TG in lipid droplets, the main component of body fat, and provide

structural support to protect organs (Frayn, 2001). There are two distinct types of
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adipose tissue, brown adipose tissue (BAT), which contains abundant of mitochondria
and burns energy for thermogenesis, while white adipose tissue (WAT), is mainly
responsible for energy storage (Coelho et al., 2013). Recently, adipose tissue has been
recognized as an important endocrine organ because it produces various kinds of
hormones that participate in energy homeostasis (Adamczak and Wiecek, 2013).

Adipocytes are derived from mesenchymal stem cells (Minteer et al., 2013). These
multipotent stem cells commit to the fibroblast-like preadipocytes, undergo a series of
morphological or biochemical changes, and then proceed to become adipocytes. This
process is called adipogenesis (Tong and Hotamisligil, 2001). There are two major
events of adipogenesis: preadipocyte proliferation and adipocyte differentiation, both of
which involve activation or inhibition of many transcription factors (Tong and
Hotamisligil, 2001). There are several stages in adipocyte differentiation. These include
growth arrest of primary preadipocytes, confluent preadipocytes with clonal expansion,
early gene expression and preadipocyte phenotype changed, and lipid droplets
accumulation in terminal event (Gregoire et al., 1998).

1.2.1 Transcriptional control of adipocyte differentiation

Adipocyte differentiation involves a temporally regulated set of gene-expression
events. Several transcription factor families, including the Kriippel-like factors (KLFs),
CCAAT/enhancer binding protein (C/EBP), peroxisome proliferator-activated receptor
(PPAR) and sterol regulatory element binding proteins (SREBP) families exhibit
different modes of function, and serve as key regulators of the adipogenesis process
(Rosen and Spiegelman, 2000; Tong and Hotamisligil, 2001).

In recent years, many members of KLF have been identified to be involved in both
adipogenesis (Wu and Wang, 2013). Some of them promote adipogenesis and some may

exert opposing effects. Activators of adipogenesis include KLF4, KLF5, KLF6, KLF9
5
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and KLF15, whereas KLF2, KLF3 and KLF7 inhibit adipogenesis (Wu and Wang,
2013).

After the treatment of preadipocytes with inducers of differentiation, C/EBPf and
C/EBPd gene expression were rapidly increased (Darlington et al, 1998).
Differentiating preadipocytes undergo approximately two rounds of cell division
(mitotic clonal expansion) after differentiation is induced (Zhang et al., 2004). Then the
pre-adipocytes exit the cell cycle and begin to express C/EBPa, which is followed by
the induction of many genes involved in producing adipocyte phenotype (Darlington et
al., 1998). Once expression is triggered, C/EBP can “auto-activate” its own gene and
activate the expression of the other adipocyte genes thereby maintain adipocytes in the
terminally differentiated state (Lane et al., 1999).

PPARs are ligand-activated transcription factors that belong to the nuclear hormone
receptor super-family (Grimaldi, 2001). All three isotypes, o, /6 and y, were involved
in the regulation of lipid and carbohydrate metabolism (Grimaldi, 2001). The level of
PPARa in white adipose tissue and in adipocyte cell lines is very low, which suggests a
limited role for this isotype during adipogenesis (Christodoulides and Vidal-Puig, 2010).
In contrast, PPARB/6 and PPARy are upregulated during adipose conversion with
differential time-course (Grimaldi, 2001). PPARP/6 is already detectable in growing
preadipocytes and is upregulated just at confluence to reach a maximal expression
during the post-confluent proliferation (Grimaldi, 2001). The y isoform is the master
gene in adipogenesis, induced at the end of clonal expansion proliferation and is
maximally expressed in terminally differentiated cells (Grimaldi, 2001).

SREBPs are a family of transcription factors that regulate cellular lipogenesis and
lipid homeostasis by controlling the expression of many enzymes involved in the

synthesis of cholesterol, fatty acid, TG and phospholipid (Ali et al., 2013).
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1.2.2 De novo fatty acid synthesis

De novo lipogenesis (DNL) or de novo fatty acid (FA) synthesis is the metabolic
pathway that synthesizes fatty acids from excess carbohydrates in body (Ameer et al.,
2014). These fatty acids can be incorporated into TG for energy storage. In animals and
humans, the lipogenic pathway is active mainly in the metabolic tissues: liver and
adipose tissue (Ameer et al., 2014). The flow of carbons from glucose to fatty acids
includes a coordinated series of enzymatic reactions. Glucose is taken into cell cytosol
by the glucose transporter then enters the glycolytic pathway and generates pyruvate
(Ameer et al., 2014). Pyruvate is converted into acetyl-CoA by pyruvate dehydrogenase
(PDH). Acetyl-CoA enters the tricarboxylic acid (TCA) cycle then citrate is produced
and exits the mitochondria (Ameer et al., 2014). Citrate is then converted back into
acetyl-CoA by the enzyme ATP-citrate lyase (ACLY) (Ameer et al., 2014). For fatty
acid synthesis pathway, there are two central enzymes. First, the acetyl-CoA
carboxylase (ACC) transfers the acetyl-CoA to malonyl-CoA (Ameer et al., 2014).
Second, the fatty acid synthase (FAS) uses the malonyl-CoA to generate 16-carbon
saturated palmitate (Ameer et al., 2014). After a series of reactions palmitate is further
converted into complicated fatty acids.

The irregularity of DNL in the key lipogenic tissues could disrupt the usual lipid
homeostasis in the body and cause many diseases, such as non-alcoholic fatty liver
disease (NAFLD), obesity and insulin resistance (Ameer et al,, 2014; Tamura and

Shimomura, 2005).

1.3 S14 and S14R
1.3.1 S14 gene and its regulation

The S14 (Spot 14, also called thyroid hormone responsive protein, THRSP) was the
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14™ spot of protein annotated on the two-dimensional gel for their differential
expression in the thyroidectomized rat liver treated with or without T3 (Seelig et al.,
1981). The S74 gene can be greatly induced by T3, as well glucose and insulin (Jump
and Oppenheimer, 1985). This gene is primarily expressed in lipid-producing tissues,
such as liver, mammary gland and adipose tissue. Jump and Oppenheimer found that
relative S14 mRNA expression levels in the fat depots and lactating mammary gland are
respectively 10- and 4-fold higher than that in the liver of euthyroid male rat by
Northern blot hybridization (Jump and Oppenheimer, 1985). In contrast, those in
various non-lipogenic tissues, such as brain, heart, kidney, lung, spleen, testes, and
pituitary are only 7% or less of that in the liver (Jump et al., 1984; Jump and
Oppenheimer, 1985). S14 protein is an acidic protein (approximately 17 kDa and pl
4.65) bearing no sequence similarity to other well-recognized functional motifs,
therefore it is unlikely to speculate its function simply based on its peptide sequences
(LaFave et al., 2006).

1.3.2 S14 protein participates in lipid synthesis

In a previous study, rat hepatocytes were transfected with S14 antisense
oligonucleotides. Compared with the controls, lipid synthesis as well as lipogenic
enzymes, such as ACLY, FAS and malic enzyme, were reduced in antisense
oligonucleotide transfected cells, implying its roles in lipogenesis (Kinlaw et al., 1995).
Animal experiments showed that deletion of S14 dramatically reduced fatty acid
synthesis in mammary gland (Zhu et al., 2005). However, whether S14 participates in
lipid metabolism by regulating the transcription of key enzymes of fatty acids synthesis
remains controversial (Kinlaw et al., 1995; LaFave et al., 2006). Some studies showed
that S14 was translocated into nucleus upon T3 treatment and it interacted with thyroid

hormone receptor (Chou et al., 2007). These suggest that S14 may act as a transcription
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factor or co-activator.

1.3.3 A paralog S14R may be redundant to S14 in lipid synthesis

In contrast to what was observed in the mammary gland of the S7/4 knockout mice,
lipid synthesis in the liver of these animals was not altered (Zhu et al., 2001). In fact, the
data regarding the exact functions of S14 in lipid synthesis in the liver were
contradictory. Knock-down of S74 in primary hepatocyte culture showed reduced fatty
acid synthesis with reduced activity of several enzymes, such as FAS and malic enzyme
in lipid metabolism (Kinlaw et al., 1995). In contrast, deletion of S74 in vivo resulted in
increased hepatic de novo lipogenesis (Zhu et al., 2001). After a long-term treatment
with both T3 and a high-carbohydrate diet even led to enhanced lipogenic enzyme
activity and a greater rate of hepatic de novo lipogenesis in the S7/4 knockout mice,
compared with the wild-type mice (Zhu et al, 2001). Zhu et al. proposed that a
redundant pathway for lipid synthesis in the liver may rescue the S/4-deficient
phenotype (Zhu et al., 2005). This genetic redundancy may not exist in the mammary
gland (Zhu et al., 2005). Later, a ubiquitously expressed paralogous protein named
S14-related protein (S14R, also called midline 1 interacting protein 1 (MID1IP1) or
MID1 interacting G12-like protein (MIG12)) was discovered (Berti et al., 2004; Zhu et
al., 2005). S14R is 32% homologous to S14 in amino acid sequence. S14R encodes an
approximately 22 kDa protein that was subsequently reported to cooperate with midline
1 (MID1) to bundle and stabilize microtubules (Kim et al., 2010). S14R was also
reported to facilitate the polymerization of ACC, which catalyzes the first committed
step in fatty acid synthesis (Colbert et al., 2010; Kim et al., 2010; Park et al., 2013). By
doing so, the ACC activity was increased by 50x and the de novo fatty acid synthesis
was increased. S14R is expressed at a very low level in the mammary gland, leading to

the speculation that the reduced fatty acid synthesis in mammary gland in S7/4-deletion
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mice was secondary to the lack of compensation by S14R, the potential redundant gene
in the liver (Aipoalani et al., 2010; Zhu et al., 2005). From the functional and structural
studies, it was demonstrated that S14 forms heterodimers with S14R and prevent its
facilitation of ACC polymerization (Colbert et al., 2010; Kim et al., 2010; Park et al.,
2013). A model of S14 and S14R was also proposed to implicate the role of S14 and
S14R in interaction with MID1 and microtubules as fatty acid trafficking proteins in
lipid metabolism (LaFave et al.,, 2006). Co-expression of S14 with SI14R actually
attenuates the ability of S14R to activate ACC (LaFave et al., 2006). This observation
suggests that the relative ratio between S14 and S14R may be critical for the biological
role of S14 in lipid synthesis (Colbert et al., 2010).

1.3.4 S14 is associated with obesity and metabolic disorders

At the amino-acid sequence level, human S14 is 82% identical to mouse S14 (Zhang
et al., 2011). The exact mechanisms of S14 function remain unclear. Lipid synthesis in
the liver of S/4-knockout mice did not decrease, whereas the knockout mice were
resistant to diet-induced obesity with better glucose tolerance and insulin sensitivity
(Anderson et al., 2009; Zhu et al., 2001). The lean mass of the knockout animals was
not different from the wild-type animals, while both the white adipose tissue and brown
adipose tissue were reduced (Anderson et al., 2009). In literature review, the function of
S14 in human subject is seldom discussed. Only the mRNA in subcutaneous adipose
tissue has been assayed (Kirschner and Mariash, 1999; Ortega et al., 2010).
Unexpectedly, the basal S14 mRNA levels of obese subjects were lower than normal
control (Kirschner and Mariash, 1999; Ortega et al., 2010). However, after 48-h fast, the
S14 mRNA levels in the non-obese individuals, but not in the obese subjects were
dramatically suppressed. This observation suggests that the expression of S14 in the

adipose tissue of obese subjects is dysregulated and S14 may participate in the
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pathogenesis of obesity and its co-morbidity in humans (Kirschner and Mariash, 1999;
Ortega et al., 2010).

In comparison to the liver and mammary gland, the role of S14 in the adipose tissues
is not well characterized. Adipose tissue is the primary site of S/4 gene expression. The
expression level of S74 was reported to be 10x higher than that in liver (Harvatine and
Bauman, 2006). The abundance of S14 mRNA in the adipose tissue was approximately
100-fold that of S14R, whereas it was only 10:1 in the liver (Harvatine and Bauman,
2006). S14 is documented in various adipocytes cell lines and human adipocytes and is
activated during adipocyte differentiation (Hausdorf et al., 1988; Kinlaw et al., 1995;
Ortega et al., 2010). In undifferentiated human preadipocytes, the expression level of
S14 is low and S14 protein is mainly localized in the nucleus (Ortega et al., 2010). Once
the adipocytes differentiated, S14 is abundant and localized in cytoplasm along with
FAS (Ortega et al.,, 2010). These data suggest that S14 could be a multifunctional
protein, performing different functions at different stages of adipocyte differentiation.
On the other hand, the S14 mRNA expression in adipocytes or adipose tissue is
regulated by various hormones (Table 1) (Blennemann et al., 1995; Clement et al., 1987;
Freake and Moon, 2003; Freake and Oppenheimer, 1987; Jump and Oppenheimer, 1985;
Kirschner and Mariash, 1999; Perez-Castillo et al., 1993).

