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protein 
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II. Abstract 

In modern society, obesity has become a severe worldwide health problem and 

related diseases like metabolic syndrome and type 2 diabetes are intractable challenges for 

public health. Adipose tissues are one of the most important metabolic organs and the main 

energy storage tissues. In my dissertation I studied the functions of two important proteins; 

Kindlin-2 and PAT2 in adipose tissues. 

Kindlin-2 is a broadly expressed protein, with essential functions in many tissues and 

during embryonic development. Kindlin-2, as an integrin activator, plays a crucial role in ECM 

signal transduction, but its function in adipose tissue is less known. In my study, Kindlin-2 

knockout in adipose tissue causes lipodystrophy. Furthermore, angiogenesis in adipose 

tissue and whole body glucose homeostasis are also affected by Kindlin2 knockout. 

Moreover, unlike in other tissues, loss of Kindlin-2 in fat, reduces protein levels of some 

integrin subunits.  

PAT2 is a proton coupled amino acid transporter and was identified as a surface 

marker for brown adipocytes. However, its function in adipocytes is unknown. Several 

functions of PAT2 are revealed in my study. PAT2 regulates amino acid depletion induced 

autophagy. PAT2 knockdown or overexpression both lead to impaired autophagy. This 

function is through modulating acidification of the V-ATPase in brown adipocytes. I show that 

PAT2 is necessary for V-ATPase assembly in brown adipocytes and enhances V-ATPase 

activity upon amino acid starvation. Loss of PAT2 causes impaired V-ATPase assembly and 

the proton pumping activity.  

In addition I show that the translocation of PAT2 from the cell surface to the lysosome 

is triggered by amino acid depletion or the inhibition of mTORC1. PAT2 also regulates 

mitochondrial function and cellular amino acid sensitivity in the brown adipocyte. 

My study demonstrates the importance of Kindlin-2 in adipose tissues and the crucial 

role of PAT2 in brown adipocyte to nutrient homeostasis and development. These two 

proteins can be the targets for the therapy of obesity related diseases. Research of Kindlin-2 
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and PAT2 function are helpful to understand the physiological functions of adipose tissues in 

more detail.  
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III. Zusammenfassung 

In der heutigen Gesellschaft sind Adipositas, sowie die damit assoziierten Erkrankungen, wie 

das metabolische Syndrom und Typ 2 Diabetes zu einem globalen Problem und einer 

Herausforderung für die öffentliche Gesundheit geworden. Fettgewebe sind eine der 

wichtigsten metabolische Gewebe und der Hauptspeicherort für überschüssige Energie. In 

meiner Arbeit habe ich mich mit der Funktion von zwei wichtigen Proteinen, Kindlin-2 und 

PAT2, im Fettgewebe beschäftigt. 

Kindlin-2, welches ein breites Expressionsmuster zeigt, hat essentielle Funktionen in einer 

Vielzahl von Organen und während der Embryonalentwicklung. 

Kindlin-2, als ein zentrales Element der Integrinaktivierung, spielt eine zentrale Rolle in der 

Signaltransduktion der Extrazellulären Matrix. Die Funktion von Kindlin-2 im Fettgewebe ist 

bislang jedoch nur lückenhaft untersucht worden. In meinen Studien konnte ich zeigen, dass 

der Knockout von Kindlin-2 im Fettgewebe zu einer Lipodystrophie führt. Des Weiteren führt 

der Verlust von Kindlin-2 im Fettgewebe zu Störungen der Vaskularisierung und der 

Glukosehomöostase. Außerdem führt der Verlust von Kindlin-2 im Fettgewebe, im 

Gegensatz zu anderen bereits untersuchten Organen, zu einer Reduktion der Proteinlevels 

einiger Integrinuntereinheiten. 

PAT2 ist ein Protonen gekoppelter Aminosäuretransporter, welcher in vorhergehenden 

Studien als spezifischer Oberflächenmarker für braune Adipozyten identifiziert wurde. 

Bislang ist jedoch sehr wenig über die Funktion von PAT2 im braunen Fettgewebe bekannt. 

In meinen Studien konnte ich mehrere Funktionen und Regulationen von PAT2 aufzeigen. 

PAT2 reguliert die durch Aminosäuredepletion induzierte Autophagie. Dadurch kommt es 

sowohl bei der Überexpression als auch der Depletion von PAT2 zu einer Störung der 

Autophagie. Mechanistisch beruht dies auf einer Regulation der vATPase abhängigen 

Azidifizierung in braunen Adipozyten. Ich zeige, dass PAT2 eine wichtige Rolle in der 

Assemblierung der vATPase und der Aktivierung der vATPase während eines 

Amionsäuremangels spielt. Des Weiteren zeige ich, dass die Translokation von PAT2 von 
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der Zelloberfläche zum Lysosom durch Aiminosäuredepletion oder die Inhibition von 

mTORC1 ausgelöst wird. PAT2 reguliert auch mitochondriale Funktion und zelluläre 

Amionsäuresensitivität in braunen Adipozyten. 

Meine Studien zeigen die Bedeutung von Kindlin-2 im Fettgewebe und die Rolle von PAT2 in 

braunen Adipozyten in Bezug auf Nährstoffhomäostase und Entwicklung. Diese zwei 

Proteine stellen zwei potentielle Angriffspunkte für die Therapie von Adipositas bezogenen 

Erkrankungen dar. Forschung an Kindlin-2 und PAT2 hilft die physiologische Funktion des 

Fettgewebes  besser zu verstehen. 
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1  Introduction 

1.1  Adipose tissue development and function 

1.1.1  Adipose tissue and its function 

Adipose tissue is a complex organ which has essential effects on physiology and 

pathophysiology. Adipose tissue has been regarded as a loose connective tissue, which is 

composed of adipocytes mostly (Birbrair et al 2013). Besides, adipose tissue also contains 

some other kinds of cells, these cells are referred to as stromal vascular fraction (SCF), 

which comprises a mix of cells, such as preadipocytes, mesenchymal stem cells (MSC), 

vascular endothelial cells and its progenitor cells. Additional, some immune cells like T cells, 

B cells, mast cells and adipose tissue macrophages are also included. Preadipocytes in SCF 

will differentiate into adipocyte upon some particular conditions.  

In most mammals, two major adipose tissue types can be distinguished, WAT and 

BAT (Saely et al 2012). The adipocytes which compose WAT are called white adipocytes, 

accordingly, BAT is comprised of brown adipocytes. White adipocytes contain a single lipid 

droplet, which consists of triglycerides and occupies more than 90% of the cell volume. So 

the size of white adipocyte is variable because it depends on the size of the lipid droplet. In 

contrast, brown adipocyte store triglycerides in multiple small vacuoles. Furthermore, white 

adipocytes have thin, elongated mitochondria, whereas brown adipocytes contain large, 

spherical, laminar cristae packed and usually numerous mitochondria. Also, much more 

capillary and nerve supply can be found in BAT than WAT (Cinti 2009). The denser 

mitochondria and stronger vascularization result in the characteristic brown color of BAT 

(Saely et al 2012). 

Adipocytes form discrete adipose depots during development. These depots are 

divided into subcutaneous and visceral depots. For rodents, subcutaneous depots include 

anterior and posterior depots, visceral depots include even more types, such as mediastinal, 

omental, mesenteric, perirenal, retroperitoneal, perigonadal and perivesical depots. Some fat 

depots are connected closely with skeletal muscle, some are in bone marrow, parathyroid 
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gland, parotid gland, pancreas, lymph nodes and some other organs (Cinti 2009). These 

depots are intrinsically different on physiological functions (Rosen & Spiegelman 2014).  

Almost all of these depots are comprised of both white adipocytes and beige (brown like) 

adipocytes. The relative proportion is depended on several factors, such as age, sex, 

environment temperature, nutritional status, strain and species (Cinti 2005). According to 

quantitative anatomical data of adult Sv129 female mice (Murano et al 2009, Murano et al 

2008), white adipocytes are more numerous in posterior subcutaneous, mesenteric and 

retroperitoneal depots, brown adipocytes are most abundant in anterior subcutaneous, 

mediastinal and abdominopelvic depots. The discrete depots of BAT were reported in mice 

and infant including interscapular, axillary, and perirenal BAT depots. In adult humans, BAT 

depots were reported to reside in different locations including cervical, supraclaviscular, 

axillary, paravertebral, and abdominal subcutaneous regions (Ikeda et al 2018). 

In the past for a long time, functions of adipose tissue were thought to include 

conserving excessive energy in the form of lipid, cushion and thermal insulation (Kershaw & 

Flier 2004, Rosen & Spiegelman 2014). In recent studies, adipose tissues are more and 

more regarded as endocrine organs, secreting many kinds of hormones, such as leptin, 

tumor necrosis factor α (TNFα), interleukin-6 (IL-6), macrophages and monocyte 

chemoattractant protein-1 (MCP-1), plasminogen activator inhibitor-1 (PAI-1), adiponectin, 

adipsin and acylation stimulating protein (ASP), resistin and proteins of renin angiotensin 

system (RAS) and several kinds of enzymes for steroid metabolism. Besides, numerous 

receptors are expressed in adipose tissue including insulin receptor, glucocorticoid receptor, 

leptin receptor, several catecholamine receptors, etc. These receptors let adipocytes to 

respond to different signals from many other organs (Kershaw & Flier 2004). Most of the 

hormones and receptors in adipose tissue are regulating or are regulated by the nutritional 

status of the organism. For example, energy homeostasis and reproduction can be affected 

by adipose tissue (Rosen & Spiegelman 2014). Actually, adipose tissue is integrally involved 

regulating neuroendocrine and immune system funciton (Kershaw & Flier 2004). 
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In addition, BAT is well known for its function in thermoregulation. Besides shivering 

thermogenesis, thermal energy produced by BAT is an important thermal source. The signals 

triggering BAT thermogenesis are mainly cold exposure and adaptive/facultative diet 

induction (Cannon & Nedergaard 2011, Himms-Hagen 1989). It is well-accepted that BAT 

thermogenic activity depends on UCP-1 function (Schulz & Tseng 2013), which has been 

regarded as a BAT marker (Mattson 2010). UCP-1 can uncouple oxidative ATP production 

by making a short-circle for proton from intermembrane space to matrix in mitochondria, 

which dissipates the energy stored as proton gradient by the electron transportation chain as 

heat (Cannon & Nedergaard 2004, Gesta et al 2007).         

 

Figure 1.1 Fat depots in the mouse. Tissues are dissected from Sv129 adult mouse maintained at 
29 °C for 10 days. A: deep cervical. B: anterior subcutaneous (interscapular, subscapular, axillo-

toracic, superficial cervical). C: visceral mediastinic. D: visceral mesenteric. E: visceral retroperitoneal. 
F: visceral perirenal, periovaric, parametrial and perivescical. G: posterior subcutaneous (dorso-
lumbar, inguinal and gluteal). The areas of WAT or BAT are shown in white or brown color. (Cinti 

2005) 

1.1.2  The development of adipose tissue 

Most of the adipose tissues derive from mesoderm (Enerback 2009), albeit 

adipocytes of non-mesoderm origin have also been reported (Monteiro et al 2009). BAT 

appears in midgestation during the fetal development, which is earlier than WAT (Saely et al 

2012). Previous publications indicate that the origins of WAT vary in different depots (Billon & 
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Dani 2012, Chau et al 2014, Sanchez-Gurmaches & Guertin 2014). Different depots emerge 

in different stages of development (Han et al 2011, Jiang et al 2014), subcutaneous depots 

develop prior to visceral depots (Tchkonia et al 2002, Wang et al 2013b). The prominent 

interscapular BAT derives from a tripotent engrailed 1 (EN1) positive cell lineage of 

dermomytome, which can also develop into dermis and skeletal muscle (Atit et al 2006). 

Another difference between BAT and WAT is that the ratio of tissue size to body weight 

declines after birth for BAT, but WAT depots increase gradually together with age (Cinti 

2009). 

Although WAT and BAT derive from different precursors, the subsequent 

adipogenesis of them shares the same main adipogenic transcriptional cascade including 

PPARγ and C/EBPs (Giralt & Villarroya 2013). PPARγ is indispensable for all kinds of 

adipogenesis (Barak et al 1999, Rosen et al 1999). PPARγ and C/EBPs coordinately 

promote and maintain the adipose characteristics (such as specific lipid and glucose 

metabolism and insulin sensitivity) by regulating the expression of adipogenic genes (Giralt & 

Villarroya 2013). Beside the same signal cascade, white and brown adipocytes have their 

own specific transcriptional mechanism to guarantee their characteristics. Two main proteins 

are reported as the key factors for the cell fate decision between white adipocytes and brown 

adipocyte, Zn-finger tranScriptional regulator PRD1-BF1-RIZ1 homologous domain 

containing 16 (PRDM16) (Seale et al 2007) and peroxisome proliferator-activated receptor γ-

coactivator-1α (PGC-1α) (Puigserver et al 1998, Uldry et al 2006). Compared to PGC-1α, 

PRDM16 specifically promotes brown adipocyte development (Seale et al 2008, Seale et al 

2007). The mechanism is found to be that PRDM16 binds to C/EBPβ, PPARγ, PPARα and 

PGC-1α and promotes the expression of brown adipocyte related genes (Hondares et al 

2011, Kajimura et al 2009, Seale et al 2007). PGC-1α is shown to coactivate PPARγ and 

PPARα to maintain mitochondrial biogenesis, oxidative metabolism and thermogenesis 

(Barbera et al 2001, Puigserver et al 1998). 
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Figure 1.2 Differentiation of stem cell into white, brown, beige adipocytes or myocyte. Base on 
Myf5 carried on cells, mesenchymal stem cells can differentiate into Myf5 positive and negative cells. 
Most white adipocytes derive from Myf5 negative precursors but some Myf5 positive precursors can 
also be induced into white adipocytes. Myf5 positive cells normally give rise to brown adipocytes and 
myocytes. Brown adipocyte-like beige/brite adipocytes appear during the browning via induction to 
Myf5 negative progenitors of white adipocytes or white adipocytes transdifferentiation. (Jiménez G 

2016) 

Many similarities were shown between brown adipocytes and myocytes, such as lipid 

catabolism, innervation by the sympathetic nervous system, abundant mitochondrial content, 

facilitation for adaptive thermogenesis (Farmer 2008). Another important point to brown 

adipocytes and skeletal muscle is that myogenic factor 5 (Myf5) is expressed in both cells 

(Timmons et al 2007). It is noteworthy that this does not mean that no Myf5 positive 

progenitor can give rise to white adipocytes, actually, it has been reported that some subsets 

of white adipocytes derive from Myf5 positive cells (Sanchez-Gurmaches et al 2012). 

Besides these similarities, myocytes and brown adipocytes were clearly reported to have the 

same developmental origin (Atit et al 2006). Furthermore, the mechanism of the cell fate 

decision between myoblast and preadipocytes have also been revealed. Seale and 

colleagues (Seale et al 2008, Seale et al 2007) showed that PRDM16 bidirectionally 

regulates the decision between adipogenesis or myogenesis. Brown adipocyte precursors 
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without PRDM16 loose brown adipocyte characteristics and start to differentiate into 

myocytes. Similarly, ectopic expression of PRDM16 induces myoblasts transdifferentiation 

into brown adipocytes. The mechanism was reported as PRDM16 binds to and activates 

PPARγ (Seale et al 2008). Besides, bone morphogenetic protein 7 (BMP7) was also reported 

to promote brown adipocyte differentiation by inducing PRDM16 and UCP-1 expression 

(Tseng et al 2008). 

The appearance of brown adipocytes (so called beige adipocytes) in WAT is called 

WAT browning. WAT browning is always upon several specific stimulations, such as cold 

exposure (Young et al 1984), chronic treatment of β3 adrenergic receptor activator (Cousin 

et al 1992) and PPARγ agonists (Ohno et al 2012). One theory for browning of WAT is that 

the white adipocyte deriving from Myf5 negative stem cell (such as mesenchymal stem cell) 

can also differentiate into brown adipocytes upon these stimulations (Schulz & Tseng 2013). 

The new brown adipocytes generated in WAT is called beige or brite adipocytes to 

distinguish them from constitutive brown adipocytes in typical BAT depots (Ishibashi & Seale 

2010, Petrovic et al 2010, Wu et al 2012). Several similar proteins which regulate cell fate 

decision between brown and white adipocytes are also reported for regulating WAT 

browning, including bone morphogenic protein family (Tseng et al 2008), C/EBPβ, PRDM16 

(Kajimura et al 2009) and PGC-1α (Giralt & Villarroya 2013). Another opinion believes that 

WAT browning is via transdifferentiation of white adipocytes into beige adipocytes (Barbatelli 

et al 2010). It has been reported that some brown/beige adipocyte-like cells show 

intermediate characteristics and morphology between white and brown/beige adipocytes 

(Barbatelli et al 1993, Himms-Hagen et al 2000). Some data using genetic labeling also 

support the possibility of bidirectional transdifferentiation between beige and white 

adipocytes (Rosenwald et al 2013). Some reports illustrated that both these two browning 

ways exist in vivo but in different depots. β3 adrenergic receptor activation induced WAT 

browning is reported via transdifferentiation in inguinal WAT but through regulation of 

proliferation and adipogenesis of progenitors in epididymal WAT (Lee et al 2012). 
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1.2 Kindlin-2 is a broadly expressed integrin activator  

1.2.1  Extracellular matrix and integrin 

ECM is a non-cellular component which exists in almost every kind of tissues. It 

provides an extracellular physical framework for the cellular component. The ECM also 

transduces essential signals into the cells to regulate important biological functions like tissue 

morphogenesis, differentiation and homeostasis. With a specific composition and topological 

structure, ECM in different tissues or organs is different, which is formed during development 

through crosstalk between various cellular components (Frantz et al 2010). ECM is also 

dynamic, whose structure and properties can be modulated upon different conditions by 

ECM remodeling via multiple ways (Theocharis et al 2016). 

The composition of ECM includes two main classes, proteoglycans and hyaluronan, 

fibrous proteins (Heldin & Pertoft 1993, Jarvelainen et al 2009, Laurent & Fraser 1992, 

Schaefer & Schaefer 2010).  

Proteoglycans consist of many kinds of macromolecules. Based on their localization, 

sequence homology and unique protein modules, proteoglycans can be divided into four 

kinds, intracellular, cell surface, pericellular-basement membrane and extracellular 

proteoglycans (Iozzo & Schaefer 2015).  

Hyaluronan is a linear glycosaminoglycan with a repeating disaccharide unit of D-

glucuronic acid and N-acetyl-D-glucosamine (Theocharis et al 2016). Hyaluronan is the main 

component of the pericellular matrix for many cells, in which it can bind to its synthases or 

receptors to affect related functions (Heldin & Pertoft 1993, Knudson & Knudson 1993). 

Existence of intracellular hyaluronan has also been reported including nucleus hyaluronans 

(Hascall et al 2004, Li et al 2007). Due to the properties and characters of binding water 

molecules, hyaluronan provide ECM and even the whole tissue with plasticity. This is the 

major reason for hyaluronan polymers accumulation during tissue reorganization (Theocharis 

et al 2016).  
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The fibrous proteins in the ECM mainly include collagens, elastins, fibronectin and 

laminins (Frantz et al 2010). 

Collagen is the most abundant fibrous protein in interstitial ECM, up to 30% of total 

protein in human is made up by collagens. The collagen superfamily comprises 28 different 

collagens which are made up of many distinct peptides in vertebrates. (Frantz et al 2010). 

Collagens in ECM are normally synthesized and secreted by fibroblasts (De Wever et al 

2008). Actually, the arrangement and alignment of collagen fibers in the ECM is influenced 

by fibroblasts via exerting tension on the matrix to organize collagen into sheets and cables 

As the main structural component, collagens takes part in many biological processes, such 

as providing tissue tensile strength, regulating cell adhesion, assisting chemotaxis, 

supporting migration and direct tissue development (Rozario & DeSimone 2010). 

Elastin is the main constituent of elastic fibers which are the large ECM structures 

providing recoil to tissues suffered from the repeated stretch. The elastin stretch is limited by 

the associating collagen fibrils (Wise & Weiss 2009). The assembly of elastic fibers is mostly 

completed in the earlier phase of development, these fibers are very stable and very slow for 

turnover. (Theocharis et al 2016). Complete repair of damaged elastic fibers is not possible 

and the repaired fibers cannot function normally in adults (Wagenseil & Mecham 2007).  