As adipose tissue is the primary site of S74 gene expression and the deletion of S74
may result in resistance to diet-induced obesity and improvement in insulin sensitivity
and glucose tolerance, to study the regulation and function of S14 in adipose tissue will
be very helpful in understanding the pathogenesis of metabolic syndrome and related
disorders such as obesity, dyslipidemia and NAFLD. S14 could potentially be a

molecular target for treating these diseases.
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Chapter 2. Subjects, materials, and Methods
2.1 Clinical research

2.1.1 Human subjects

This thesis included two separate human study designs. Both studies followed the
guidelines of the Declaration of Helsinki and were approved by the research ethics
committee of the National Taiwan University Hospital (NTUH). Written informed
consent was obtained from each subject.

[Spot 14 and Hyperthyroidism]

Patients with thyroid disorders at their first visit to the endocrinology clinics of
NTUH during 2010 and 2011 were recruited in this study. We excluded the subjects
who had medical history of thyroid disorders, other co-morbidities, or under
medications. Consent was obtained from each of the 55 enrolled patients after providing
a full explanation of the purpose, nature, and procedures of the study. The institutional
review board (IRB) number for this study was 201005085R.

[Spot 14 and metabolic syndrome]

A total of 541 ostensibly healthy individuals who participated in a self-paid health
check-up program at the Health Management Center (HMC) of NTUH were recruited.
To eliminate the possible effects of inflammation and/or abnormal thyroid status,
subjects with hyperthyroidism or hypothyroidism, any kind of inflammation or infection,
such as acute illness, malignancy, hepatitis B, hepatitis C, rheumatoid arthritis, and
systemic lupus erythematosus were excluded in this study. We also excluded people
who were taking medicine for common cold, steroid, non-steroid anti-inflammatory
drugs or thyroid therapy drugs. Finally, a total of 327 individuals were included for this

study. The IRB number for this study was 201204030RIB.

12

d0i:10.6342/NTU201901578



2.1.2 Data collection, measurement, and determination

General physical examination and blood chemistry were performed. Basic data such
as age, gender, body height (BH), body weight (BW), body waist and blood pressure
(BP) on the right arm were recorded. Body mass index (BMI) was calculated as BW in
kilograms (kg) divided by BH in meters squared (m”). Body fat percentage (BFP) was
determined by using a body composition analyzer DX-300 (Jawon Medical, Gyeongsan,
Korea).

Blood samples were drawn from antecubital vein after overnight fast for at least 8
hours. Postprandial plasma glucose (PPG) level of health checkup individual was
examined 2 hours after taking a standardized meal (750 kcal, including 54%
carbohydrates, 30% protein, and 16% fat) prepared by the nutrition room of HMC of
NTUH (Hung et al., 2018). The blood chemistry data including alanine transaminase
(ALT), aspartate transaminase (AST), creatinine (CRE), fasting plasma glucose (FPG),
free thyroxine (fT4), hemoglobin (Hb), glycated hemoglobin (HbAlc), HDL-C, LDL-C,
PPG, TSH, total cholesterol (T-C), TG, and uric acid (UA) were performed following
the manufacturers’ instructions of the routine tests by the Department of Laboratory
Medicine, NTUH as previously described (Hung et al., 2015). Level of ALT and AST
were determined by Hitachi 7080 biochemical analyzer (Hitachi, Japan). Level of FPG
was measured using the Olympus AU series 680 with hexokinase method (Beckman
Coulter, Nyon, Switzerland). Serum levels of T-C, TG, HDL-C and LDL-C were
measured using the Olympus AU series 5800 with CHOD-PAP method, GPO-PAP
method, accelerator selective detergent, and liquid selective detergent, respectively
(Beckman Coulter, Nyon, Switzerland). TSH and fT4 were measured by Siemens DPC
Immulite 2000 (Siemens, Erlangen, Germany). TSH-receptor antibody (TRADb) levels

were determined by using the radioimmunoassay method (TSH receptor autoantibody
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coated tube kit, RSR, Cardiff, United Kindom). When the values were way outside the
laboratory measurement range (fT4 level > 5.4 ng/dl or TSH level < 0.004 plU/mL),
they were recorded as fT4 level = 5.4 ng/dl or TSH level = 0.004 plU/mL, respectively.
2.1.3 Patient groups and definition of disorders

[Spot 14 and Hyperthyroidism]

The data of TSH receptor antibody (TRAb), serum concentrations of fT4 and TSH
and typical clinical manifestations of thyrotoxicosis were used to diagnose
hyperthyroidism. The normal reference of fT4 and TSH used in NTUH were 0.6 to 1.75
ng/dL and 0.1 to 4.5 plU/mL, respectively. Euthyroidism was defined as both fT4 and
TSH levels within their normal reference ranges. When subject with the fT4 level >
1.75 ng/dL and the TSH level < 0.1 plU/mL was defined as hyperthyroidism (Tseng et
al., 2015). At the end, 26 subjects with newly diagnosed hyperthyroidism and 29 with
euthyroidism were included for this study.

[Spot 14 and metabolic syndrome]

The modified criteria of metabolic syndrome (MetS) from National Cholesterol

Education Program, Adult Treatment Panel III (NCEP ATP III) criteria for Asians were

applied: (1) central obesity: waist circumference = 90 cm in men and = 80 cm in
women; (2) elevated BP: BP = 130/85 mmHg (SBP/DBP), diagnosed hypertension or

known treatment for hypertension; (3) impaired fasting glucose: FPG level = 100

mg/dl, diagnosed T2DM or known treatment for diabetes; (4) low HDL-C: serum
HDL-C level <40 mg/dl in men and <50 mg/dl in women; (5) high TG: serum TG level

= 150 mg/dl (Tan et al., 2004). MetS was diagnosed with at least three of the above

five criteria, without any prerequisite. In our study, 98 subjects were diagnosed with

MetS, and 229 subjects belonged to non-MetS.
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The cut-off points of high BFP for men were 25.0% and for women were 35.0% (L1
et al., 2012).
2.1.4 Development of the enzyme-linked immunosorbent assay (ELISA) for

human serum S14

A competitive indirect enzyme-linked immunoassay (ELISA) for human serum S14
was developed (Chen et al., 2016). Different reagents and working dilutions of antigen
or antibody were tested. Polystyrene MaxiSorp® 96-well plates (Nunc A/S, Roskilde,
Denmark) were coated with 100ul human recombinant S14 proteins (100 ng/ml, diluted
in ice-cold 1x PBS; cat no. ag3721, ProteinTech, Chicago, IL) per well. The coated
plates were sealed and incubated on an orbital shaker (at 100 rpm; OS701, KS, Taiwan)

at 4°C overnight. Next day, the solutions were discarded then washed with washing

buffer [PBS-Tween (PBS-T), 0.05% Tween 20], and were pad-dried on a paper towel.
Then the plates were blocked with 100ul blocking buffer (PBST with 1% BSA) each
well, and incubated on the orbital shaker at 100 rpm at room temperature for 1.5 hours.
The solution was discarded and then the plates were washed with PBS-T once and
pad-dried on a paper towel. Subsequently, 50ul serum samples or standards were added
in each well and incubated at room temperature on a rotor at 160 rpm. After one hour,
50ul rabbit anti-Spot 14 polyclonal antibody (diluted by 1:10000 in blocking buffer;
catalog no. 13054-1-AP, ProteinTech, Chicago, IL) were added and incubated for 1.5
hours at room temperature and shaken at 160 rpm. After three times of washing with
PBS-T, 100ul of horseradish peroxidase-conjugated goat anti-rabbit IgG polyclonal
antibody (diluted in blocking buffer by 1:10000; GTX213110-01, Irvine, CA, USA) was
added to each well and shaken (160 rpm) for one hour at room temperature. Following
five times of washing with PBS-T, the solutions were then discarded and the plates were

pad-dried on a paper towel. Then 100ul 3, 3°, 5, 5’-Tetramethylbenzidine (TMB)
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solution (KPL, Gaithersburg, MD) were added to each well for coloration. After
15-minute incubation, the reaction was stopped by addition of 100ul 2.0 M H2SO4 per
well. Immediately, the optical density of each well was read at 450 nm using microplate
reader (VERSA max, Munich, Germany). The standard curve was obtained using
four-parameter logistic model. The assay was validated by the determination of assay
sensitivity, intra- and inter-assay variability. The minimum detection limit of the assay
was 10 ng/ml. For the intra-assay variability, the coefficient of variance (CV) of six
replicate sets of one serum sample was 7.5%. For the inter-assay variability, the CV of
six independent assays of one serum sample was 9.5%.

2.1.5 Statistical analysis for clinical data

[Spot 14 and Hyperthyroidism]

We presented the numerical variables as median values (Ql, Q3) and used
Mann-Whitney U test to compare the numerical variables between the hyperthyroidism
and euthyroidism groups. Categorical data were presented as percentage. Fisher’s exact
test was used for comparisons of categorical variables. The skewness and kurtosis of the
data was checked with normality test. We made log transformation of S14 levels for
analysis. To analyze the possible associations between logS14 levels and other variables,
the data of the patients with hyperthyroidism or euthyroidism were pooled together. Log
transformation of serum levels of S14 (logS14) was calculated. The effects of
demographic, anthropometric, or laboratory parameters for logS14 were evaluated by
performing linear regression analyses.

To minimize the possible bias that might exceed the range of the commercial kits, we

divided the TSH into quartiles (Group 1: TSH = 0.004; Group 2: 0.004 < TSH =

0.422; Group 3: 0.422 < TSH = 1.17; Group 4: 1.17 < TSH). The effect of TSH
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quartile group for logS14 was also calculated by regression analysis.

We performed stepwise forward multivariate regression to analyze the effects of
demographic, anthropometric, or laboratory parameters for logS14 concentrations. Only
variables with P values < 0.05 were considered as statistically significant.

[Spot 14 and metabolic syndrome]

All numerical data were expressed as mean =+ standard deviation (SD). Differences of
serum S14 levels between subjects with or without specified anthropometric or
metabolic factors were analyzed by using ¢ test. Differences of categorical data between
groups were analyzed by Chi-square test. We used the skewness and kurtosis of the data
to check the normality and made log transformation of S14 levels for analyzing the
associations with demographic, anthropometric, or laboratory parameters by linear
regression. To estimate the odds ratios (OR) of metabolic syndrome and its different
components in relation to logS14, we divided the logS14 into quartiles. Logistic
regression models were used with the adjustment of age and gender to examine the OR
with 95% confidence intervals (CI). P values < 0.05 were considered as statistically
significant. All statistical analyses were conducted using IBM SPSS version 22.0

statistical package (IBM Corporation, Armonk, USA).

2.2 Cell and molecular biology

2.2.1 3T3-L1 pre-adipocyte culture and differentiation

3T3-L1 mouse pre-adipocytes have been widely used to study adipocyte biology.
3T3-L1 pre-adipocytes were purchased from the American Type Culture Collection
(ATCC, CL-173™) and grown in Dulbecco’s Modified Eagle Medium (DMEM) with
high glucose (4.5 g/L) supplemented with 10% (v/v) newborn calf serum (NBCS). The

cell culture was maintained in a humidified incubator at 37°C with 5% CO,. For
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differentiation, confluent cells were cultured for additional two days and next with an
induction medium of DMEM supplemented with 10% fetal bovine serum (FBS), 1 uM
dexamethasone (DEX), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX) and 1 pg/ml
insulin. Two days later, the induction medium was replaced with maintenance medium
(DMEM with 10% FBS and 1 pg/ml insulin) and the medium was changed every two
days until fully differentiated.

2.2.2 Spot 14 knockdown by lentiviral transduction

The pLKO.1-shS14 plasmid, which encodes short hairpin RNA targeting S14, was
obtained from the National RNAi Core Facility at Academia Sinica at Taipei. The
sequences of S14  shRNA  were 5’-CCCTGATCTCTATACCTACTT-3’
(TRCN000095920). The pLKO.1-shLuc (TRCN0000072249) targeting the luciferase
gene was used as a control for RNA interference. For lentiviral transduction, the 3T3-L1
pre-adipocytes were seeded at approximately 40% confluence in 10-cm dishes one day
prior to transduction. Next day, 7 ml fresh medium containing polybrene (10 pg/ml) and
S14 shRNA or control lentivirus at appropriate titers (8x10” R.I.U virus, M.0.I=8) were
added to each well. The curve of transduced cells’ viability versus viral dose was used
to estimate the relative titer of lentivirus following the manufacturer’s instruction.
Forty-eight hours later, the infected cells were switched to medium containing
puromycin (2 pg/ml) for selection for another two weeks. The stably transduced cells
were induced to differentiation as described above.