Fibronectin is expressed in  the ECM of many different tissues and plays a crucial role 

during the development of vertebrates (George et al 1993). According to the solubility, 

fibronectin can be grouped into soluble plasma fibronectin and cellular fibronectin, the latter 

part is much more heterogeneous  and depending on cell type and species (Theocharis et al 

2016). Fibronectin bound by integrins to regulate the binding of fibronectin to cells (Hynes 

2002). In addition, sydecans can also bind to fibronectin (Couchman 2010). Actually, the 

binding between syndecans and fibronectin enhances integrin signaling and cell spreading, 

which suggests that syndecans act as co-receptors for integrins (Morgan et al 2007, Woods 

& Couchman 1998).  
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Laminins are a large class of glycoproteins with a heterotrimeric structure which are 

found in the basement membrane and assembled along with collagen type IV, nidogens, 

agrin and perlecan (Durbeej 2010, Iorio et al 2015). The tissue-specific distribution of laminin 

isoforms suggests that individual laminins play distinct roles in specific tissue functions 

(Hallmann et al 2005). Laminins are important in early embryonic development and 

organogenesis (Durbeej 2010). Besides, laminins can modulate angiogenesis by promoting 

blood vessel growth and maturation (Hallmann et al 2005, Iorio et al 2015).  

 

Figure 1.3 Representative cartoon for ECM layout. Binding between cell and ECM, the primary 
components in a general ECM are indicated. (Aamodt & Grainger 2016) 

The ECM also contains some extracellular proteases and extracellular receptors 

(Theocharis et al 2016). Integrins are the cell surface receptors, which link the actin 

cytoskeleton with the ECM (Theocharis et al 2016). Integrins are heterodimers which are 

composed of one α subunit and one β subunit.  All the subunits contain a large extracellular 

domain, one transmembrane helix and a short cytoplasmic domain (Hynes 2002). Eighteen α 

subunits and 8 β subunits are found in vertebrates, giving rise to 24 integrin heterodimers, 

each integrin recognizes its specific ligands (Humphries et al 2006, Kinashi 2005, Luo et al 

2007). 
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Figure 1.4 Bi-directional signaling of integrins. Integrin can transmit signaling from two directions. 

Signaling from inward is called “inside-out” signaling, with the assistant of integrin activators, like talin 
or Kindlins, integrin completes a conformational change to become active for extracellular ligand 
recognition. During “outside-in” signaling, integrins cluster into focal adhesion due to binding to 

ligands. Then clustered integrins trigger intracellular downstream signals. “Inside-out” signaling and 
“Outside-in” signaling affect different biological functions. (Shattil et al 2010) 

The functions of integrins are not restricted to cell adhesion,  but also include the 

regulation of cell proliferation, cell differentiation and tissue development (Hu & Luo 2013). 

One important role of integrins is bi-directional signal transduction across the membrane, 

referred to as “inside-out” and “outside-in” signaling. (Hu & Luo 2013).  

In “inside-out” signaling, talins and Kindlins are supposed to be the crucial factors in 

activating integrin residing in a low ligand affinity state to facilitate integrin mediated matrix 

organization and cell adhesion (Hu & Luo 2013). Interaction between talin and the 

cytoplasmic tail of β integrin is thought to be the last step for integrin activation (Tadokoro et 

al 2003).  

“Outside-in” signaling, referred to the signals transmitted into the cell upon interaction 

of integrins with the ECM, plays a crucial role in cell mobility, proliferation, differentiation and 

other processes (Ginsberg et al 2005). Ligand bound integrins cluster into focal adhesions 

(Choi et al 2008, Geiger et al 2001, Zamir & Geiger 2001), this processing is together with 

the assembly of the adhesome, which is essential for cells to sense the extracellular 

environment (Berrier & Yamada 2007, Vicente-Manzanares & Sanchez-Madrid 2004, Zaidel-

Bar & Geiger 2010). The adhesome contains numerous proteins, the core proteins are 
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defined as the proteins that can enable the integrin cytoskeleton coupling, including talin, 

vinculin, α-actinin and parvin (Horton et al 2015, Legate et al 2009, Morse et al 2014, Zaidel-

Bar et al 2007). 

1.2.2 Kindlins activate integrins 

The Kindlins play an essential role in integrin activation (Larjava et al 2008, Ma et al 

2008, Meves et al 2009, Montanez et al 2008, Moser et al 2008, Plow et al 2014, Shi et al 

2007, Ye et al 2011). The functions of Kindlins are not only for “Inside-out” signaling 

regulation but also include “Outside-in” signaling modulation (Feng et al 2012, Montanez et al 

2008, Xue et al 2013). The Kindlin protein family consists of Kindlin1, Kindlin-2 and Kindlin3 

(Ussar et al 2006). Not all the Kindlins are expressed ubiquitously; Kindlin1 is expressed in 

epithelial cells, Kindlin-2 has a more broad expression pattern in most mesenchymal derived 

solid tissues and Kindlin3 is mainly expressed in hematopoietic cells (Malinin et al 2010). 

Kindlins are such an important protein family that absence of each one leads to diseases, 

such as abnormal Kindlin1 causes Kindler’s syndrome (actually the name Kindlin is from 

Kindler’s syndrome) (Jobard et al 2003, Mas-Vidal et al 2010, White & McLean 2005), loss of 

Kindlin-2 and Kindlin3 is embryonic lethal (Montanez et al 2008, Moser et al 2008) and 

mutations in human Kindlin3 causes leukocyte adhesion deficiency III (Kuijpers et al 2009, 

Larjava et al 2008, Mory et al 2008, Svensson et al 2009). The sequences of the three 

Kindlins are quite conserved. The identity is above 53% which is the least similarity between 

Kindlin-2 and Kindlin3 (Ussar et al 2006).  

Individual Kindlins cannot bind to every β integrin cytoplasmic tail. Kindlin1 can bind 

to β1, β3 and β6 integrins (Harburger et al 2009, Moslem et al 2017, Rognoni et al 2014) and 

Kindlin-2 and 3 are reported to bind to integrin β1, β2 and β3 tails (Bledzka et al 2012, 

Bottcher et al 2012, Harburger et al 2009, Ma et al 2008, Montanez et al 2008, Moser et al 

2009, Moser et al 2008). 

1.2.3  The function of Kindlin-2 
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Functional studies on Kindlin-2 are more abundant than on the other two Kindlins 

(Malinin et al 2010). Besides activating integrins, Kindlin-2 is also believed to play a role in 

connecting integrins with the actin cytoskeleton (Meves et al 2009, Ussar et al 2006). This 

association of Kindlin-2 linking to focal adhesions and actin cytoskeleton has been observed 

(He et al 2011, Shi et al 2007, Tu et al 2003) via the complex of integrin-linked kinase (ILK), 

particularly interesting new cysteine-histidine-rich protein (PINCH) and Parvin as a bridge 

(Honda et al 2013). ILK directly binds to Kindlin-2 and focal adhesions bind to parvin (Qadota 

et al 2012, Schaller 2001, Tu et al 2001). Actually, Kindlin-2 directly interacts with actin and 

the actin-binding site in the F0 domain affects cell spreading (Bledzka et al 2016). Besides 

the β integrin and ILK, migfilin is another molecule which can bind to Kindlin-2, modulating 

cell shape (Tu et al 2003).  In addition, recruitment of Kindlin to the  cell membrane is 

assisted by binding of the pleckstrin homology subdomain in F2 and another site in the F0 

subdomain to pospholipids (Liu et al 2011, Liu et al 2012, Metcalf et al 2010, Perera et al 

2011, Qu et al 2011).   

Besides the embryonic lethality of Kindlin-2 knockout in mouse (Montanez et al 2008), 

Kindlin-2 knockout in zebrafish shows a defective integrin signaling and abnormal cardiac 

development (Dowling et al 2008). The related in vitro studies by utilizing the cells deriving 

from Kindlin-2 knockout mice or siRNA knockdown cells reported the crucial roles of Kindlin-

2 in integrin related functions like cell spread and adhesion (Ma et al 2008, Ussar et al 2006). 

The malignant transformation of breast cancer cells and leiomyomas can also change the 

expression pattern of Kindlin-2 (Gozgit et al 2006, Kato et al 2004). These studies implicate 

an important function of Kindlin-2 in development and diseases. However, the function of 

Kindlin-2 in adipose tissue is still not clear. A recent publication suggests that Kindlin-2 

inhibits adipogenesis of induced pluripotent cell-derived mesenchymal stromal cells (Moslem 

et al 2017). 

1.3 The functions of ECM in angiogenesis and vascularization in 
BAT 



13 | P a g e  

 

1.3.1  Role of the ECM in angiogenesis 

The quiescent blood vessels in adults are normally covered with a basement 

membrane on the abluminal (basal) surface. This membrane is continuous and comprises 

many ECM components such as laminins, collagen type IV, nidogens and perlecan (Bix & 

Iozzo 2008, Hallmann et al 2005, Hayashi et al 1992). Some stimulations like wounding and 

ischemia induce angiogenic cytokines like Vascular Endothelial Growth Factor (VEGF), 

which triggers basement membrane degradation for angiogenesis (Chang et al 2009, Rowe 

& Weiss 2008, Sundberg et al 2001). Then the blood vessels become leaky (Sundberg et al 

2001) and start to sprout (Nicosia & Madri 1987). At the same time quiescent endothelial 

cells are activated (Senger & Davis 2011). About the order of basement membrane 

degradation and vascular permeability during angiogenesis, one opinion tends to believe 

degradation is earlier (Senger & Davis 2011) but another thinks the opposite (Bryan & 

D'Amore 2007). Due to the leaky blood vessels, fibrinogen, vitronectin and fibronectin are 

extravasated from blood vessels to form a provisional ECM via enzymatic coagulation of 

fibrinogen to fibrin and transformation of interstitial collagen matrices triggered by vitronectin 

and fibronectin.This provisional ECM is believed as the necessary environment for blood 

vessels sprouting (Senger 1996, Senger & Davis 2011, Sundberg et al 2001). The sprouting 

and further morphogenesis lead to the formation and maturation of new blood vessels. Then 

these new vessels are covered with a vascular basement membrane together with pericytes 

which directly regulate this stage, and finally new vessels are stabilized (Benjamin et al 1999, 

Grant & Kleinman 1997, Senger & Davis 2011, Stratman et al 2009a, Stratman et al 2010). 

The ECM plays an important role during the whole angiogenesis. Besides the 

angiogenic factors, the proliferation and survival of endothelial cells is also controlled by 

ECM adhesion of endothelial through integrins (Akiyama et al 1989, Giancotti & Ruoslahti 

1999, Meredith & Schwartz 1997, Wary et al 1996). On the one hand, integrin mediated 

adhesion of endothelial cells to the ECM is required for efficient cytokine activation of the 

extracellular signal-regulated kinase 1 (ERK1)/ERK2 mitogen-activated protein (MAP) kinase 
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pathway (Aplin et al 1999, Short et al 1998), on the other hand, this pathway promotes 

proliferation and survival but suppresses apoptosis (Aoudjit & Vuori 2001, Assoian & 

Schwartz 2001, Ilan et al 1998, Perruzzi et al 2003, Roovers & Assoian 2000, Seger & Krebs 

1995, Vinals & Pouyssegur 1999). Actually, for endothelial cells, the cyclin-dependent 

kinases which regulate proliferation also require adhesion to the ECM for its expression and 

activation (Assoian 1997, Fang et al 1996, Vinals & Pouyssegur 1999, Zhu et al 1996). 

Adhesion to the ECM of endothelial cells is also reported to be crucial for blood vessels 

sprouting through participation of several ECM components (Dejana et al 1985, Nicosia & 

Madri 1987, Senger et al 2002, van Hinsbergh et al 2001). Because migration of endothelial 

cells is an important event for sprouting (Ausprunk & Folkman 1977), ECM adhesion is 

believed to be required for endothelial cells migration. There are also publications reporting 

the haptotactic migration driven by ECM components independently from cytokines (Senger 

& Perruzzi 1996, Senger et al 2002). 

 

Figure 1.5 Phases of angiogenesis. Stable blood vessels (A) undergoes permeability which leads to 
extravasate proteins to form provisional ECM (B). (C) The basement membrane is degraded by ECM 

protease, such as MMPs. Endothelial cells are activated, growth factors are released. (Different 
opinion indicates membrane degradation phase is earlier than vascular permeability phase, see text). 
(D) Endothelial cells proliferate and migrate to form lumens. (E) The cord-like structure is formed. And 

the new blood vessels complete morphogenesis and then maturation. (Bryan & D'Amore 2007) 
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The role of the ECM is to provide a scaffold which can be utilized to generate a 

tension guidance network by endothelial cells to form cord-like structures (Davis & Camarillo 

1995, Vernon & Sage 1995). Another, ECM can also directly regulate the morphogenesis of 

endothelial cells (Senger & Davis 2011), for instance,  collagen I provides an environment for 

cord structures to mature to become lumens through intracellular vacuoles variation (Davis & 

Camarillo 1996) and expansion of lumen via ECM proteolysis (Chun et al 2004, Saunders et 

al 2006, Stratman et al 2009b). One solid evidence is the expression of collagen I in isolated 

endothelial cells triggers spontaneous formation of cord structures of these cells in vitro 

(Fouser et al 1991, Iruela-Arispe et al 1991), besides, collagen crosslinking inhibitor proline 

analogs are also reported to inhibit neovascularization in vivo (Ingber & Folkman 1988). This 

regulation of collage I to morphogenesis is via modulating actin stress fibers by integrins, 

such as activating Rho, Src (short for sarcoma) and p38 MAP kinase and inhibiting cyclic 

adenosine monophosphate (AMP) and Rac activity (Liu & Senger 2004, Sweeney et al 2003, 

Whelan & Senger 2003). Besides the formation of cord-like structures, the ECM also 

regulates lumen formation via collagen I/fibrin and endothelial cell interactions (Aplin et al 

2008, Bayless et al 2000, Davis & Camarillo 1996, Davis et al 2007, Iruela-Arispe & Davis 

2009, Koh et al 2008, Nakatsu & Hughes 2008, Nicosia & Madri 1987, Sainson et al 2005, 

van Hinsbergh et al 2001). The interactions mediated by integrins and Rho GTPases induce 

ECM proteolysis together with pinocytic vacuole formation and coalescence, which finally 

forms lumens for new blood vessels generation (Bayless & Davis 2002, Davis & Bayless 

2003, Davis & Camarillo 1996, Egginton & Gerritsen 2003, Folkman & Haudenschild 1980, 

Kamei et al 2006, Lubarsky & Krasnow 2003, Meyer et al 1997, Saunders et al 2006, Senger 

& Davis 2011, Stratman et al 2009b, Yang et al 1999). The ECM can also function as a 

reservoir for cytokines. Endothelial cells can respond to several cytokine signals transduced 

by receptors including integrins in ECM containing these cytokines (such as growth factor 

and Vascular Endothelial Growth Factor (VEGF)) (Chen et al 2010, Hynes 2009, Somanath 

et al 2009). It has also been reported that angiogenic cytokines can bind to heparin sulfate 
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proteoglycans which exist broadly in the ECM and endothelial cell surface (Gerhardt et al 

2003, Mitsi et al 2008). In fact, some angiogenic cytokines can directly bind to some 

components such as collagen I and fibrin/fibronectin matrices (Kanematsu et al 2004). Some 

similar reports include Angiopoietin-1 associating integrin α5β1 and its receptor (Carlson et al 

2001, Cascone et al 2005, Ramirez & Dietz 2007, Ramirez & Dietz 2009, Saharinen et al 

2008, Wagenseil & Mecham 2009), TGF-β and BMPs binding to fibrillins. Another more 

direct evidence is in 3D collagen matrices where some hematopoietic stem cell cytokines 

(stem cell factor (SCF), interleukin-3 (IL-3) and stromal-derived factor-1 α (SDF-1α)) can 

modulate blood vessels formation together with pericytes (Stratman et al 2009a). On the 

contrary, some ECM components can also inhibit angiogenesis by binding to other cytokines 

such as thrombospondin-1 and thrombospondin-2 which can bind to Fibroblast Growth 

Factor-2, VEGF and hepatocyte growth factor (Armstrong & Bornstein 2003, Margosio et al 

2003). Fibronectin is very important for vasculogenesis as severe defects appear in vascular 

development in fibronectin knockout mice (Astrof et al 2007, Astrof & Hynes 2009, Francis et 

al 2002, George et al 1997, George et al 1993).  

1.3.2 Vascularization in BAT 

BAT is a vascular enriched tissue (Cinti 2005). Besides to transport oxygen and 

nutrients (Honek et al 2014), vascularization has also been reported to participant in some 

particular processes, such as browning of WAT (Bukowiecki et al 1980, Cannon et al 1996, 

Cao 2007, Lim et al 2012, Xue et al 2009). The effects are depicted as cold induced WAT 

browning can also induce angiogenesis by promoting angiogenic gene expression and 

inhibiting antiangiogenic gene expression. Further, during browning, angiogenesis is induced 

via signals transduced by VEGF receptor. Disabled VEGF receptor can also reduce the 

browning of WAT (Xue et al 2009). Furthermore, in vitro experiments indicate that 

obese/insulin-resistant WAT shows fewer capillaries but more large blood vessels than lean 

WAT (Spencer et al 2011). But the mechanism of angiogenesis or vasculogenesis in BAT is 

still not understood. Some phenomena shown in VEGF transgenic mice implicate the relation 
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between angiogenesis and BAT. Besides enhanced angiogenesis and some other vascular-

related effects in both WAT and BAT, VEGF overexpressing mice also show a protection 

against high fat diet (HFD) induced hypoxia and obesity, and reasonably stronger 

thermogenesis and energy expenditure (Elias et al 2012). These conclusions reveal the 

potential participation of angiogenesis in much more BAT functions than previously thought 

and also implicate that the ECM may regulate BAT not only directly but also indirectly via its 

effect on angiogenesis. However, the mechanical understanding of angiogenesis in BAT is 

still rudimentary. 

1.4  Amino acid homeostasis and sensing in the cell 

1.4.1 Amin acid homeostasis in the cell 

The necessity of amino acid to survive, and grow has been noticed since the 1950s 

(Dulbecco & Freeman 1959, Eagle 1955a, Eagle 1955b, Eagle 1955c). The main functions of 

amino acids can be depicted as the following several aspects: (1) Twenty proteinogenic L-

amino acids act as the basic elements for protein synthesis; (2) In some situations amino 

acids can be metabolized for energy in some cells; (3) The synthesis of some hormones, 

neurotransmitters and some other special metabolites depends on amino acids as 

precursors; (4) Amino acids are the carrier of C1 carbon compounds; (5) Amino acids can 

directly intermediate tricarboxylic acid (TCA) cycle and gluconeogenesis as anaplerosis; (6) 

Some metabolic intermediates can also be used for non-essential amino acid synthesis 

(Broer & Broer 2017). These functions coordinately maintain normal physiological activities 

and at the same time homeostasis of amino acids.  

Amino acids can take part in many different signaling pathways via amino acid 

binding proteins like some enzymes, transporters and transfer ribonucleic acids (tRNA). Most 

of these signals are regarded to regulate amino acid homeostasis (Broer & Broer 2017). 

These parts are discussed individually in the later amino acid sensing chapter. 

The regulations of amino acid homeostasis can be divided into three parts: (1) amino 

acid transporters which are essential for amino acid entrance and exit; (2) amino acid 
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biosynthesis and degradation; (3) protein biosynthesis and degradation (Broer & Broer 

2017).  