2.2.3 Oil red O staining

In 1 ml isopropanol, 3.5 mg Oil Red O (Sigma-Aldrich, St. Louis, MO) was dissolved
and filtered with a 0.22 pum filter, and stood at room temperature as the stock solution.
The Oil Red O working solution was freshly prepared (60% v/v stock and 40% v/v

ddH,O) before staining. Adipocytes were washed with PBS and fixed with 10%
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formaldehyde at room temperature for 10 minutes, followed by another one hour with
10% formaldehyde. Then the cells were washed twice with PBS and once with 60%
isopropanol. After washing, the plates were placed into a 50°C oven for 15 minutes to
dry the residual solvent completely, followed by staining with Oil Red O working
solution for 20 minutes at room temperature. After washing with distilled water four
times, the amount of lipid can be estimated by photograph immediately under a
microscope. Alternatively, the Oil Red O coupled with the lipid can be eluted with
100% isopropanol and measured at 492 nm by a spectrophotometer (VERSA max,
Munich, Germany).

2.2.4 RNA extraction, RT-PCR, and real-time PCR

Total RNA of 3T3-L1 cells and animal tissue samples were extracted using TRIzol
reagent (Ambion, Texas, USA) and followed by reverse transcription by a RT Kkit
(Fermentas/Thermo Scientific, St. Leon-Rot, Germany) following the manufacturer’s
instruction. The relative mRNA levels for specific genes were quantified by real-time
qPCR using ABI StepOne Plus detection system (Applied Biosystems, Foster city, USA)
and Roche LightCycler 480 (Roche Diagnostics, Mannheim, Germany). The primer
sequences of the relevant genes for qPCR were listed in Table 2, and the melting points
(Tm) of these primer pairs are all 60 °C. The expression levels of the examined genes
were normalized to 36B4 expression.

2.2.5 Cytokines and ER stress inducers treatment

Adipocytes were treated with 10 ng/ml IL-1B (Peprotech, Rocky Hill, NJ) or 10
ng/ml TNF-a (Biovision, Inc., Milpitas,CA) to trigger inflammation and 100 nM
Thapsigargin (Tocris Bioscience, Bristol, UK) or 1 pg/ml Tunicamycin (Sigma-Aldrich,
Steinheim, Germany) to induce ER stress for 24 hours. All the inhibitors for blocking

different signaling pathways used were summarized in Table 3.
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2.2.6 Protein extraction and Western blot analysis

The 3T3-L1 cells were washed with ice-cold PBS twice. Then the cells were lysed in
radio-immunoprecipitation assay lysis buffer (RIPA buffer: 30mM Tris-HCL, 150mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS in ddH,O) with protease
inhibitor cocktail (Roche, Penzberg, Germany) and incubated on ice for 30 minutes.

After centrifugation (12000 rpm, 4°C, 30 minutes), the supernatant were harvested as

total cellular protein lysate. Protein concentration was measured by a BCA protein assay
kit (Pierce, Bonn, Germany). For SDS polyacrylamide gel electrophoresis (PAGE), cell
lysates were boiled with 1x sample buffer with 5% beta-mercaptoethanol (B-ME,
Sigma-Aldrich, St. Louis, USA). Boiled lysates of 10-50 pg were electrophoresed on a
12 or 15% SDS-PAGE gel in Tris-Glycine buffer system and transferred onto 0.22 pm
nitrocellulose membranes (Sartorius-Stedim Biotech, Goéttingen, Germany) in
Tris-Glycine-Methanol buffer. The membrane was blocked with 1x Tris-buffered saline
with 0.1% Tween-20 (TBST) containing 5% bovine serum albumin (BSA) or nonfat
milk, followed by incubation respectively with rabbit anti-THRSP polyclonal antibody
(Abcam, Cambridge, UK, ab97504, 1:1000), rabbit anti-THRSP polyclonal antibody
(GeneTex, Irvine, USA, GTX32922, 1:1000), goat anti-THRSP polyclonal antibody
(R&D Systems, Minneapolis, MN, USA, AF6574, 1:400), and rabbit anti-beta-actin
polyclonal antibody (GeneTex, Irvine, USA, GTX109639, 1:10,000) as indicated in

each experiment on an orbital shaker at 4°C overnight. Then the membrane was washed

three times with 1x TBST and incubated with horseradish peroxidase (HRP)-linked goat
anti-rabbit IgG polyclonal antibody (GeneTex, Irvine, USA, GTX213110-01, 1:10,000)
for 1 hour at room temperature. After the membrane was washed thrice with 1x TBST,

the signals were quantified by an enhanced chemiluminescence (ECL) detection system
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(GE Healthcare, Little Chalfont, UK).

2.2.7 Immunofluorescence stain

Fibroblasts or adipocytes were grown on glass coverslips (18 x 18 mm) and fixed
with 2% (v/v) formaldehyde in PBS. All fixed cells were quenched with quench buffer
(PBS containing 0.1% Triton X-100 and 150 mM sodium acetate, pH 7.4). Cells were
then washed with wash buffer (PBS containing 0.1% Triton X-100), followed by
blocking with blocking buffer (wash buffer containing 3% BSA) and subsequently

incubated with primary antibody for overnight at 4°C. After wash, cells were then

incubated with the species-specific fluorophore-conjugated secondary antibody
(Jackson ImmunoResearch, West Grove, PA, USA) for 1 hour at room temperature. To
stain the lipid droplets of adipocytes, cells were incubated with BODIPY 493/503
(D3922, Invitrogen, Carlsbad, CA) for 10 minutes at room temperature. All cells were
incubated with 0.5pg/ml 4°, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St.
Louis, USA) for nuclear staining and mounted with Fluoromount-G mounting medium
(SouthernBiotech, Birmingham, AL, USA). Traditional fluorescence microscopy images
were collected using an OLYMPUS IX70 fluorescence microscopy. Images from
confocal microscopy were collected using a Leica TCS SP5 confocal microscopy.

2.2.8 Luciferase assay

One day prior to transfection, 3T3-L1 fibroblasts were seeded onto 6-well culture
dishes (8 x 10* cells per well) were co-transfected with the 1 pg pGL3-KLF15 or
pGL3-PPARy promoter plasmids with 1 pg pcDNA3.1-S14 and 10 ng Renilla luciferase
vector with TurboFect Transfection Reagent (Thermo Scientific, St. Leon-Rot,
Germany). On day 6 after the induction of differentiation, adipocytes were also
co-transfected with the same plasmids as 3T3-L1 fibroblasts. After 48-h incubation, the

firefly and Renilla luciferase activity were determined by Dual Luciferase Reporter
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Assay System (Promega, Mannheim, Germany) according to the manufacturer’s
instructions. The samples were detected in a Plate Chameleon Luminometer (Hidex,
Turku, Finland)

2.2.9 Chromatin immunoprecipitation (ChIP)

ChIP assays were performed according to manufacturer’s protocols (#91820, Cell
Signaling Technology, Danvers, USA). Briefly, 3T3-L1 fibroblasts were fixed with 1%
formaldehyde at RT for 10 minutes. Then quenching unreacted formaldehyde with
glycine at RT for 5 minutes, following wash with ice-cold PB and lysing cells with
nuclear lysis buffer. The lysate were sonicated on Sonicator® (XL2020, Misonix,
Farmingdale, NY, USA) at middle power setting for 3 cycles (each cycle: on 20 sec and

off 20 sec for 5 minutes). After centrifugation (9400g, 10 minutes, 4°C), the supernatant

was transferred to a new tube. The length of sheared DNA was determined by 1%
agarose gel and was about 150-900 base pairs (bp) (Figure 1). The antibody against IgG
(GeneTex, Irvine, USA), Histone H3 (Cell signaling Technology, Danvers, USA),
THRSP (R&D Systems, Minneapolis, MN, USA) were used to immunoprecipitate DNA
fragments. The precipitated DNAs were analyzed by PCR (GeneAmp® PCR system
2700, Applied Biosystems®, Waltham, USA).

2.2.10 Transient transfection, Inmunoprecipitation and Mass spectrometry

We used HEK293 human cell line for analyzing S14 protein and other potential
protein interaction. HEK293 cells were transiently transfected with 2 pg pcDNA3.1
empty vector or pcDNA3.1-Spot 14-Flag plasmids by TurboFect Transfection Reagent
(Thermo Scientific, St. Leon-Rot, Germany). The Flag-tagged S14 protein and its
interacting partners were isolated form cell extracts by immunoprecipitation using
M2-Agarose resin (Sigma-Aldrich, St. Louis, USA). Briefly, the 500ug of total protein

extracts were first incubated with 5ug of agarose beads for 60 minutes at 4°C the
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centrifuged at 4000g for 5 minutes to remove nonspecific binders. The supernatant was
incubated with Sug of anti-Flag monoclonal antibody covalently attached to crosslinked
agarose beads (M2). The mixture was gently mixed by inversion on a multi-rotator

(25rpm, Multi Bio RS-24, Biosan, Riga, Latvia) for overnight at 4°C. The insoluble

fraction were recovered by centrifugation (4000g for 3 minutes) and washed by five
cycles of resuspension in wash buffer (20mM Tris-HCI, 250mM NacCl, 1% Triton X-100,
pH7.4) followed by centrifugation as described above. Immunocomplexes were eluted
from the beads by resuspension in 60ul of 2x SDS samples buffer containing B-ME and
boiled for 10 minutes. One third of supernatant was used for Western blot analysis to
check the S14 protein. The remaining extracts were used for SDS-PAGE analysis and
stained with coomassie blue. The protein bands of interest were excised for in-gel
digestion with trypsin and chymotrypsin. The resulting peptides were analyzed by
tandem mass spectrometry. We send the samples to Dr. Pang-Hung Hsu’s Lab in the
Department of Bioscience and Biotechnology of National Taiwan Ocean University for
performing Mass and data analyzing. All MS/MS spectra were converted to the mgf
format and analyzed by MassMatrix software.

2.2.11 Statistical analysis for basic research

Statistical analysis was indicated in each corresponding figure legend. All data were
generally presented in mean + SD from at least 3 independent assays. All analyses were
calculated using Excel (Microsoft Office 2013). P values were calculated from
two-tailed statistical tests. A difference is considered statistically significant when p <

0.05.

2.3 Animal model establish

S14 gene has two exons and the coding region only resides in the first exon. In order
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to investigate the specific role of S14 in animal model, we used the Gene Knockout
Mouse Core Laboratory of NTU Center of Genomic and Precision Medicine to create
conditional S74 exon 1 deletion mice by CRISPR/Cas9 strategy (Figure 2). Briefly, we
inserted /oxp respectively at 3676 bp 5’ to S14 exon 1 and 445 bp 3’ to S14 exon 1 by
CRISP/Cas9 strategy. Mouse ES cells were transfected with the plasmids expressed
Cas9 and target specific sgRNAs. The sequence of S14 5’sgRNA was
5’-CAACTGCCGAGCGTGTCATT-3’ and S14 3’sgRNA was
5’-GGGCATACATGGCGTGCTCT-3’. Thirty-two mice were bred. Only 2 founders
with the targeting sequences were identified by sequencing. The sequences of primers
for genotyping as following: SVF1 16314 (5’-TGACGTTAACACCTGTTTGGAGT-3’),
5VRI 16857 (5’-GGAACCATTTACCCCATCTCCTG-3"), 3VF1 20890
(5’-GTGACCTCCTACAGAGGACAGAA-3), and 3VRI 21376
(5’-TGAGGCAGAAGAATCTCTACGTT-3’).

In order to generate the adipose tissue specific S7/4 knockout mice, we bought a strain
of mice, C57BL/6-Tg(Adipog-FusRed,-cre/ERT2)13Narl, from National Laboratory
Animal Center. The strain was generated by microinjection of C57BL/6J embryos with
Adipog-FusRed-IRES-cre/ERT2 (BAC base) transgene and the Cre recombinase will
express in adipose tissue and activates after tamoxifen treatment (Figure 3). Tamoxifen
(T5648, Sigma-Aldrich, St. Louis, USA) was dissolved in corn oil (C8267,
Sigma-Aldrich, St. Louis, USA) at a concentration of 20 mg/ml. To induce Cre
recombinase activity, transgenic mice were injected intraperitoneally with tamoxifen
(1-1.5mg/20g body weight) for five consecutive days. Mice were dissected at 28 days
after treatment and tissue samples were collected. The sequences of primers for
genotyping as following: CreF (5’-CTAAACATGCTTCATCGTCGGTC-3’) and CreR

(5’-TCTGACCAGAGTCATCCTTAGCG-3).
24

d0i:10.6342/NTU201901578



Animal protocols were approved by the Institutional Animal Care and Use
Committee, Colleges of Medicine and Public Health of National Taiwan University in
accordance with National Institutes of Health guidelines (IACUC application no.
20140555). All animals were housed at an ambient temperature with a 12 hours
light/dark cycle and were fed with a standard rodent diet at libitum and provided free

access to water.
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Chapter 3. Results
3.1 Clinical research

3.1.1 Patients with hyperthyroidism had higher serum S14 levels

This study enrolled 26 subjects with hyperthyroidism (34.6% were males) and 29
with euthyroidism (13.8% were males) (Table 4). The anthropometric characteristics
and laboratory data of hyperthyroid and euthyroid patients at their first visit are shown
in Table 4. The median value of age of the patients with hyperthyroidism and
euthyroidism was 35.5 and 43 separately (Table 4). The subjects with hyperthyroidism
had higher fT4, AST and ALT levels but lower TSH, CRE, T-C, HDL-C, and LDL-C
levels than the euthyroid patients (Table 4). The FPG and TG levels of patients with
hyperthyroidism were higher, but not statistically significant, than those of subjects with
euthyroidism. The median S14 levels of hyperthyroid patients were higher than those of
euthyroid subjects (975 [669, 1612] ng/mL vs 436 [347, 638] ng/mL, p < 0.001; Table
4). The difference of S14 levels between hyperthyroidism and euthyroidism was only
significant in females, not in male (Table 4).