The concentration of amino acids in the cytosol is much higher than in blood 

(Bergstrom et al 1974, Hoffmann & Lambert 1983). This phenomenon suggests an active 

transport of amino acids by amino acid transporters. Since the pioneering research of 

identifying different amino acid transporters (Christensen 1966), more and more amino acid 

transporters have been identified and confirmed (Broer & Palacin 2011, Hediger et al 2013, 

Palacin et al 1998). All these transporters have their own specific affinities for different amino 

acids and specific expression profiles in different kinds of cells (Broer & Palacin 2011, 

Perland & Fredriksson 2017). Although there are abundant transporters known, by 

comparing the expression profiles of all known transporters in 917 cancer cell lines several 

kinds of transporters are found to be basic transporters for maintaining amino acids 

homeostasis (Barretina et al 2012, Broer & Broer 2017). This minimal set of transporter 

includes plasma transporters SLC1A4 (also known as ASCT1), SLC1A5 (also known as 

ASCT2), SLC7A5 (also known as LAT1), SLC7A6 (also known as y+LAT2), SLC38A1 (also 

known as sodium-dependent neutral amino acid transporter (SNAT)1), SLC38A2 (also 

known as SNAT2), SLC38A6 (also known as SNAT6), SLC38A7 (also known as SNAT7) 

and two lysosome transporters SLC36A4 (also known as PAT4), SLC38A9 (also known as 

SNAT9). A study deleting SLC1A5 in 143B osteosarcoma cells, which express this minimal 

set of transporters, revealed some details about the functions of some transporters in this 

simple set. Some symporters coupled with Na+ like SLC38A1, which carries small hydrophilic 

neutral amino acid into cells, make small amino acids accumulate in the cytosol as loaders 

(Broer et al 2016). Then the antiporters like SLC1A4 and SLC1A5 take up other small amino 

acids by exporting hydrophilic small amino acids in the cytosol transported by loaders, these 

antiporters are called exchangers (Arriza et al 1993, Utsunomiya-Tate et al 1996). Besides, 

transportation of amino acids with large branched chain and aromatic amino acids is 

depended on a similar exchange system using heterometric amino acid antiporters like 
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4F2hc-SLC7A5 (Kanai et al 1998, Mastroberardino et al 1998) and 4F2hc-SLC7A8 (also 

known as LAT2) (Khunweeraphong et al 2012, Segawa et al 1999). Comparing with the 

loaders, exchangers are the dominating transporters (Broer et al 2016). Some abundant 

amino acids like glycine, alanine, glutamine and asparagine are used as exchange currency 

for uptake of other amino acids (Bhutia & Ganapathy 2016, Broer 2014, Krall et al 2016, 

Pochini et al 2014). It can be supported from other aspects that amino acid starvation is 

reported as the inducer for nonessential amino acid synthesis (Kilberg et al 2012) and 

expression of some transporters like SLC38A2 (Gaccioli et al 2006). This mechanism is 

thought to allow restoring nonabundant amino acids (Broer & Broer 2017). For cationic amino 

acids such as lysine, arginine and ornithine, the transportation is through multiple ways, for 

example on the one hand, the cationic amino acid transporters SLC7A1-3 (also known as 

CAT 1-3) mediates diffusion of these amino acids into nonepithelial cells then these cationic 

amino acids are accumulated by negative membrane potential (Closs et al 2004, Kavanaugh 

1993). On the other hand, SLC7A1 is reported to be induced by amino acid deprivation for 

amino acids taken up in an exchange way (Hatzoglou et al 2004). It is noteworthy that 

cationic amino acids can also be transported outward by heterometric antiporters such as 

4F2hc-SLC7A6 (Broer et al 2000). 

About amino acid biosynthesis is normally activated by amino acid starvation, the 

asparagine synthesis is the typical pathway whose key enzyme asparagine synthetase can 

catalyze aspartate to become asparagine by transfer an amino group from glutamine 

(Balasubramanian et al 2013). In more detail, amino acid deprivation induced transcription of 

asparagine synthetase is depended on two elements in its promoter; amino acid response 

element and nutrient response element which can be bound by activating transcription factor 

(ATF4) (Balasubramanian et al 2013, Kilberg et al 2009). Almost all the amino acid 

biosynthesis is regulated by ATF4, but amino acids can also regulate ATF4 as feedback 

(Broer & Broer 2017). In more detail, translation of ATF4 is found to be regulated by amino 

acids, reversely ATF4 binding sites exist in the promoters of most enzymes which are 
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essential for the biosynthesis of nonessential amino acids and amino acid transporters. 

Proline biosynthesis is a typical example (D'Aniello et al 2015, Han et al 2013, Kilberg et al 

2016, Phang et al 2015, Tan et al 2011). Besides, aminotransferases are also very important 

for amino acid biosynthesis and homeostasis. For amino acid de novo synthesis from organic 

acid, aminotransferases are needed to add amino group from MH4
+ or another amino acid 

(Hutson et al 2005). For the transfer of amino groups from one amino acid to another, to 

quickly regulate amino acid homeostasis, aminotransferases are also, of course, the 

necessities. 

Amino acid degradation is always for oxidation producing energy or for anaplerosis of 

TCA cycle as some intermediates. Amino acids are oxidized by many cells (Broer & Broer 

2017), but as introduced in the last chapter, amino acids are not the major fuel in BAT. The 

mitochondrion is the place where amino acids are oxidized, but the mechanism of how amino 

acids are transported into mitochondria still lacks sufficient support. Due to the prevalence of 

branched chain amino acids (BCAAs) oxidation in many cells, more details are known about 

its mechanism which is regarded to be the important way for balancing the utilization of these 

essential amino acids among anaplerosis, energy generation and protein synthesis 

(Ananieva et al 2016, Harper et al 1984). For leucine, isoleucine and valine the branched 

chain keto-acid dehydrogenase (BCKD) complex is the key enzyme complex (Brosnan & 

Brosnan 2006), BCKD activity is depended on E1 subunit phosphorylation by BCKD kinase 

or dephosphorylation by Protein phosphatase 2Cm (PP2Cm) (Lu et al 2009). BCDK kinase 

and PP2Cm are under the regulation of an allosteric regulator α-ketoisocaproate which is 

generated from leucine (Broer & Broer 2017). The first step of BCAA metabolism is 

deamination by transaminase, mitochondrial BCAA transaminase (BCAT2) is regulated by 

ATF4, which suggests that BCAAs can be the amino donors for synthesis of nonessential 

amino acids upon particular situations. Leucine of all BCAAs is the most frequently used 

amino acid for protein synthesis no matter in humans (Mauro & Chappell 2014) or animals 

(Piper et al 2017). This makes leucine to be an indicator of amino acid levels, which also 
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explains why BCKD is regulated by leucine derived α-ketoisocaproate. Another example is 

glutamine, its balance is also regulated by metabolic substrates, transaminase and allosteric 

regulators, such as glutamine synthetase modulated by ammonia binding (Cooper 1990), 

glutaminase under allosteric regulation of phosphate (Li et al 2016) and expression 

regulation of the transcription factor myc (Dang 2011). But the regulations are obviously not 

limited to these ways, for instance glutaminase can also be regulated by micro-RNA miR-23 

via binding the 5′-UTR to degrade its mRNA. Enhancement of glutaminase by myc is 

reported to be through inhibition of miR-23 induced mRNA degradation (Gao et al 2009). As 

the most metabolized amino acid, glutamine can be converted into many intermediates of 

metabolism such as aspartate, asparagine, citrate, oxaloacetate and pyruvate via 

glutaminolysis (Newsholme et al 1985, Wise et al 2008). This makes glutamine to be 

important in proliferating cells, for example to many cancer cells glutamine is indispensable 

(DeBerardinis et al 2007, Wise & Thompson 2010). 

The last part affecting amino acid homeostasis is protein biosynthesis and 

degradation which actually are the leading factors for balancing amino acid utilization and 

maintenance (Hinnebusch 1994, Hinnebusch et al 2016, Kimball & Jefferson 2005, Kimball & 

Jefferson 2010). Mechanistic target of rapamycin complex 1 (mTORC1) is one of the most 

important signaling pathways for protein translation. Typically its regulations are through 

phosphorylation of 4E binding protein 1 (4E-BP1) and the downstream kinase p70 ribosomal 

protein S6 kinase beta-1 (S6K1), which can phosphorylate eukaryotic initiation factor (eIF) 

4G and programmed cell death protein 4 (PCD4) in turn (Dennis et al 2012). Phosphorylated 

or nonphosphorylated 4E-BP1 is the switch for initiating translation, unphosphorylated 4E-

BP1 can bind to and then sequester eIF4E the subunit of eIF4F complex, which is necessary 

for translation initiation (Broer & Broer 2017). Nonphosphorylated PCDC4 prevents the eIF4F 

complex from binding to mRNA by binding to its subunits eIf4A and eIF4G (Yang et al 2003). 

Besides, the assembly of ribosomes is also regulated by amino acid homeostasis through 

other amino acid sensing systems such as general control nonderepressable 2 (GCN2) 
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(sensing cytosol amino acid insufficiency) and protein kinase RNA-like endoplasmic 

reticulum kinase (PERK) (sensing instance incorrect protein folding) which can 

phosphorylate GDP- eukaryotic initiation factor 2α (eIF2α). The phosphorylated GDP-eIF2α 

cannot interact with guanine nucleotide exchange protein eIF2B and then cannot be 

transformed to GTP-eIF2α. The exchange from GDP-bound eIF2α to GTP-bound eIF2α is 

the switch for sustained peptide elongation during protein synthesis (Balasubramanian et al 

2013, Broer & Broer 2017, Kimball 2001). Additionally, translation of ATF4 is under the 

regulation of two upostream elements of the open read frame. The second element will stop 

translation of ATF4 when eIF2α·GTP·Met-tRNAi
Met complex is sufficient (amino acids are 

sufficient and eIF2α is phosphorylated) and on the contrary, translation can be completed 

when eIF2α·GTP·Met-tRNAi
Met level is reduced (Broer & Broer 2017, Hinnebusch et al 2016, 

Somers et al 2013, Vattem & Wek 2004, Young & Wek 2016).  These examples show the 

precise regulations to protein biosynthesis to ensure the homeostasis of amino acid. 

The degradation of proteins is an important source of amino acids through recycling 

and restoring. Protein is degraded through two main pathways, autophagy and the ubiquitin 

protease system (Cohen-Kaplan et al 2016). Autophagy is introduced in the later individual 

chapter, so this part mainly talks about ubiquitination degradation. Ubiquitin protease system 

is always regarded as the digestion way for large protein complexes (Cohen-Kaplan et al 

2016, Glickman & Ciechanover 2002). When proteins are ready to be degraded for amino 

acid recycling, ubiquitin ligases will be marked on these proteins. Next, these proteins start to 

be unfolded and deubiquitinated followed by hydrolysis from which several short peptides are 

produced (Finley 2009). These peptides can be degraded furtherly into individual amino acid 

by cytosol peptidases, some peptides can also be used for another particular purpose as 

antigenic peptides recognized by the immune system (Goldberg et al 2002). Interestingly, it 

has been reported in NIH3T3 cells only the levels of asparagine, aspartate and cysteine are 

decreased by inhibition of the proteasome, which mediates ubiquitin protease degradation 

(Suraweera et al 2012). This implies different recycling rates for different amino acids. On the 
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opposite, cytosolic amino acids levels are increased by activated mTORC1 induced 

expression of proteasomal proteins (Zhang et al 2014). It is further reported that mTORC1 

activation induced protein biosynthesis includes proteasomal proteins biosynthesis, which is 

regarded as the adaption to the increased protein folding and possible misfolding (Zhang & 

Manning 2015). 

These mechanisms together ensure the normal amino acid homeostasis. However, 

these regulations always do not happen at the same time and the same tissues. Different 

tissues or organs perform different functions to regulate multiple aspects of amino acid 

metabolism from food intake to utilization in responding to different stimulations including 

amino acid depletion or abundance (Broer & Broer 2017). About the particular functions of 

BAT on systemic amino acid homeostasis, still very little is known.     

 

Figure 1.6 Cellular amino acid homeostasis. A constant turnover of proteins is shown in the cell 

upon sufficient amino acids. Amino acids are mainly stored as the form of proteins. The major net loss 
is mitochondrial oxidation, which is thought to be compensated by uptake of amino acids by 

transporters and/or amino acid biosynthesis. Another homeostasis regulation is the exchange of amino 
from essential amino acids or oxidized amino acids to nonessential amino acids. Once amino acid is 

depleted, expressions of transporters will be enhanced to import more amino acids. At the same time, 
proteins degradation will also be enhanced and protein biosynthesis is weakened to recycle more 

amino acids. Oxidation of amino acids is shut down to the lowest level. (Broer & Broer 2017) 

1.4.2 The amino acid sensing system 

As a crucial intracellular hub for signaling in response to nutrients, the mTORC1 

pathway is a well-accepted amino acid sensing signaling pathway. mTORC1 is the main 

sensor in it (Avruch et al 2009, Bar-Peled & Sabatini 2014, Goberdhan et al 2016, Jewell et 
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al 2013, Zheng et al 2016). By regulating the downstream factors, mTOR modulates different 

cellular responses to adapt to different environmental nutrient status, such as 4E-BP1for 

protein biosynthesis upon amino acid abundance and ULK1 for autophagy upon amino acid 

depletion (Dunlop & Tee 2014, Hosokawa et al 2009, Tan & Miyamoto 2016). 

 

Figure 1.7 Amino acids sensing of mTORC1 signaling. Cytosolic leucine and arginine are sensed 

through GATOR2 (and/or GATOR1) regulation by Sestrin2 and CASTOR1 homodimer (or CASTOR1 
and 2 heterodimers) respectively, finally sensing signaling targets Rag GTPases. Lysosomal amino 
acids sensing require V-ATPase. Lysosomal arginine can be sensed by SLC38A9. TSC integrating 

multiple signaling and stimuli regulates mTORC1 through Rheb. (Wolfson & Sabatini 2017)   

The tuberous sclerosis complex (TSC) 2 is the key for mTOR to integrate multiple 

signals (Tee et al 2003), such as AKT and ERK which activate mTORC1 through inhibition of 

TSC2 by phosphorylation (Dibble & Manning 2013). Conversely, AMPK can activate TSC2 to 

shut off mTORC1 signaling (Kimura et al 2003, Sengupta et al 2010). The activation or 

inactivation of TSC2 switches mTORC1 off or on by affecting mTORC1 activator Ras 

homolog enriched in brain (Rheb), by hydrolyzing Rheb associated GTP to GDP TSC2 that 

can inactivate Rheb (Broer & Broer 2017). Some other stimuli which do not directly associate 

with amino acids can also be mediated by TSC such as low energy stress (Inoki et al 2003), 

hypoxia (Brugarolas et al 2004, Reiling & Hafen 2004) and genotoxic stress (Budanov & 
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Karin 2008). The subcellular localization of mTORC1 is found to related to amino acid 

concentration variates (Sancak et al 2010) 

mTORC1 only senses selected amino acids in the cytosol or lysosomal lumen 

directly, such as leucine and arginine (Avruch et al 2009, Bar-Peled & Sabatini 2014). 

The amino acid transporter SLC38A9 is regarded to be the primary lysosomal 

arginine sensor in mTOR signaling. The regulation of SLC38A9 is through interaction with 

the Rag Ragulator complex (Jung et al 2015, Rebsamen et al 2015, Wang et al 2015b). 

Lysosomal leucine has been reported to activate mTORC1 (Milkereit et al 2015), but the 

sensing pathway is still not clear. The V-ATPase is found to be necessary for lysosomal 

amino acid sensing (Zoncu et al 2011). 

Cytosolic amino acid levels are sensed by Rag GTPases. Amino acid starvation 

induces Rag GTPase activity (Broer & Broer 2017). Cellular Arginine Sensor for mTORC1 

(CASTOR) 1 homodimer or CASTOR1 CASTOR2 heterodimer is regarded as the cytosolic 

arginine sensor, with arginine binding CASTOR1 to regulate mTORC1 (Broer & Broer 2017, 

Chantranupong et al 2016). For cytosolic leucine sensor in mTORC1, some molecules have 

been reported including Sestrin2 which bind to leucine to regulate mTORC1 (Hutson et al 

2005, Kimball et al 2016, Wolfson et al 2016), but Sestrin as a leucine sensor is still 

controversial (Lee et al 2016a).  

Besides, many other mechanisms have also been reported (Goberdhan et al 2016, 

Ho et al 2016, Pramod et al 2013). For example, leucyl-tRNA synthetase (LRS) regulates 

mTORC1 together with Sestrin2 (Han et al 2012, Lee et al 2018). Furtherly, amino acid 

depended Rag GTPases activation to mTORC1 has also been reported (Petit et al 2013, 

Tsun et al 2013). Another leucine metabolite acetyl-coenzyme A (AcCoA) is reported to alter 

mTORC1 activity (Son et al 2018). For glutamine sensing, ARF1 is reported to be involved 

(Jewell et al 2015), but the sensing pathway is still not clear. 

Amino acid sensing of mTOR was reported to associate with PATs, but the details are 

still unclear (Goberdhan et al 2016, Heublein et al 2010). 
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1.5 Autophagy clears unnecessary proteins and regenerates 
amino acid pools 

1.5.1  Autophagy background and different types of autophagy 

Autophagy is a process of self-degradation in cells, which is crucial for maintaining 

homeostasis of metabolic substrates in response to nutrient stress. Autophagy also removes 

misfolded or aggregated proteins, intracellular pathogens and dysfunctional organelles such 

as mitochondria, endoplasmic reticulum (ER) and peroxisomes (Glick et al 2010). Actually, 

the substrates of autophagy are very heterogeneous (Galluzzi et al 2017). Autophagy was 

discovered based on the observation of cargoes in the lysosome, including mitochondria and 

some other intracellular structures (Deter & De Duve 1967). Autophagy is a very conserved 

function, its related genes can be found in many different species from slime mold to 

mammals (Nakatogawa et al 2009). 

Autophagy includes three defined types, macroautophagy, microautophagy and 

chaperone mediated autophagy (Glick et al 2010).  Macroautophagy is to degrade the 

cellular components such as membranes, organelles or protein aggregates. The lysosome 

finally fuses with vesicles encapsulating cargoes (Yang & Klionsky 2010). Microautophagy is 

the way to degrade individual proteins, the cargo containing vesicles are fused with the 

lysosome  (Broer & Broer 2017). Chaperone mediated autophagy is for digesting selective 

cytosolic proteins. Single soluble proteins are directed one by one to the lysosome via the 

assistance of chaperones and lysosomal surface proteins (Kaushik et al 2011). Usually, 

macroautophagy is referred to as autophagy (Broer & Broer 2017). So the following 

introduction about the mechanism of macroautophagy uses autophagy directly instead of 

macroautophagy.  

1.5.2 The classical model of (macro)autophagy 

A typical autophagy processing can be divided into two main phases; autophagosome 

formation and autophagosome-lysosome fusion (Yu et al 2018). 
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Briefly, the initiating process of autophagosome formation is about the activation and 

recruitment of a series of autophagy related proteins (ATGs). The related complexes are 

abundant. (Galluzzi et al 2017). 

The initiation of autophagosome formation starts from the activation and translocation 

of serine threonine kinase complex unc-51 like autophagy activating kinase (ULK) complex to 

ATG9 docked at the ER (Karanasios et al 2016). Then the class III phosphatidylinositol 3 

kinase (PtdIns3K kinase) is recruited to produce phosphatidylinositol 3-phosphate (PtdIns3P) 

and generate a special structure from the ER called omegasome. The omegasome 

containing PtdIns3P shows affinity to PtdIns3K complex I due to its highly curved region. 

PtdIns3K complex I can change the lipid composition of the omegasome to convert it into a 

phagophore (Yu et al 2018). This conversion process at the same time facilitates the 

exposure or clustering of PtdIns3P, which recruits WIPI2B. WIPI2B is essential for further 

recruitment of ubiquitin-like (E3-like) complex ATG12-ATG5-ATG16L1 (Dooley et al 2014, Yu 

et al 2018). The generation of the omegasome from the ER  is inferred to be mediated by (N-

ethylmaleimide-sensitive-factor attachment receptor) SNARE in yeast (Lemus & Goder 

2016). This is the origin of the ER-derived phagophore, with the ER associated exit sites or 

ER Golgi intermediate compartment is believed to be the source of it (Davis et al 2017, Puri 

et al 2013).  

However, other sources of the phagophore have also been described (Ge et al 2013). 

The Golgi and the endosome are the organelles which take part in phagophore formation by 

interacting with ATG9 (Yu et al 2018). It has been shown that the Golgi complex (Mari et al 

2010, Yamamoto et al 2012) and Golgi endosomal system (Ohashi & Munro 2010, 

Shirahama-Noda et al 2013) are the sources of ATG9 vesicles. Furthermore, Src kinase and 

ULK1 mediate the trafficking of ATG9 vesicles from the Golgi to the endocytic pool (Zhou et 

al 2017). Electron tomography suggests several other organelles make contact with 

autophagosomes during autophagy development besides ER, Golgi and endosome (Biazik 

et al 2015). Several pathways have been reported for the plasma membrane to contribute to 
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autophagosome formation. Phospholipids can be transported from the plasma membrane 

through clathrin mediated endocytosis and driven by ATG16L1 (Ravikumar et al 2010). ADP 

ribosylation factor 6 (ARF6) also contributes to this process (Moreau et al 2012). Another 

pathway is that membrane together with ATG9 can traffic from the plasma membrane to the 

recycling endosome through endocytic trafficking pathways. Then the recycling endosome 

carrying ATG9 fuses with another ATG16L1 driven recycling endosome to continue transport 

to the phagophore. (Popovic & Dikic 2014, Puri et al 2013). Homotypic fusion regulated by 

several SNAREs also happens in ATG16L1 containing recycling endosomes. The fusion of 

recycling endosomes enables the growth of vesicles and the further recruitment of LC3  to 

promote the formation of ATG16L1 and LC3 double positive phagophore-like structures 

(Moreau et al 2014, Moreau et al 2011). Direct transport from the recycling endosome to the 

forming autophagosome is mediated by sorting nexin 18 (SNX18). TBC1D14 can also 

promote this process (Orsi et al 2012, Webber & Tooze 2010). The mitochondrion is reported 

to be another source of autophagosomes during starvation through outgrowth of the 

mitochondrial outer membrane (Hailey et al 2010). Noticeable, lipid droplets as a neutral lipid 

store can also contribute to autophagosome formation (Dupont et al 2014, Yla-Anttila et al 

2009).  