3.1.2 Serum S14 concentration is negatively associated with TSH level

The predictive effects of demographic, anthropometric, or laboratory parameters for
S14 concentrations were evaluated by performing a linear regression analysis. The
univariate linear regression analysis revealed that logS14 was negatively associated with
CRE (B =-1757, p = 0.006), T-C (B = -0.006, p = 0.004), TG (B = -0.004, p = 0.015),
LDL-C (f =-0.007, p=10.015), and TSH (B =-0.371, p < 0.001) (Table 5) in all patients.
In addition, logS14 was positively associated with fT4 (B = 0.213, p = 0.003) (Table 5).
After adjustment with age and sex, the association between logS14 and CRE, T-C, TG,
fT4, TSH remained significant (B = -2.681, p <0.001; = -0.006, p = 0.023; § = -0.004,

p = 0.029; B = 0.192, p = 0.010; and B = -0.340, p = 0.003, respectively) (Table 5).
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However, the association between logS14 and LDL-C became insignificant. In addition,
the significant associations between logS14 and age, BW, BMI, CRE, AST, TC, TG,

LDL-C, fT4, and TSH were only existed in females but not in males (Table 5). We

divided the TSH into quartiles (Group 1: TSH = 0.004; Group 2: 0.004 < TSH =
0.422; Group 3: 0.422 <TSH = 1.17; Group 4: 1.17 < TSH). The TSH quartile group

was also negatively associated with logS14 level (B = -0.302, p < 0.001) in the linear
regression analysis (Table 5 and Figure 4). The stepwise multivariate regression analysis
shown that TSH quartile group was still negatively related to the logS14 level (Table 6).

3.1.3 Demographics and characteristics of human subjects in MetS study

In a total of 327 subjects, the mean age was 53.2 years old and 61.5% were males
(Table 7). Ninety-eight subjects of them (30.0%) were diagnosed with MetS (Table 7).
About 36.8% in males and 19.0% in females had MetS. The mean age of the subjects
with MetS were slightly higher, but not significantly, than that of without MetS
(non-MetS) (54.2+8.4 years vs. 52.8+10.2 years, p = 0.183, Table 7). There were
significantly more males in MetS group than non-MetS group (75.5% vs. 55.5%,
p<0.001, Table 7). The subjects with MetS had significantly higher BH, BW, BMI, BFP,
waist, pulse, SBP, DBP, ALT, FPG, PPG, CRE, Hb, HbAlc, TG, and UA, but lower
HDL-C in comparison to those without (Table 7). There was no difference of thyroid
function tests (fT4 and TSH) between these two groups.

3.1.4 The subjects with MetS had lower serum S14 levels

The mean serum S14 level of total subjects was 101.2+37.7 ng/ml. By two-tailed
independent t-test, it was found that the mean S14 level of female subjects was

significantly higher than that of male subjects (112.7£42.9 ng/ml vs. 94.01£32.1 ng/ml,

p<0.001). The subjects with MetS had significantly lower S14 levels than that of the

27

d0i:10.6342/NTU201901578



non-MetS subjects (87.1£26.3 ng/ml vs. 107.3+40.2 ng/ml, p<0.001) (Table 7, Figure
5).

Analysis with consideration of each component of the MetS criteria revealed that the
subjects with central obesity (95.7+30.4 ng/ml vs. 107.0+43.4 ng/ml, p = 0.006) and
high TG (87.2£26.3 ng/ml vs. 106.1+39.8 ng/ml, p<0.001) had significantly lower
serum S14 levels than those without (Figure 5). In addition, the subjects with low
HDL-C also had significantly lower S14 levels than those without (94.2+31.3 ng/ml vs.
104.6+40.0 ng/ml, p = 0.02) (Figure 5). There were no significant differences in S14
levels between the subjects with and without elevated BP or with and without impaired
fasting glucose (IFG) (Figure 5). On the other hand, the subjects with high body fat
(93.3433.9 ng/ml vs. 106.1+£39.1 ng/ml, p = 0.003) or BMI (87.6+31.8 ng/ml vs.
104.54£38.3 ng/ml, p = 0.001) also had significantly lower S14 levels than those without
(Figure 5).

3.1.5 Serum S14 level was negatively correlated with metabolic profiles in

multivariate linear regression analysis

In univariate linear regression analyses, logS14 was significantly related to age in a
negative manner (f = -0.004, p = 0.029). Female gender was significantly associated
with higher logS14 (B = 0.177, p<0.001). Adjusted with age and gender, MetS was
negatively related to logS14 (Table 8). Using individual component of the MetS as the
independent variable, logS14 had negative association respectively with central obesity,
low HDL-C, and high TG (Table 8). In contrast, the relationship between logS14 and
elevated BP or IFG was not significant (Table 8). In multivariate linear regression with
adjustment of age, gender and all five components of the MetS as independent variables
in the model, age (B = -0.120, p = 0.030), gender (p = -0.237, p<0.001), central obesity

(B = -0.139, p = 0.016) and high TG (B = -0.152, p = 0.011) were significantly
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associated with the logS14 levels in a negative manner (Table 9). In contrast, there was
no significant between logS14 and elevated BP, IFG or low HDL-C (Table 9).

3.1.6 Higher S14 level associated with reduced risk of MetS

In binary logistic regression models, the ORs for the MetS and its five diagnostic
components were respectively evaluated with quartile of logS14 adjusted with age and
gender. The increment in logS14 level reduced risk for MetS, central obesity, low
HDL-C, or high TG with a dose response trend (Table 10). Each quartile increment in
logS14 was associated with reduced risk for the MetS (OR 0.65, 95% CI, 0.51-0.82,
p<0.001), central obesity (OR 0.72, 95% CI, 0.58-0.89, p = 0.002), low HDL-C (OR
0.76, 95% CI, 0.61-0.95, p = 0.015) and high TG (OR 0.65, 95% CI, 0.51-0.83, p =
0.001) respectively by 35%, 28%, 24% and 35%. On the other hand, the risk for

elevated BP and IFG had no difference from various logS14 levels.

3.2 Basic research

3.2.1 Establish an immune related insulin resistant cell model

Differentiation of 3T3-L1 fibroblasts into adipocyte-like cells is the most common in
vitro model used in the study of adipocyte biology (Green and Meuth, 1974). In order to
study the pathological mechanism of immune related insulin resistance, we treated
3T3-L1 adipocytes with inflammatory cytokine IL-1f and found that the mRNA
expression level of adiponectin, an adipocyte-derived hormone, was repressed in our
lab’s preliminary experiments. This result demonstrated that inflammatory response
really influenced adipocyte function. Following, we performed gene microarray for
analyzing the gene expression differences between 3T3-L1 adipocytes which were
treated with and without IL-13. The expression of certain genes were significantly

altered by more than 2-fold in IL-1p treated cells genes were further confirmed by
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real-time PCR (Table 11). According to the data, S14 was the most significantly
down-regulated gene in IL-1p treated cells compared with the controls. So far we only
know that S14 was involved in fatty acid synthesis, but the detailed mechanism and the
role of S14 in fat cells remain unclear.

3.2.2 S14 and S14R are activated during adipocyte differentiation

In order to study the function of S14 in adipocytes, we used 3T3-L1 cell as a model
and observed the expression of S14 during adipocyte differentiation. After induction
with the cocktail of insulin, dexamethasone (DEX), and 3-isobutyl-1-methyl-xanthine
(MIX) at day 4, the S14 mRNA was up-regulated up to more than 400-fold, and even up
to 700-fold on day 8 during 3T3-L1 differentiation (Figure 6a). In contrast, S14R, the
paralogous gene of S14, was enhanced only by less than 3-fold in the same experiments
(Figure 6b). The result suggested that compared with S14R, S14 may play a more
important role in adipocyte differentiation.

3.2.3 S14 is necessary for adipocyte differentiation

To further address the function of S14 in adipogenesis, we knocked down S14 mRNA
expression using specific shRNA. In 3T3-L1 pre-adipocytes, infection with the
lentivirus containing S14-shRNA significantly decreased S14 mRNA by 50% compared
with the scramble controls (Figure 7a). In contrast, the S14R and adiponectin mRNA
levels were not affected by S14-knockdown in pre-adipocytes (Figure 7a). Interestingly,
after adipogenic induction, the S14 mRNA level in the cells infected with S14-shRNA
lentivirus was only 12% that of the differentiated adipocytes infected with the scramble
controls (Figure 7b). The adiponectin mRNA level was profoundly decreased by S14
silencing as well (Figure 7b). However, the S14R mRNA level was not affected. The
S14-shRNA infected cells did not appear to differentiate well and therefore accumulated

far less lipid droplets compared to the scramble control cells (Figure 7c). Quantification
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of triglycerides by Oli-Red-O dye eluted from the cells indicated that the lipid
accumulation was reduced by 89% with S14-knockdown compared to the controls
(Figure 7d). These results suggest that S14 plays a role of adipogenesis and that S14R is
unable to complement the loss of S14 in adipocyte differentiation (Figure 7).

3.2.4 Knockdown S14 affects the adipocyte differentiation gene markers

To determine the possible mechanism by which S14 may affect 3T3-LlI
differentiation, we assayed the expression levels of various genes at different stages
related to adipocyte differentiation in 3T3-L1 cells infected with S14 shRNA or
scramble RNA lentiviruses at undifferentiated or differentiated stages. Neither activators
nor suppressors of the pre-induction phase were significantly altered by
S14-knockdown (Figure 8). Among the genes in the early phase of adipogenesis, C/EBP
homologous protein 10 (CHOP10), a dominant-negative member of the C/EBP family,
was decreased to 40% of the controls, whereas KLF15, a pivotal activator of
adipogenesis, was down-regulated to only 13% (Figure 8b, 8c). Among the genes in the
late phase of adipogenesis, C/EBPa was reduced to 15% (Figure 8c). Since both KLF15
and C/EBPa are the transcription factors upstream to PPARY2 in adipogenesis, the
mRNA of PPARY2 was reduced to only 10% by down-regulation of the S14 expression
compared to the scramble control in differentiated adipocytes (Figure 8c). We also
measured some other genes expressed at the terminally differentiated stage, such as
adiponectin (ADQ), fatty acid binding protein 4 (FABP4), resistin (RETN),
hormone-sensitive lipase (HSL), lipoprotein lipase (LPL), acetyl-coA carboxylase
(ACC), and fatty acid synthase (FAS) (Ranganathan et al., 2006; Strable and Ntambi,
2010). Their mRNA levels were all profoundly reduced by S14 knockdown (Figure 8c).
These observations suggest that S14 regulates adipogenesis and lipogenesis.

3.2.5 Different intra cellular locations of S14 in 3T3-L1 pre-adipocytes and
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adipocytes

To monitor the intra-cellular localization of endogenous S14 during 3T3-LlI
differentiation, we used immunofluorescence staining to detect S14 in 3T3-L1
pre-adipocytes and adipocytes. We found that S14 is mainly localized in the nucleus in
pre-adipocyte, but mainly localized in the cytoplasm associated with lipid droplets in
differentiated adipocytes (Figure 9). These experiments imply that S14 may play
different roles in pre-adipocytes and adipocytes, and may be a protein with dual
functions.

3.2.6 S14 activates KLF15 and PPARY2 promoter activity in adipocytes

Both KLF15 and PPARY2 are two important transcription activators for adipogenesis
(Berger, 2005; Mori et al., 2005; Siersback et al., 2010; Wu and Wang, 2013). The
expression of both transcription factors was down-regulated by S14 knockdown in
3T3-L1 (Figure 8c). To investigate how S14 altered the transcription activity of KLF15
and PPARy2, we constructed approximately 2-kb KLF15 and PPARy2 promoters to
drive the expression of luciferase gene. Co-transfection of a construct over-expressing
S14 gene with the promoter construct of these two genes in 3T3-L1 pre-adipocytes and
adipocytes were performed to investigate if S14 can activate these promoters or not.
S14 only slightly increased the promoter activity of KLF15, but not PPARY2 in
pre-adipocytes (Figure 10a). The promoter activity of KLF15 and PPARY2 both were
increased by co-transfection of S14 construct in differentiated adipocytes (1.81 and
1.41-folds) (Figure 10b). Next, we generated promoter deletion constructs of KLF15 to
map the specific response elements. No matter what promoter deletion constructs were
used, the promoter activity was increased in pre-adipocyte by S14 co-transfection
(Figure 10c).