  As mentioned above, after the omegasome is generated the ubiquitin-like system 

ATG5-ATG12-ATG16L1 is recruited for complex initiating and at the same time ATG5-

ATG12-ATG16L1 complexes mark the site of autophagosome formation. These two events 

target small vesicles to the forming autophagosome  (Dooley et al 2014). In the conjugation 

of this complex, ATG7 serves as an E1 ubiquitin activating enzyme-like activator to ATG12 in 

an ATP dependent manner, then E2-like ubiquitin carrier protein ATG10 links ATG12 and 

ATG5 covalently. The final conjugation is between the paired ATG5-ATG12 and ATG16L 

dimer (Glick et al 2010). Another ubiquitin like system, the lipidation of ATG8 (Yu et al 2018) 

which is also called LC3 processing (Glick et al 2010) also contributes to the initiation of the 

autophagosome. 
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Here LC3 processing is introduced as an example. The first step is the cleavage of 

LC3 by the cysteine protease ATG4 (Kumanomidou et al 2006, Satoo et al 2009). After this 

step LC3 is termed LC3 I. Then E1-like ATG7 actives LC3 I and E2-like ATG3 conjugates 

phosphatidylethanolamine (PE) to LC3 I to generate LC3 II, finally LC3 II is recruited to the 

forming autophagosome by ATG5-ATG12 (Galluzzi et al 2017, Glick et al 2010). Another 

ATG8 member GABARAP undergoes a similar ubiquitin-like transformation to become 

GABARAP II which is also involved into autophagosome formation (Kirkin et al 2009). 

After maturation, autophagosomes start to engulf cytosol (Gatica et al 2018). This 

loading process of cargo is thought to be random in response to nutrient deprivation. It is 

called nonselective autophagy. However, in some situations, certain components need to be 

cleared specifically, such as aggregates of proteins and dysfunctional or abundant organelles 

(Jin et al 2013). Several organelles have been reported to be recognized and degraded by 

selective autophagy, such as mitochondria (Ashrafi & Schwarz 2013), peroxisomes (Hutchins 

et al 1999), lysosomes (Hung et al 2013), ER and the nucleus (Nakatogawa & Mochida 

2015). 

Q-SNARE Syntaxin 17 (STX17) normally resides on the ER and mitochondria. 

STX17, which normally is only on the ER, translocates to ER-mitochondria contact sites upon 

starvation (Hamasaki et al 2013). Autophagy induces the translocation of STX17 to the 

autophagosome (Yu et al 2018). The translocation of STX17 is regarded to be induced by 

the completion or almost completion of the autophagosome, and at the same time STX17 is 

necessary for autophagosome-lysosome fusion because it ensures only the mature 

autophagosomes fuses with the lysosome (Itakura et al 2012, Tsuboyama et al 2016). 
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Figure 1.8 Schematic pathway of (macro)autophagy. In responding to upstream signals, 

assembled ULK1 complex and some other complexes (such as class III PtdIns3 kinase complex) 
induce the formation of the phagophore. Different sources of membrane contribute to the 

phagophore/autophagosome formation mainly through ATG9 traffic. By the assistance of two ubiquitin-
like systems of ATG5-ATG12-ATG16 (as shown in text normally ATG16L1) and LC3, autophagosome 
elongates to pack cargoes and finally closes to complete formation. Then autophagosome fuse with 

lysosome to form autophagolysosome, its cargoes are exposed to lysosomal enzymes to be 
degraded, the products of degradation are transported out of the lumen. (Cui et al 2016) 

Next, the cargo loaded autophagosome fuses with the lysosome/late endosome to 

complete autophagy. Fusion processes of lysosome and late endosome are regarded to be 

very similar (Nakamura & Yoshimori 2017). Here the lysosome is used for the introduction. 

Due to acidification the lysosomes cluster in the peripheral region of the nucleus upon 

starvation (Heuser 1989), but autophagosomes are formed randomly throughout the cell 

(Jahreiss et al 2008). To fuse with each other, autophagosomes and lysosomes need to be 

closed enough. Autophagosomes are linked and then delivered to the perinuclear region 

along microtubules (Fass et al 2006, Yu et al 2018). Some microtubule motors take part in 

this transportation, such as Dynein for minus end movement (Jahreiss et al 2008, Kimura et 

al 2008, Ravikumar et al 2005) and kinesin together with FYVE and coiledcoil domain-

containing 1 (FYCO1) for plus end movement (Olsvik et al 2015, Pankiv et al 2010). Besides, 

actin motors like MYO6/myosin VI and MYO1/myosin I are also reported to be indispensable 

for fusion (Brandstaetter et al 2014, Tumbarello et al 2012).     

Besides cytoskeleton, the tethering factor, SNAREs and phospholipids take part in 

the complicate fusion process between autophagosome and lysosome (Yu et al 2018). 
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Tethering factors are various. An important one is homotypic fusion and protein sorting 

(HOPS) complex (Balderhaar & Ungermann 2013, Rieder & Emr 1997, Seals et al 2000, 

Solinger & Spang 2013, Wurmser et al 2000). Another tethering complex is the Ras related 

protein Rab-7 (Rab7) and its adaptors. It is reported that Rab7 recruits pleckstrin homology 

domain-containing family M member 1 (PLEKHM1) and RILP to bind to vacuolar protein 

sorting (VPS) 39 and VPS41, the two subunits of HOPS (Wijdeven et al 2016). Rab7-HOPS 

which can tether membranes of two vesicles has been reported to be required for 

autophagosome-lysosome fusion (Gutierrez et al 2004, Lurick et al 2017). Rab7 can interact 

with many different tethering proteins, which is regarded to be important for the specificity of 

fusion (McEwan et al 2015, Terawaki et al 2015, Wang et al 2016).  SNAREs play a core role 

in autophagosome-lysosome fusion. The interaction between R-SNARE and Q-SNARE, 

which reside on membranes of different vesicles to form trans-SNARE complex, produces 

the force needed for fusion (Yu et al 2018). PtdIns3P, Phosphatidylinositol 4-phosphate 

(PtdIns4P) and Phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P2) also contribute to 

autophagosome-lysosome fusion (Cebollero et al 2012, Chen et al 2012, de Lartigue et al 

2009, Nakamura et al 2016, Wang et al 2015a).  

The outer membrane of autophagosomes fuses with lysosomes first and then the 

inner membrane, together with the autophagosomal components, are degraded by the 

enzymes in the lysosome lumen. The products of degradation are transported out by 

transporters on the membrane of the autolysosome (Yu et al 2018). The fused vesicle can 

also be called as autophagolysosome (Klionsky et al 2014).   

When autophagy is finished, the last step called autophagic lysosome reformation 

(ALR) is triggered (Yu et al 2018). The key signal for ALR is the activation of mammalian 

target of rapamycin (mTOR) (Yu et al 2010). 

1.5.3 Initiation regulation and other regulations of (macro)autophagy 

As a complex biological process, autophagy includes many steps. Numerous factors 

and signaling pathways can regulate different steps in different ways. It is impossible to list 

https://en.wikipedia.org/wiki/Phosphatidylinositol_3,5-bisphosphate
https://en.wikipedia.org/wiki/Phosphatidylinositol_3,5-bisphosphate
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all the autophagy regulating elements here. So in this chapter, several relatively direct 

regulations to autophagy are discussed schematically. 

As a mechanism responding to nutrient deprivation, protein aggregation and other 

stimulations, initiation of autophagy is triggered by multiple signals (Rabinowitz & White 

2010). The mTOR signaling pathway is the major signal for autophagy regulation. It is 

regarded as the hub for integrating various intercellular autophagy related signals (Efeyan & 

Sabatini 2010). Upon nutrient or growth factors stimulation mTORC1 inhibits ULK1 to 

weaken autophagy. On the contrary, nutrient depletion or other stresses inactivate mTORC1 

to trigger autophagy. Another mTOR complex mTORC2 can positively regulate mTORC1 

(Rabinowitz & White 2010). The adenosine monophosphate activated protein kinase (AMPK) 

pathway is regarded to be a sensor for energy and to function upstream of mTORC1. It is 

activated by adenosine monophosphate (AMP), indicating low cellular energy levels, to 

enhance autophagy by inhibiting mTORC1 (Rabinowitz & White 2010, Shackelford & Shaw 

2009). AMPK has been also reported to directly phosphorylate ULK1 to induce autophagy 

(Kim et al 2011). 

In addition to classical signaling pathways, other types of regulation have also been 

reported to trigger autophagy. For example, insulin like growth factor 1- phosphoinositide 3 

kinase-Akt (also known as protein kinase B (PKB)) (IGF1-PI3K-Akt) is reported to induce 

autophagy, not only through mTOR, but also slowly through forkhead box protein O3 

(FoxO3) the transcription factor which can be activated to induce the transcription of ATGs 

genes (Zhao et al 2007). Particularly, mitophagy, the type of autophagy degrading 

mitochondria, can be induced by hypoxia and hypoxia inducible factors (HIFs) through 

promoting the transcription of related genes (Zhang et al 2008). Additional, some hormones 

or metabolites can also trigger autophagy. For instance, glucagon a hormone secreted upon 

fasting and activation of the adrenergic receptor can trigger autophagy in the liver through 

activating adenylate cyclase to increase levels of cyclic adenosine monophosphate (cAMP) 
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(Rabinowitz & White 2010). Ammonia induces autophagy in weakly perfused tissues and 

tumors (Eng et al 2010).    