In addition, we performed chromatin immunoprecipitation (ChIP) assay with S14
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antibody to investigate the possible DNA sequences that may interact with S14 protein.
Figure 11a showed that the ChIP was working. We also demonstrated that the S14
protein existed in the chromatin sample section by Western blot (Figure 11b). We sent
the final samples to Next Generation Gene Sequencing and Bioinformatics Analysis
Services Center of National Taiwan University Hospital. The analysis is still in
progress.

3.2.7 Analysis of the potential interacting protein of S14 by IP-Mass

Previous studies showed that S14 was translocated into nucleus upon T3 treatment
and interacted with thyroid hormone receptor in breast cancer cell line, suggesting that
S14 may act as a transcription factor (Chou et al., 2007). However, there was no
reported nuclear localization signal (NLS) or nuclear export signal (NES) in the S14
sequence. We speculated that S14 might regulate signal pathways of adipogenesis
through interact with other proteins. To demonstrate the possibility, we treated 3T3-L1
pre-adipocytes with formaldehyde to cross-link proteins and then performed
immunoprecipitation experiments to pull-down endogenous S14. However, there was no
detectable S14 by Western blot. Next, we tried to use the overexpressed tagged-S14 in
pre-adipocytes then performed the same experiments. However, 3T3-L1 cells were very
difficult to transfect. Then we turned to 293T cell line as the model. We overexpressed
pcDNA3.1-S14-Flag into HEK293T cells and pull down the overexpressed tagged-S14
by immunoprecipitation and run the SDS-PAGE. We separated the gels for mass
spectrometry analysis to identify the interacting proteins. Comparing the vector control,
we found several potential interacting proteins, such as ZA2G, GCN2, APOD and KLF7
(Table 12).

3.2.8 Cytokines and ER stress down-regulated S14 mRNA Expression

PPARY2 is the master gene for adipogenesis as well as the key regulator of insulin
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sensitivity. Since S14 may regulate the expression of PPARY2, we postulated that some
biological factors which modulate insulin sensitivity, such as inflammatory cytokines
and ER stress may regulate Spot 14 expression. The Spot 14 mRNA expression levels
were measured in the differentiated 3T3-L1 adipocytes treated with inflammatory,
cytokines IL-1P and TNF-a, and ER stress inducers, tunicamycin and thapsigargin. Its
mRNA expression levels were reduced to 10%, 12%, 20% and less than 10% of the
controls, respectively by IL-1B, TNF-a, tunicamycin (TUN) and thapsigargin (TSG)
treatment (Figure 12b). Likewise, the mRNA levels of adiponectin, a biomarker of
insulin sensitivity of the adipose tissues (Lu et al, 2008), were significantly
down-regulated respectively by 55%, 44%, 66% and more than 90% with the same
treatment (Figure 12a). In contrast, the mRNA of S14R was slightly altered by the
treatment of IL-1p, TNF-a, TUN and TSG (Figure 12c). These results suggest that S14
may participate in the pathophysiology of obesity-related insulin resistance induced by
inflammation and ER stress (Figure 12b).

We further tested whether signaling proteins such as Jak2, p44/42 MAP kinase, p38
MAP kinase, and PI3-kinase, which have been implicated in cytokine or ER stress
signaling, might play a role in downregulation of adiponectin and S14 gene expression.
For this purpose, 3T3-L1 adipocytes were pretreated with specific pharmacological
inhibitors for 1 hour before cytokines or ER stress inducers were added for 24 hours.

IMD-0345, an IKK-B inhibitor, inhibits the phosphorylation of IxB and the nuclear
translocation of NFkB (Kamon et al, 2004). It has been shown to restore
TNFoa-mediated downregulation of adiponectin secretion in 3T3-L1 adipocytes (Hino
and Nagata, 2012; Kamon et al., 2004). In our study, we found that IMD-0354 can
restore IL1-B, TUN and TSG-mediated S14 downregulation by 16-, 5.4-, and 12.3-folds

respectively (Figure 13). The mRNA expression of ADQ also was recovered in
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adipocytes with IL-1f or TUN by IMD-0354 treatment, but there was no difference
from TSG treatment with IMD-0354 in adipocytes (Figure 13). The reduction of mRNA
expressions of S14 and ADQ of adipocytes by IL-1p, TUN or TSG did not change with
another IKKp inhibitor, SC-514, treatment. On the other hand, LY294002, a chemical
inhibitor of phosphatidylinositol 3-kinase (PI3K), also restored ILI-f, TUN and
TSG-mediated S14 downregulation (10.8, 14.4, and 11.6-folds respectively) (Figure 13).
The mRNA expressions of ADQ were partially restored, too. Previous studies have
shown that PI3K plays an important role in terminal differentiation of 3T3-L1
pre-adipocyte cells into adipocytes (Xia and Serrero, 1999). The inhibition of PI3K by a
chemical inhibitor LY294002 blocked insulin-induced lipid accumulation in 3T3-L1
cells (Xia and Serrero, 1999). We also found that only ER stress-mediated S14 and
ADQ downregulation could be recovered by U0126 treatment, which is a specific
inhibitor of ERK activity. Specific MAPK inhibitors such as MEK-1 inhibitor PD98059,
p38 MAPK inhibitor SB203580, and JNK inhibitor SP 600125 were also used, but there
was no change of the mRNA expressions of S14 and ADQ. These results suggested that
IL-1B, the ER stress inducers, TUN and TSG, may regulate S14 mRNA expression

through NF-«xB, PI3k and ERK signaling.

3.3 Animal model

Previous studies showed that S14 knockout mice had better resistance to diet-induced
obesity and better glucose tolerance comparing to wild types. However, the exact role of
S14 in the adipose tissue has not been well investigated. Therefore, we try to establish
adipose tissue-specific conditional S14 knockout mice to investigate the role of S14 in
adipose tissue in animal model. We performed genotyping by genomic DNA sequencing

to confirm the orientations of the inserted sequences (Figure 14a). Next, we breed this
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C57BL/6J-Thrsp-loxp strain mice with C57BL/6-Adipog-cre mice which was
purchased from National Laboratory Animal Center to generate the adipose
tissue-specific S14 conditional knockout mice (Figure 14b). After intraperitoneal
injection of tamoxifen, the DNA rearrangement patterns of S14 in mice liver and
adipose tissue were analyzed (Figure 14c). However the result of genetic alteration was

not as expected. This is still under investigation.
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Chapter 4. Discussion and future perspectives

We successfully developed a competitive ELISA system to measure serum S14 levels
in human subjects and applied this method in the analysis of human diseases. We also
performed several in vitro cellular experiments to investigate the molecular mechanism
regarding the role of S14 in adipogenesis.
4.1 S14 and thyroid hormone

Thyroid dysfunction may affect adipocyte function and lipid metabolism (Rizos et
al., 2011). Patients with hyperthyroidism usually have decreased levels of lipid
(Pontikides and Krassas, 2007), but increased concentrations of plasma fatty acids
(Silva, 2003). Thyroid hormones are a well-known inducer of hepatic de novo
lipogenesis (Sinha et al., 2018). Previous studies demonstrated that thyroid hormone can
upregulate S14 gene expression in the liver of thyroidectiomized rat (Franklyn et al.,
1989; Seelig et al., 1981). In addition, S14 play a role in hepatic fatty acid synthesis of
rat (Kinlaw et al., 1995; Zhu et al., 2005). We used our home-made ELISA system to
measure serum S14 levels in human subjects and evaluated the effect of thyroid
function status on serum S14 level. We found that patients with hyperthyroidism had
significantly higher serum S14 levels than subjects with euthyroidism. This observation
is consistent with previous animal experiments (Seelig et al., 1981). We suppose that
liver might at least be one of the main sources of the increased serum S14 (Figure 15a)

of hyperthyroidism group. However, the exact mechanism remains to be explored.

4.2 S14 and metabolic syndrome
A chronic state of inflammation appears to be the central mechanism underlying the
pathophysiology of insulin resistance and MetS (Kahn and Flier, 2000). To investigate

the mechanism, we treated 3T3-L1 adipocyte with IL-1P to establish a cell model to
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mimic cytokines-induced insulin resistance. We performed gene microarray for
analyzing the gene expression differences between 3T3-L1 adipocytes which were
treated with and without IL-1B. S14 was the most significantly down-regulated gene in
IL-1p treated cells compared with the controls. Previous studies have shown that S14
mRNA expression in the adipose tissue of obese subjects was lower than non-obese
individuals (Kirschner and Mariash, 1999). Compared to wild type animals, the Thrsp
null mouse fat mass was significantly reduced and had better glucose tolerance
(Anderson et al., 2009). In our study, we found that the subjects with high body fat or
BMI, metabolic syndrome, central obesity, high TG and low HDL-C had significantly
lower serum S14 levels than the people without. On the other hand, we knockdown S14
with shRNA in 3T3-L1 pre-adipocyte and we found that the lipid droplets accumulation
were significantly decreased than control group. These results imply S14 might play a
role of adipogenesis in adipocyte differentiation and the pathology of
inflammatory-related insulin resistance. We proposed that the mechanism of reduced
serum S14 level in human metabolic syndrome is similar to the case of adiponectin.
Adiponectin is a protein hormone which plays an important role in many metabolic
processes, such as regulating glucose levels and fatty acid oxidation (Lu et al., 2008).
Many studies have found that adiponectin inversely correlated with BMI, BW, or
hypertriglyceridemia in patient populations (Falasca et al., 2006; Gomez Rosso et al.,
2009; Yang et al., 2002). When BW is reduced, insulin sensitivity is improved and the
serum levels of adiponectin increased (Yang et al., 2001). However, the exact
mechanism remains to be explored. We propose that the decreased serum S14 levels in
MetS subjects were due to reduce S14 gene expression in the adipose tissue (Figure

15b).
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4.3 S14 and liver function

S14 has been reported to be expressed in liver (Jump and Oppenheimer, 1985) and
S14 may play a role in the pathogenesis of NAFLD (Wu et al., 2013). However, there is
no direct evidence supporting the impact of S14 expression level on liver function in
human yet. In our study, patients with hyperthyroidism had higher serum AST and ALT
levels than the subjects with euthyroidism. On the other hand, subjects with MetS had
higher ALT levels than the subjects without MetS. However, there was no association
between serum level of logS14 with AST or ALT. In the future, we plan to collect

patients with NAFLD for further analysis to directly explore this issue.

4.4 S14 and age

Our two clinical studies both revealed a borderline negative association of age with
logS14. Before our studies, there is no human study showing the S14 mRNA or protein
expression levels with age. Jump DB and Oppenheimer JH reported that with the age
increasing from one to ten months, the rat S14 mRNA expression levels increased about
4.48 fold in the liver, but reduced nearly 50% in the epididymal fat (Jump and
Oppenheimer, 1985). They did not investigate the detailed mechanism. However,
previous studies have demonstrated that aging would affect the regulation of lipogenesis
in humans and rats (Kamel et al., 2004). Dr. Kamel and his colleagues measured the
basal and insulin-induced lipogenesis from the adipose tissues of infants (mean 1.5
months), children (mean 4 years old), and adult humans (mean 31 years old), and male
weaned (4 weeks) and male young adult (9 weeks) Fischer rats by determining the
incorporation of glucose into lipids (Kamel et al., 2004). They observed that the basal,
insulin-induced and total lipogenesis were all higher in infants than in children and

adults (Kamel et al., 2004). They also found that basal and insulin-induced lipogenesis
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in adipocytes were higher from weaned than adult rats (Kamel et al., 2004). These
results indicate that age-dependent regulation of adipocyte lipogenesis (Kamel et al,
2004). Whether the expression pattern of S14 also related to aging remains further

investigation.

4.5 S14 and gender

In our study, we found that female gender had higher serum S14 levels than male
subjects. In univariate regression model with logS14 as dependent variable, the
associations between logS14 and many independent variables, such as BW and BMI,
were prominent in females but not in males. The fat distribution is different in adult men
and women (Karastergiou et al., 2012). Several sex hormones such as progesterone,
estrogens, and androgens have been reported to involve in the regulation of adipose
tissue metabolism (Duan et al., 2013; Ren et al., 2017; Stelmanska and Swierczynski,
2013). We propose that the difference of the correlations between S14 and BW or BMI
in different gender might due to the effect of sex hormones in body.

In 2012, Ewa Stelmanska and Julian Swierczynski analyzed the lipogenic enzyme
mRNA expressions in inguinal adipose tissue of rats with or without progesterone
treatment (Stelmanska and Swierczynski, 2013). They found that the expression level of
S14 mRNA in female rats was increased with progesterone administration, but there
was no effect in male rats (Stelmanska and Swierczynski, 2013). In addition, chicken
THRSP gene expression in the liver was significantly upregulated when chickens were
treated with 17(-estradiol through an estrogen receptor binding site located in the
THRSP promoter (Ren et al., 2017). On the other hand, Jinlin Duan and her colleagues
used Affymetrix microarray technology to analyze the gene expression profiles of livers

from capons and intact male chickens for investigating the influence of male hormone,
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androgen, on fat accumulation in the chicken (Duan et al., 2013). Capons, male
chickens whose testes have been surgically incised, show a significant increase in fat
accumulation compared to intact male chickens. They found that compared to intact
male chickens, the genes of hepatic lipogenic biosynthesis of capons were highly
enriched, including THRSP gene, expression which was upregulated by 2.2-fold in the
liver (Duan et al.,, 2013). These results suggest that sex hormones might involve in
regulating the expression of S14 and might contribute to the gender difference of S14

levels in humans in our studies. Whether this is true awaits further investigation.

4.6 S14 and gene regulation

In the past decades, how adipogenesis is regulated at the transcriptional level is
extensively studied (Ali et al., 2013; Wu and Wang, 2013). In this study, we found that
S14 mRNA increased dramatically during 3T3-L1 differentiation. After knocking down
S14 mRNA expression by lentiviral transduction in 3T3-L1 pre-adipocyte, the
differentiation was deterred and many adipocyte differentiation related gene were
affected. In contrast, S14R not only was not robustly activated during adipocyte
differentiation but also was unable to complement the loss of S14. In addition, we found
that S14 was localized in different location of different cell status. S14 was mainly
localized in the nucleus in pre-adipocyte, but was mainly localized in the cytoplasm
associated with lipid droplets in differentiated adipocytes. These observations suggest
that S14 plays an important role in lipid accumulation in the adipose tissue and may
have dual function in different stages of adipocyte differentiation. We also speculate that
S14 may be a regulator for the transcriptional cascade of adipogenesis. Some protein,
such as p53, has been reported to shuttle between the nucleus and the cytoplasm in a

cell-cycle specific manner through its nuclear localization signal (NLS) or binding with
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other proteins and play different roles (O'Brate and Giannakakou, 2003). However,
there was no reported NLS or nuclear export signal (NES) in the S14 sequence. Many
questions deserve further investigation, including what are the functions for S14 at
different localizations, and in different differentiation stage, how S14 regulates gene
expressions in nucleus, and how S14 shuttles between nucleus and cytoplasm. We
propose that S14 might regulate signal pathways of adipogenesis through interactions
with other proteins. By IP-MASS analysis, we found several potential interacting
proteins, such as ZA2G, GCN2, APOD and KLF7 were expressed in the S14 construct
transfected cell lines but not in the control group. All these potential interacting proteins
have been reported to play roles in lipid metabolism or related pathways. ZA2G, also
called AZGP1 (Alpha-2-Glycoprotein 1), acts as a lipid mobilizing factor to induce
lipolysis in adipocytes and plays an important role in lipid utilization and loss of
adipose tissue (Bao et al.,, 2005). GCN2 encodes a member of a kinases family that
phosphorylates the alpha subunit of eukaryotic translation initiation factor-2 (EIF2) and
plays a key role in modulating amino acid metabolism in yeast and mammals (Guo and
Cavener, 2007). APOD (Apolipoprotein D), a lipid carrier protein, was markedly
responsive to liver X receptor (LXR) expression and involved in modulating lipid
metabolism in adipocytes (Hummasti et al., 2004). Because the experiments were
performed in 293T cell, not in 3T3-L1 cell line, whether S14 really regulates the signal
pathways of adipogenesis through interacting with these proteins remains to be

confirmed.

4.7 The limitations in these two clinical studies
There were several limitations in our clinical studies. First, they were cross-sectional

studies. We cannot determine the causality between serum S14 levels and the metabolic
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abnormalities, but we speculate that reduced S14 expression is the result of the
metabolic abnormality. On the other hand, our case numbers of the hyperthyroidism
study were small. Nevertheless, we still saw a significant relation between thyroid
function and serum S14 levels. More subjects should be recruited in the future. Second,
the S14 paralogous protein (S14R) is 32% homologous to S14 in amino acid sequences
(Colbert et al., 2010). The antibody used in our immunoassay was polyclonal. The
antibody may cross react with S14R in our ELISA. However, S14R was known not to
be influenced by thyroid hormone treatment (Aipoalani et al., 2010) and the mRNA
expression level of S14R was demonstrated to be far lower than S14 in the adipose
tissues (about 1:100) (Harvatine and Bauman, 2006). We believe that the use of our S14
immunoassay is reliable in our studies. But specific antibodies to S14 should be
generated in the future to solve this problem. Lastly, we did not have sufficient
biochemical data such as insulin levels or free T3 levels to directly address the

relationship between S14 and insulin resistance or thyroid function.

4.8 Future perspectives

Adipose tissue is one of the primary sites of S14 gene expression. Deletion of S14
resulted in resistance to diet-induced obesity and improvement in insulin sensitivity as
well as glucose tolerance in mice model (Anderson et al., 2009). In obese individuals,
S14 mRNA expression is down-regulated comparing to healthy controls (Kirschner and
Mariash, 1999). In response to fasting, the S14 mRNA expression in the adipose tissues
was suppressed in the healthy controls, but not in the obese subjects (Kirschner and
Mariash, 1999). These evidences suggest that S14 may play a significant role in
regulating fatty acid synthesis, in the pathogenesis of obesity, and obesity-related

co-morbidities in humans (Kirschner and Mariash, 1999; Ortega et al., 2010). However,
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since S14 is rarely studied in adipose tissue, and we found that S14 knockdown
seriously affects the differentiation ability of adipocytes in 3T3-L1. Two groups ever try
to establish S74 knockout model in vivo to demonstrate the issue (LaFave et al., 2006).
One group deleted the proximal promoter and entire coding sequence of S/4 gene.
However, they found the homozygous mutation of this model was early embryonic
lethal. Dr. Cary N. Mariash and his colleagues deleted all expect the first 21 amino acids
of the S/4 gene. The S/4 knockout offspring was normal. Northern analysis and
Western blotting shown there was no S14 mRNA and protein expressions in the
knockout mice liver and mammary gland (LaFave et al., 2006). The authors suggested
that the 21 amino acids may code for a small peptide that supplies the same essential
function as S14 in the embryo (LaFave et al., 2006). The S14 null mice exhibit
resistance to diet-induced obesity and improved glucose and insulin tolerance
(Anderson et al., 2009). However the lack of S14 in different tissues may have varying
phenotypic effects. The level of lipogenesis decreased in the lactating mammary gland,
whereas hepatic lipogenesis did not (Zhu et al., 2005; Zhu et al., 2001). They suggested
that S14R, the paralog of S14, compensated the function of S14 in hepatic lipogenesis.
In order to specifically investigate the role of S14 in adipose tissue; we established a
strain of conditional adipose-specific S14 knockout mice. We hope this strain will help
us to learn more about the actual function of S14 in fat synthesis, the pathophysiological
mechanisms of metabolic syndrome, and to develop treatment in the future.

S14 may play a role in the pathogenesis of NAFLD (Wu et al., 2013). We want to
establish a strain of liver-specific conditional S14 knockout mice to study the role of
S14 in hepatic lipogenesis and the physiological mechanisms of fatty liver in the future.
Plasma serine protease proprotein convertase subtilisin-kexin type 9 (PCSK9) enhanced

the degradation of LDL receptor, resulting in accumulation of LDL-C in the circulation
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(Nishikido and Ray, 2018). Inclisiran, a chemically synthesized small interfering RNAs
(siRNAs), administration in human is a new therapeutic. strategy for
hypercholesterolemia (Nishikido and Ray, 2018). Inclisiran can inhibit translation of
PCSK9 mRNA and turn off PCSK9 production then the circulating LDL-C can be
reduced (Nishikido and Ray, 2018). If we can clarify the role of S14 in hepatic
lipogenesis in animal model, S14 may also be a therapeutic target for
hypertriglyceridemia in the future.

We also want to use our home-made S14 ELISA to measure serum S14 and other
endocrine and metabolic diseases, such as obesity, T2DM, NAFLD,

hypertriglyceridemia and so on.
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Abbreviations

ACC: acetyl-CoA carboxylase

ACLY: ATP-citrate lyase

ADQ: adiponectin

ALT: alanine transaminase

AST: aspartate transaminase

ATP: adenosine triphosphate

BAT: brown adipose tissue

BFP: body fat percentage

BH: body height

BMI: body mass index

BP: blood pressure

BW: body weight

C/EBP: CCAAT/enhaner binding protein
ChIP: chromatin immunoprecipitation
CRE: creatinine

DBP: diastolic blood pressure

DNL: de novo lipogenesis

ELISA: enzyme-linked immunosorbent assay

ER: endoplasmic reticulum
FAS: fatty acid synthase
FPG: fasting plasma glucose
fT4: free thyroxine

HbAlc: glycated hemoglobin
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HDL-C: high density lipoprotein cholesterol

IFG: impaired fasting glucose

IP-MASS: immunoprecipitation combined with mass spectrometry

KLF: Kriippel-like factor

LDL-C: low density lipoprotein cholesterol
MetS: metabolic syndrome

NAFLD: non-alcoholic fatty liver disease

PPAR: peroxisome proliferator-activated receptor
PPG: postprandial glucose

SBP: systolic blood pressure

SREBP: sterol regulatory element binding protein
T2DM: type 2 diabetes mellitus

T3: triiodothyronine

T4: thyroxine

T-C: total cholesterol

TG: triglyceride

TNF: tumor necrosis factor

THRSP: thyroid hormone responsive protein
TSH: thyroid-stimulating hormone

UA: uric acid

WAT: white adipose tissue
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Tables

Table 1. Regulation of S14 in adipocytes or adipose tissue by hormones.

Hormones Targets Actions Species References
T3
3T3-L1 cells protein, up mouse Clement et al., 1987
Jump and
Oppenheimer, 1985;
White adipose tissue RN Freake and
(adipocytes) A, up rat Oppenheimer, 1987;
Freake and Moon,
2003
Freake and
Brown adipose tissue mRNA, rat Oppenheimer, 1987;
(adipocytes) variable or up Perez-Castillo et al.,
1993
3T3-F422A cells mRNA,no g Leparand Jump,
change 1989
Hyperthyroid
Freake and
White adipose tissue mRNA, up rat Oppenheimer, 1987;
Blennemann et al,.
1995
Brown adipose tissue mRNA, no rat Freake and
P change Oppenheimer, 1987
Dexamethasone
3T3-F422Acells ~ mRNA,up  mouse %;ggr and Jump.
Norepinephrine
Brown adipose tissue mRNA, down rat Il’gge;’z-Castlllo ctal,
Fasting (low glucose and insulin)
White adipose tissue RN Kirschner and
(subcutaneous) A, down  human Mariash, 1999
Insulin
White and brown RN Freake and Moon,
adipocytes A, up rat 2003
Glucose
White and brown mRNA, no rat Freake and Moon,
adipocytes change 2003
IGF-1
Brown adipose tissue mRNA, up rat Il’gge;’z-Castlllo ctal,
IGF-1: insulin-like growth factor 1
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Table 2. List of primers and probes used for real-time PCR.

Target name

Forward primer

Reverse primer

36B4
ADQ
S14

S14 probe
S14R
pref-1
KLF2
KLF3
KLF4
KLF5
KLF6
KLF7
KLF9
KLF15
PPARy2
C/EBPa
C/EBPp
C/EBPS
CHOP10
B-catenin
SREBP-1
GR
FABP4
RETN
ACCI
FAS
HSL
LPL

5’-agattcgggatatgctgttgge-3’
5’-accaaaagggctcaggatgc-3’
5’-cagcctccatcacatcectt-3’
5’-gcaggtcctgtaggtctttga-3’
5’-cgcaagcactgagaacca-3’
5’-gaaaggactgccagcacaag-3’
5’-accaactgcggcaagacctaca-3’
5’-tacaggagaaaagccgtacaaatg-3’
5’-acagccacccacacttgtgactat-3’
5’-acccggatctggagaagega-3’
5’-gagttcctecgtcatttcca-3’
5’-cacttaaaggcccaccagagg-3’
5’-gtttgceectgtaagtagtaagtg-3’
5’-cgagaagccct t tgeectgea-3’
5’-aagagctgacccaatggttg -3’
5’-gggtgagttcatggagaatgg-3’

5’ -ggggttettgatgtttttge-3

5’ -ttccaacccctteectgat- 3 °
5’-cggaacctgaggagagagtg-3’

5’ -gtcagctcgtgtectgtgaa-3’
5’-gatcaaagaggagccagtge-3’
5’-gcaagtggaaacctgctatge-3’
5’-gatgaaatcaccgcagacgaca-3’
5’-ccctecttttecttttettecttg-3’
5’-gagtgactgccgaaacatctetg-3’
5’-aggggtcgacctggectea-3’
5’-gcaagatcaaagcctcageg-3’

5’-gccecageaacattatccagt-3’

5’-tcgggtcctagaccagtgtte-3’
5’-gtaaagcgaatgggtacatt -3’
5’-tgtccaggtctcgggtt-3°
5’-cactcagagggagacggaag-3’
5’-ttctccgecectctctaact-3’
5’-cacagaagttgcctgagaagce-3’
5’-cgcatcct tcccagttgeaa-3’
5’-tcatcagaccgagcgaacttc-3’
5’ -gtaaggtttctcgectgtgt -3’
5’-cccgtatgagtcctcaggtgage-3’
5’-gtcgccattacccttgtcac-3’
5’-cactcgcatccttcccatg-3’
5’-ggttcaggccattgtgtagac-3’
5’-atcgececggtgecttgacaac-3’
5’-gctttatccccacagacteg -3’
5’-cagtttggcaagaatcagagca-3’
5’-cgaaacggaaaaggttctca-3’
5’-ctggagggtttgtgtttttcgt -3’
5’- tcataccaggct tccagetc-3’
5’-cagcttgagtagccattgtce-3’
5’-tagatggtggctgctgagtg-3’
5’-catacatgcagggtagagtcattct-3’
5’-attgtggtcgactttccatcee-3’
5’-agactgctgtgecttetggg-3’
5’-gcectettectgacaaacgagt-3’
5’-tagatggtggctgctgagtg-3’
5’-gccaattgtcttctgcgagtgt-3°
5’-ggtcagacttcctgetacge-3’

CHOP: C/EBP homologous protein; FABP: fatty-acid-binding protein;

GR: glucocorticoid receptor; HSL: hormone-sensitive lipase; LPL: lipoprotein lipase;

Pref-1: preadipocyte factor 1; RETN: resistin
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Table 3. List of inhibitors used for blocking different signaling pathways.

Signaling  Working  Catalog

pathway Concentration Number Company Wy Relffences

Inhibitors Targets

Hino and
Nagata,
IMD-0354 IKKp NF«B IuM S2864  Selleckchem 2012;
Kamon et
al., 2004
Smith et al.,
1995; Xia
and Serrero,
1999
Fasshauer et
al., 2003;
Prusty et al.,
2002
Engelamn et
al., 1998,
Engelman et
al. 2000
Kishore et
al., 2003;
Wang et al,,
2013
Chae and
Kwak, 2003;
Kim et al.,
2005
Souza et al.,
2003;
Tenney et
al., 2005

LY294002 PI3K PI3K 10uM M1925 Abmole

PD98059 MEK1 MAPK 10uM 513000 Calbiochem

SB203580  p38 MAPK 10uM M1781 Abmole

SC-514 IKKpB NF«kB 100pM 3318 TOCRIS

SP600125  JNK JNK 50uM S1460  Selleckchem

U0126 MEKI MAPK 10uM M1977 Abmole
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Table 4. Characteristics of subjects with hyperthyroidism or euthyroidism.

All (male and female) Male Female
Hyperthyroidism  Euthyroidism p Hyperthyroidism Euthyroidism p Hyperthyroidism Euthyroidism p
(N=26) (N=29) (N=9) (N=4) (N=17) (N=21)

Male:female 9:17 4:25 0.112 9:0 4:0 0:17 0:21

Age (y) 35.5(28, 43) 43 (34, 52) 0.028* 39 (27, 43) 38.5(29, 52) 0.756 34 (29, 39) 44 (35, 52) 0.028*
BH (cm) 162.5 (158, 173) 160 (157, 163) 0.107 174.5(173,178)  171(159,174.5)  0.188 160 (156, 162) 159 (157, 163) 0.847
BW (kg) 57.5(53, 61) 58 (55, 67) 0.516 65 (61, 77) 69.5(55,73.5)  0.877 56 (50, 58) 58 (55, 64) 0.039%
BMI (kg/m?) 22.2(19.5,23.2) 22.9(20.9,26.0)  0.059 20.5(20.0,253)  22.9(20.5,25.1)  0.758 223(19.5,22.6)  22.9(20.9,26.8)  0.050
CRE (mg/dL) 0.6 (0.5, 0.8) 0.7 (0.7, 0.8) <0.001* 0.8 (0.8, 0.85) 1.0(0.95,1.0)  0.007* 0.5 (0.5, 0.6) 0.7 (0.7, 0.8) <0.001*
AST (U/L) 27(22,32) 19 (17,22) <0.001* 26 (22, 32) 18.5(17.5,22.5)  0.088 27 (24,31) 19 (16, 22) <0.001*
ALT (U/L) 36 (29, 49) 14 (12, 18) <0.001* 33(32,41) 14 (13,22) 0.020% 37(29, 49) 15 (11, 18) <0.001*
FPG (mg/dL) 88 (82, 93) 86 (80, 89) 0.190 88 (87, 95) 81 (77, 86) 0.188 88 (82, 93) 87 (84, 89) 0.521
T-C (mg/dL) 143 (120, 170) 200 (182 ,225)  <0.001% 170 (121, 191) 210 (207,224)  0.006* 137 (120, 158) 191 (182,225)  <0.001*
TG (mg/dL) 80 (61, 99) 74 (61, 126) 0.607 91 (66,123) 91 (65, 123) 1.000 69 (50, 97) 74 (51, 126) 0.442
HDL-C (mg/dL) 49 (38, 58) 56 (47, 66) 0.041 45 (35, 50) 49 (43, 54) 0.355 53 (41, 59) 58 (47, 66) 0.132
LDL-C (mg/dL) 81 (64, 100) 129 (106, 145)  <0.001* 106 (80, 116) 146 (140, 156)  0.006* 74 (60, 88) 129 (105,137)  <0.001*
fT4 (ng/dL) 3.36(2.34, 4.01) 0.98(0.87,1.06)  <0.001*  2.34(221,3.54)  0.93(0.81,1.09)  0.006* 3.72(2.60,4.01)  0.98(0.87,1.06)  <0.001*
TSH (uIU/mL)  0.004 (0.004, 0.006) 1.120 (0.651,1.630) <0.001*  0.006 (0.004, 0.013) 1.577 (0.562,2.755) 0.005*  0.004 (0.004, 0.004) 1.120 (0.665, 1.400) <0.001*
S14 (ng/mL) 975 (669, 1612) 436 (347,638)  <0.001% 686 (400, 1683) 717 (437, 1084)  0.877 1037 (731, 1593) 409 (332,637)  <0.001*
logS14 6.88(6.51, 7.39) 6.08(5.85,6.46)  <0.001*  6.53(5.99,7.43)  6.50(6.08,6.98)  0.877 6.94(6.59,7.37)  6.01(5.81,6.46)  <0.001*

Numerical data were presented as median values (Q1, Q3)

Fisher exact test for comparisons of categorical variables between hyperthyroid and euthyroid patients.

Mann-Whitney U tests for comparisons of numerical variables between hyperthyroid and euthyroid patients.

*p<0.05
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Table S. Univariate regression model with logS14 as dependent variable, and demographic, anthropometric, and laboratory parameters

as independent variables.

All (male and female, N=55) Male (N=13) Female (N=42)
Independent variables B (95% CI) P B (95% CI) P B (95% CI) P
Sex -0.102 (-0.579, 0.376) 0.671
Age -0.017 (-0.035, 0.002) 0.079 0.003 (-0.034, 0.041) 0.846 -0.025 (-0.047, -0.002) 0.033*
BH 0.009 (-0.017, 0.035) 0.472 0.020 (-0.035, 0.075) 0.434 0.003 (-0.049, 0.054) 0.921
BW -0.007 (-0.027, 0.014) 0.500 0.015 (-0.021, 0.051) 0.385 -0.032 (-0.064, -0.001) 0.042%*
BMI -0.050 (-0.116, 0.016) 0.135 0.034 (-0.093, 0.160) 0.571 -0.088 (-0.168, -0.008) 0.032*
CRE -1.757 (-2.985, -0.529) 0.006* -1.308 (-0.5634, 3.018) 0.519 -3.126 (-4.643,-1.609)  <0.001*
AST 0.021 (-0.006, 0.048) 0.123 -0.043 (-0.110, 0.024) 0.184 0.033 (0.003, 0.062) 0.030*
ALT 0.009 (-0.003, 0.021) 0.145 -0.012 (-0.043, 0.018) 0.382 0.013 (-0.0004, 0.026) 0.058
FPG 0.018 (-0.004, 0.041) 0.104 0.040 (-0.008, 0.087) 0.095 0.014 (-0.013, 0.040) 0.300
T-C -0.006 (-0.010, -0.002) 0.004* 0.002 (-0.010, 0.013) 0.748 -0.008 (-0.012, -0.003) 0.001*
TG -0.004 (-0.008, -0.001) 0.015%* 0.003 (-0.010, 0.016) 0.638 -0.005 (-0.009, -0.001) 0.008*
HDL-C 0.006 (-0.019, 0.007) 0.392 0.015 (-0.021, 0.051) 0.374 -0.008 (-0.024, 0.007) 0.257
LDL-C -0.007 (-0.013, -0.001) 0.015%* -0.0002 (-0.014, 0.014) 0.970 -0.009 (-0.016, -0.003) 0.007*
fT4 0.213 (0.076, 0.350) 0.003* 0.065 (-0.253, 0.382) 0.663 0.260 (0.101, 0.419) 0.002*
TSH -0.371 (-0.578,-0.163)  <0.001* -0.217 (-0.645, 0.211) 0.289 -0.433 (-0.686, -0.180) 0.001*
TSH quartile -0.302 (-0.457,-0.147)  <0.001* -0.015 (-0.536, 0.307) 0.562 -0.346 (-0.519, -0.173)  <0.001*

TSH quartile (Group 1: TSH = 0.004; Group 2: 0.004 <TSH = 0.422; Group 3: 0.422 <TSH = 1.17; Group 4: 1.17 < TSH)

*: p<0.05
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Table 6. Forward stepwise regression models in all subjects (N=55) with levels of logS14 as dependent variables, and sex, age,

anthropometric, and laboratory parameters as independent variables.

Dependent variables Independent variables Parameter estimate Standard error Model R? F P

logS14

TSH quartile -0.3067 0.0799 0.2240 14.72 <0.001*

Forward stepwise regression analysis, variables left in the models are significant at the levels of 0.10.

TSH quartile (Group 1: TSH level = 0.004 pIU/mL; Group 2: 0.004 plU/mL < TSH level = 0.422 plU/mL; Group 3: 0.422 plU/mL < TSH
level = 1.17 plU/mL; Group 4: 1.17 pIlU/mL < TSH level)

logS14: log transformation of S14
*: p<0.05
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Table 7. Demographic and biochemical characteristics of the subjects with or

without metabolic syndrome (MetS).

With MetS (N = 98) Without MetS (N = 229) Total (N'=327)

Variables Mean + SD Mean + SD p Mean+=SD N
Age (year) 542+84 52.8+10.2 0.183 53.2+9.7 327
Gender (% male) 75.5% 55.5% <0.001* 61.5%

BH (cm) 167.2+8.3 164.1 £8.7 0.002*  165.0+8.7 325
BW (kg) 76.3+£13.4 62.4£10.6 <0.001* 66.5+13.2 325
BMI (kg/m®) 269+3.2 23.1+£2.8 <0.001* 242+34 324
BFP (%) 293 +4.1 255+53 <0.001* 26.7+5.3 324
Waist (cm) 94.6+£8.4 83.1£8.1 <0.001* 86.5+9.8 327
Pulse (bpm) 743 +11.7 71.5+10.8 0.039* 72.4+11.1 327
SBP (mmHg) 129.4+17.0 115.1+12.7 <0.001* 119.4+15.5 327
DBP (mmHg) 79.3+£11.9 68.7+9.4 <0.001* 71.9+113 327
FPG (mg/dl) 110.6 +36.5 93.6 £14.0 <0.001* 98.7+24.4 327
PPG (mg/dl) 142.4+63.5 117.3 +£39.0 <0.001* 124.8+48.9 322
AST (U/L) 224+17.9 21.5+8.2 0.341 21.7+£8.1 327
ALT (U/L) 26.1+144 20.1 £10.7 <0.001* 21.9+122 327
CRE (mg/dl) 09+£04 0.8+£0.2 0.005* 09+03 327
fT4 (ng/dl) 1.0£0.2 1.1+£0.3 0.308 1.1+0.2 327
TSH (uIU/ml) 24+£1.3 22+14 0.384 23+14 327
Hb (g/dl) 15.1+1.4 143+1.4 <0.001* 145+1.5 327
HbAlc (%) 6.2+13 5.6+0.4 <0.001*  58+0.8 327
HDL-C (mg/dl) 40.9+9.0 543+£12.7 <0.001* 503 +13.2 327
LDL-C (mg/dl) 123.1 £30.4 120.8 £30.2 0.533  121.5+£30.2 327
T-C (mg/dl) 196.7+37.3 194.9 +34.2 0.669 1954 +£35.1 327
TG (mg/dl) 199.1 +£136.8 100.7+51.3 <0.001* 130.2+97.2 327
UA (mg/dl) 6.5+1.6 5714 <0.001*  6.0x1.5 327
S14 (ng/ml) 87.1+263 107.3 £40.2 <0.001* 101.2+37.7 327

Numerical variables are presented at mean + standard deviation

*: p<0.05
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Table 8. Linear regression analysis with components of metabolic syndrome as

independent variables and log transformation of serum S14 level (logS14) as

dependent variable, adjusted with age and sex.

logS14

Independent variable [ 95% C.I. )/
Diagnosis of MetS -0.227 -0.239, -0.088 <0.001"
Central obesity -0.176 -0.185, -0.048 0.001"
Elevated blood pressure -0.028 -0.094, 0.056 0.616
Low HDL-C -0.149 -0.179, -0.032 0.005"
Impaired fasting glucose -0.035 -0.106, 0.055 0.533
High triglyceride -0.198 -0.230, -0.069 <0.001"

B: parameter estimate; 95% C.1.: 95% confidence interval. MetS: metabolic syndrome.

HDL-C: high density lipoprotein cholesterol

*: p<0.05
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Table 9. Univariate regression model with components of metabolic syndrome as

independent variables and logS14 as dependent variable.

Independent variables B 95% C.L P
Age -0.120 -0.008, 0.000 0.030*
Gender -0.237 -0.236, -0.086 <0.001*
Central obesity -0.139 -0.166, -0.018 0.016*
Elevated blood pressure 0.059 -0.038, 0.119 0.307
Low HDL-C -0.065 -0.126, 0.034 0.259
Impaired fasting glucose 0.000 -0.080, 0.081 0.999
High triglyceride -0.152 -0.203, -0.027 0.011*

B: parameter estimate; 95% C.1.: 95% confidence interval. HDL-C: high density
lipoprotein cholesterol

*: p<0.05
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Table 10. Odds ratio (95% CI) for MetS and its components according to the

quartiles of logS14 with the adjustment of age and gender.

Odds ratio 95% C.1.

Metabolic syndrome 0.65 0.51, 0.82
1* quartile 1.00
2" quartile 0.64 0.34,1.22
3" quartile 0.47 0.24, 0.93
4™ quartile 0.25 0.12,0.54
P treng: <0.0017

Central obesity 0.72 0.58, 0.89
1* quartile 1.00
2" quartile 0.77 0.41, 1.44
3" quartile 0.65 0.34,1.24
4™ quartile ) 0.35 0.18, 0.68
P ireng: 0.002

Elevated blood pressure 0.94 0.75,1.16
1* quartile 1.00
2" quartile 0.74 0.39, 1.42
3" quartile 0.95 0.49, 1.84
4™ quartile 0.74 0.38, 1.47
P trend- 0.551

Low HDL-C 0.76 0.61,0.95
1* quartile 1.00
2" quartile 1.01 0.53, 1.91
3" quartile 0.82 0.42,1.58
4™ quartile ) 0.41 0.20, 0.84
P ireng: 0.015

Impaired fasting glucose 0.96 0.76, 1.22
1* quartile 1.00
2" quartile 0.76 0.38, 1.52
3" quartile 0.68 0.33, 1.40
4™ quartile 0.93 0.45,1.92
P trend- 0.745

High triglyceride 0.65 0.51,0.83
1* quartile 1.00
2" quartile 0.85 0.44, 1.65
3" quartile 0.55 0.27,1.14
4™ quartile 0.24 0.10, 0.57

P end: 0.001°

HDL-C: high density lipoprotein cholesterol, MetS: metabolic syndrome
*: p<0.05
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Table 11. List of the regulated genes by IL-1f treatment in 3T3-1 adipocytes.

Chip fold Real-Time PCR

Rank UniGene D Gene Symbol change  confirmed fold change

Up-regulation

1 Mm.284248 Ccl5 110.35 132.6
2 Mm.3485 Hpx 62.63 26.9
6 Mm.9537 Len2 21.00 1220.1
7 Mm.218846 Lbp 19.08 111.9
13 Mm.228363 Oasl2 12.47 8.4
17 Mm.26730 Hp 12.08 16.9
36 Mm.4791 Ereg 6.83 9.7
37 Mm.371583 Slpi 6.77 30.9
Down-regulation
1 Mm.28585 S14 7.37 12.5

Only list the genes have been studied
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Table 12. IP-MASS data: Protein ID in mS14-flag but not in vector.

upl up2 up3 up4 ups bottom
NRBP2 HV305 - PIP K2C6A ZA2G
IGHGI1 K2C74 ZA2G S10A8
UNC79 SHRM3 KI1C17 ACTB
E2AK4 CATD LYSC
APOD APOD DHSD
S12A3 G3P UNC79
TRIS6 THRSP APOD
ANXA2 DCD
IGHGI K2C71
IGKC KLF7
H3C
BROMI
ARRC
DYH14
IDUA
DYST
MARH7
POKS5

SYN2
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Figures

Digested
Ladder sample

500bp
400bp

300bp

200bp

100bp

Figure 1. The pattern of digested DNA sample. 3T3-L1 cells were
formaldehyde-crosslinked and chromatin was prepared and digested as described in
material and methods. DNA was purified as described and 10 pl were separated by

electrophoresis on a 1% agarose gel (lane 2) and stained with ethidium bromide.
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Figure 2. The strategy design of SI4 conditional knockout mice. To create
conditional S74 exon 1 deletion mice, mouse ES cells were transfected with target
specific sgRNAs and /oxp oligodeoxynucleotides (ODN) with BamHI restriction

enzyme cutting sites.
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C57BL/6-Tg(Adipog-mFusRed,-cre/ERT2)13Narl/Narl

Gene: Adipoq ENSMUSG00000022878
Transcript: Adipog-001 ENSMUST00000023593.5
Inserted region: ENSMUSE00001281213

—
Transcript le BGpA
— Translate mFusRed  CreERT2
! 2 3

Figure 3. The gene background information of CS57BL/6-Tg(Adipoq-FusRed,
-cre/ERT2)13Narl mice from Rodent Model Resource of National Laboratory
Animal Center. The CreERT2 cassette containing internal ribosome entry site (IRES)

and membrane-associated FusRed was inserted in the exon 2 of Adipog gene.
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Figure 4. A negative relationship between logS14 and TSH levels in which the
subjects were divided into 4 groups based on their TSH levels. TSH quartile (Group

I: TSH level = 0.004 plU/mL; Group 2: 0.004 plU/mL < TSH level = 0.422
wlU/mL; Group 3: 0.422 plU/mL < TSH level = 1.17 plU/mL; Group 4: 1.17 plU/mL

<TSH level) (Chen et al., 2016)
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Figure 5. Comparison of serum S14 levels between the subjects with and without
MetS or related components. The S14 levels of the subjects with and without the
components were respectively shown with black and white bars. The cut-off points of
BFP for men were 25.0% and for women were 35.0%. The data were shown as mean
and standard error. N shows the individual number. * p<0.05, ** p<0.01, *** p<0.001.

(Chen et al., 2019)
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Figure 6. The mRNA levels of S14 and S14R increased during 3T3-L1 adipocyte

differentiation. The relative mRNA expression levels of (a) S14 and (b) S14R during

3T3-L1 adipocytes differentiation analyzed by real-time qPCR were shown. The gene

expression levels of pre-adipocytes were set as 1.0. The error bars referred to the

standard deviation obtained in three or more independent experiments.
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Figure 7. Knockdown of S14 repressed 3T3-L1 lipid droplets accumulation. After
lentiviral transduction, the relative mRNA expression levels compared to the control in
(a) 3T3-L1 fibroblast and in (b) differentiated 3T3-L1 adipocyte were shown. (c) The
lipid accumulations of S14 knockdown and control cells were stained with oil red O. (d)
Oil red O was extracted using isopropanol, and OD4y was measured to quantify
triglyceride accumulation. The error bars referred to the standard deviation obtained in

three or more independent experiments.
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Figure 8. S14 knockdown altered differentiation-related gene expression during

3T3-L1 adipocyte differentiation. After knocking down S14 in 3T3-L1 pre-adipocyte,
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the mRNA expression levels of differentiation-related genes were analyzed by real-time
qPCR compared to the control cells. The differentiation process is arbitrarily divided
into three stages: (a) before adipogenic stimulation, (b) early phase and (c) late phase.
The error bars referred to the standard deviation obtained in three or more independent

experiments.
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Pre-adipocytes

Adipocytes

Lipid-droplets & 514

Figure 9. The locations of S14 in 3T3 L1 fibroblast and adipocyte by
immunofluorescence. Mouse 3T3-L1 pre-adipocytes and adipocytes stained with and
anti-S14 rabbit polyclonal antibody. The images were captured in the three different
channels for Alexa Fluor 594 (pseudo-colored red, S14), Alexa Fluor 488
(pseudo-colored green, S14), BODIPY 493/503 (pseudo-colored green, lipid droplets)
and DAPI (pseudo-colored blue, nuclei-DNA) on a Leica TCS SP5 confocal

microscopy system with a 20x objective.
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Figure 10. Effects of S14 overexpression on KLF15 and PPARy promoter activities
in undifferentiated and differentiated 3T3-L1 cells. Relative luciferase activity
expression levels of co-transfection S14-overexpressed construct and KLF15 or

PPARY2 promoters in (a) 3T3-L1 fibroblasts and (b) adipocytes. (c) Relative luciferase
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activity expression levels of co-transfection S14-overexpressed construct and promoter

deletion constructs of KLF15 in 3T3-L1 pre-adipocytes.
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Figure 11. Process confirmation of ChIP assay. (a) Purified DNA was analyzed by

standard PCR methods using Human RPL30 Exon 3 primers. PCR products were

observed for histone positive ChIP sample (lane 1) and imput sample (lane 3) but not in

the normal rabbit IgG or other negative control ChIP samples (lane 2, 4, 5). (b) S14

protein existed in the chromatin sample sections (lane 3 and 4) but not in other control

samples by Western blot.
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Figure 12. The S14 mRNA was reduced with the treatment of cytokines and ER
stress inducers. The relative mRNA expression levels of (a) adiponectin, (b) S14 or (c)
S14R with different treatments as indicated in adipocytes were shown. The error bars

referred to the standard deviation obtained in three or more independent experiments.

85

d0i:10.6342/NTU201901578



~
1]
-

0.6 1

0.4 -

Relative mRNA expression levels

0.2 4

IL-1p treatment

]

IL-1p+IMD- IL- IL- 1L

1L-1p 0354 1p+LY294002 | TLBPDO0SON o opr0asso | TLIPSCSI4 | g speoors | TL1RHU0126
=S14 0.05 0.8 0.54 0.1 0.045 0.05 0.07 0.085
O Adiponectin 0.425 119 0.275 0.425 0.335 0.465 0.28 0.485

(b)

(©)

Relative mRNA expression levels

TUN treatment

TUN TUN+IMD0354 TUN+L2Y294°° TUN+U0126

=S14 0.09 0.49 13 1.37
DOAdiponectin 0.28 045 1.37 1.04
mSI4R 0.95 0.65 0.54 0.97

2 TSG treatment

2

£ 35

g 31

=9

5 2.5

F 15 -

I3

.2 1 FECETRLEEEEE]  EEEIEL O CEETERRLERCTLELIYE | EERLETERETEITY IO ILLErr

= 0

é .5

0 E
TSG TSG+IMD0354 TSG+L2Y29“°° TSG+U0126

=S14 0.1 1.23 1.16 321
DAdiponectin 0.49 0.49 0.86 1.14
mSI4R 1.15 0.74 0.38 0.61

Figure 13. The IL-1B- or ER stress inducers-mediated S14 mRNA downregulation

was recovered with the NF-kB, PI3k or ERK signaling inhibitors treatment. The

relative mRNA expression levels of S14, adiponectin, and S14R with (a) IL-1B (b)

86

d0i:10.6342/NTU201901578



Tunicamycin (TUN) and (c) thapsigargin (TSG) with different inhibitors treatment in

adipocytes were shown.
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Figure 14. PCR genotyping for adipose tissue-specific conditional S14 knockout

mice. (a) 5, 3’ primers and BamHI restriction enzyme were used to check the DNA

rearrangement patterns of C57BL/6J-Thrsp-loxp strain mice. Wild type: lane 1, 2, 5, 6,
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9, 10, 13,14; Thrsp-loxp inserted: lane 3, 4, 7, 8, 11, 12, 15, 16. (b) CreF and CreR
primers were used to check the DNA rearrangement patterns of C57BL/6-Adipog-cre
mice. Lane 1: mouse with adipog-cre; lane 2: mouse without adipog-cre. (c¢) The DNA
rearrangement patterns of S14 in mice liver and adipose tissue with intraperitoneal

injection of tamoxifen (TAM) or not.
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Figure 15. Models of S14 in endocrine and metabolic disorders. (a) In
hyperthyroidism, thyroid hormones induce hepatic de novo lipogenesis. Liver might be
the main sources of the increased serum S14. (b) In metabolic syndrome or obese status,
inflammatory cytokines are increased around the adipose tissue might down-regulated

serum S14 expression.
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