As mentioned above, to initiate autophagosome formation ATG9 is very important to 

drive membranes to the recycling endosome or growing autophagosome. This traffic of 

ATG9 can be regulated by a series of factors including ULK complex (has mentioned), p38α 

(also known as mitogen-activated protein kinase 14(MAPK14)) (Webber & Tooze 2010), 

Rab11and TBC1D14 (have mentioned), transport protein particle III (TRAPPIII) (Lamb et al 

2016), clathrin coats contained AP2 17 and bax interacting factor 1 (Bif1) -Dynamin 2 

(Takahashi et al 2016). The substrate sphingomyelin has also been reported to regulate ATG 

traffic to recycling endosomes as an inhibitor (Corcelle-Termeau et al 2016). Actually, a more 

direct regulation is to alter the phosphorylation status of ATG9. The ULK1 complex and 

AMPK have been suggested to be able to alter it (Corcelle-Termeau et al 2016, Mack et al 

2012, Weerasekara et al 2014). Besides, Src kinase and ULK1 can also mediate ATG9 

phosphorylation (Zhou et al 2017). 

During the fusion phase, Rab7 connects many tethering proteins. As a Ras related 

GTP binding protein, many GTP/GDP exchange factors (GEFs) and Rab GTPase activating 

proteins (GAPs) can regulate fusion processes through affecting Rab7 (Hegedus et al 2016, 

Itoh et al 2011). The regulation of Rab7 can also determine the specificity of fusion between 

lysosome/late endosome and autophagosomes such as Rab7 effector, ectopic P-granules 

autophagy protein 5 homolog (EPG5), which binds to the lysosomal/late endosomal Rab7 

and R-SNARE VAMP7/8 and at the same time to autophagosomal LC3/LGG-1 (C.elegans 

homolog of LC3) and STX17-SNAP29 to facilitate recruitment of and further stabilize trans-

SNARE complexes to guarantee the specificity of fusion (Wang et al 2016). The SNARE 

complex is another target for the regulation of fusion. For example, ATG14 promotes fusion 

by binding to STX17 to stabilize binary Q-SNARE complex STX17-SNAP29 (Diao et al 

2015), on the contrary, O-GlcNAcylation (attachment of O-linked N-acetylglucosamine) of 
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SNAP29 SNARE which is negatively correlated with nutrient levels interferes with the trans-

SNARE assembly (Guo et al 2014).  

As a special factor, Bafilomycin A1 is a broadly utilized inhibitor for autophagosome-

lysosome fusion through the inhibition of Ca2+ release from the sarco/endoplasmic reticulum 

by inhibiting Ca2+-ATPase (SERCA) (Mauvezin & Neufeld 2015).. 

1.6  V-ATPase drives acidification 

1.6.1  V-ATPase functions 

V-ATPases are short for vacuolar H+-ATPases which are proton pumps. The proton 

transport activity of these pumps is driven by ATP hydrolysis, V-ATPases broadly reside in 

many different membranes of many different kinds of cell types (Breton & Brown 2013, Cotter 

et al 2015, Forgac 2007, Kane 2012, Marshansky et al 2014, Sun-Wada & Wada 2013). The 

following introduction is mainly about eukaryote V-ATPase. V-ATPase is a large multiprotein 

complex which comprises two main domains, cytosolic V1 domain, which is responsible for 

ATP hydrolysis, and the membrane docked V0 domain, which is for proton transmembrane 

transport (Forgac 2007). Each domain consists of many subunits. V1 domain subunits 

include A, B, C, D, E, F, G and H. V0 is composed by the conservative subunits a, d, e, c and 

c’’, in yeast another c’ subunit is also needed, but in evolutionally higher eukaryotes an 

accessory protein Ac45 is essential (Forgac 2007).        

V-ATPases perform numerous functions in different cells, but the core function is to 

drive acidification by pumping and accumulating protons (Holliday 2014). Here V-ATPase 

dependent acidification and other related functions are schematically introduced. 

The diverse functions of V-ATPase in endocytosis and exocytosis are mediated 

through acidification (Forgac 2007). The most well-known acidification by V-ATPase is for 

endosome and lysosome. The lumen of endosomal organelles is acidified during the 

endocytosis from the plasma membrane to the lysosome. At the same time acidity of the 

lumen and assembly of the V-ATPase are continuously enhanced (Lafourcade et al 2008). 

Actually, decreased pH by acidification in endosomes is important for receptor endocytosis 
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and vesicular trafficking (Scott & Gruenberg 2011). After internalization, receptor ligand 

complexes are exposed to the acid endosome lumen, which allows for the release and 

recycling of the receptor and ligand to the plasma membrane (Maxfield & McGraw 2004). 

The pH in the lysosome lumen is maintained at 4.5 by the V-ATPase. This is required for 

acid hydrolase synthesized in Golgi to be transported to and active in the lysosome 

(Pamarthy et al 2018). Besides, the acid environment in the autophagolysosome lumen 

during (macro)autophagy is crucial for maintaining activity of digestive enzymes (Saftig & 

Klumperman 2009), and acidification through the V-ATPase is thought to provide the acid 

environment for acid hydrolases and cargo degradation (Kissing et al 2015).  

 

Figure 1.9 Schematic structure and proton transportation mechanism of V-ATPase. V-ATPase 

mainly consists of two domains, cytosolic V1 domain and integral V0 domain. Each domain is 
composed by many subunits, subunits A, B, C, D, E, F, G, H for V1 domain, a, c, c’’, d, e for V0 

domain in animals (Composition may variate in different species, see text). V1 domain is responsible 
for ATP hydrolysis which drives the rotation of catalytic domain in V1 domain and associated 

proteolipid ring in V0 domain. Proton enters and binds to proteolipid ring, finally it is released to 
another side of membrane. (McGuire et al 2017) 

The plasma membrane localized V-ATPase functions in proton secretion (Breton & 

Brown 2007). The acidification of the extracellular lumen by V-ATPase exists in different 

organs. For example, acid base homeostasis and acidification of urine are regulated by V-

ATPase with a subunit isoform 4 in epithelial cells of kidney proximal tubule (Brown et al 

2009, Karet 2005). Mutants in V-ATPase subunits cause recessive distal renal tubular 
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acidosis and deafness (Smith et al 2000). Besides kidney, plasma membrane localized V-

ATPase with subunit a isoform 4 is also expressed in the ear. Subunit a isoform 4 knockout 

mice are found to suffer the severe metabolic acidosis, impaired hearing and smell sense 

after weaning. These mice can survive only with alkali supplementation (Norgett et al 2012). 

Furthermore, bone resorption requires V-ATPase acidification of lacunae in osteoclasts (Qin 

et al 2012) and V-ATPase dysfunction causes osteoporosis (Kartner & Manolson 2014). 

Additional, sperm maturation and storage induce V-ATPase luminal acidification in clear cells 

of the epididymis (Jaiswal et al 2015). Plasma localized V-ATPase may take part in proton 

secretion from the olfactory epithelial cells base (Paunescu et al 2008). Furthermore, 

deficiency of the B subunit isoform 1 leads to olfactory dysfunction (Paunescu et al 2012). 

Vision sense related cells are also found to require proton transportation across the cell 

membrane by V-ATPase. Mutations of V-ATPase lead to ocular pathologies (Shine et al 

2014).  

On the one hand, V-ATPase plays a crucial role in endocytosis, on the other hand, 

endocytosis itself can regulate multiple signaling pathways (Marshansky & Futai 2008, Sorkin 

& von Zastrow 2009). Thus, V-ATPase activity can indirectly regulate signal transduction 

(Pamarthy et al 2018, Sun-Wada & Wada 2015).  

V-ATPase has been reported to regulate Notch signaling (Fischer et al 2012, Lange 

et al 2011, Lee et al 2010, Sethi et al 2010, Valapala et al 2013). Other signaling associating 

with V-ATPase are Wnt (Cruciat et al 2010, Gao et al 2010, Ichihara 2012, Rousselle et al 

2014) and TGF-β (Cao et al 2012, Fischer et al 2012, Pamarthy et al 2016). Finally, mTOR 

signaling in response to amino acid stimulation needs to be recruited to the lysosome, which 

needs the activation of Guanine Exchange Factor (GEF) in Ragulator by V-ATPase (Kim & 

Guan 2015, Zoncu et al 2011). And interference of subunit C expression is found to reduce 

activity of mTORC1 (McConnell et al 2017).   

1.6.2  Regulation of V-ATPase activity 
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Assembly and disassociation of the V-ATPase are important ways to regulate V-

ATPase activity (Cotter et al 2015). Many factors have been identified to regulate V-ATPase 

assembly. In yeast Ras/cAMP/ protein kinase A (PKA) signaling facilitates V-ATPase 

assembly in response to glucose restimulation following glucose starvation (Bond & Forgac 

2008). Furthermore, pH is also known to regulate V-ATPase assembly. A neutral 

extracellular pH is reported to prevent disassembly of the V-ATPase (Diakov & Kane 2010). 

Increased cytosolic pH also promotes V-ATPase assembly via the PKA pathway (Dechant et 

al 2010). Furthermore, glycolytic enzymes aldolase (even without catalytic activity) (Lu et al 

2007) and phosphofructokinase (Chan & Parra 2014)  can directly interact with V-ATPase to 

facilitate assembly. The regulation of phosphofructokinase is through binding to regulator of 

the ATPase of vacuolar and endosomal membranes (RAVE) (Chan & Parra 2014). RAVE is 

a V-ATPase assembly factor (Smardon et al 2014), and is thought to bind to the V1 domain 

to stabilize the activity of the V-ATPase (Kane 2012).  

In mammalian cells PtdIns3K together with ERK mediates V-ATPase dependent 

intracellular pH change (Marjuki et al 2011). PtdIns3K mediates glucose stimulated V-

ATPase assembly (Sautin et al 2005). However, glucose starvation is also reported to 

increase V-ATPase assembly through the PI3K/Akt pathway. Furthermore, high 

concentration of glucose and glucose starvation both induce V-ATPase assembly (McGuire 

& Forgac 2018, Stransky & Forgac 2015). AMPK inhibits proton pumping by phosphorylating 

subunit A of the V-ATPase, inhibiting V-ATPase assembly (Alzamora et al 2013). EGF also 

increases V-ATPase assembly and activates mTORC1 (Xu et al 2012). V-ATPase assembly 

can also be facilitated by amino acid starvation (Stransky & Forgac 2015), it is reasonable to 

link amino acid starvation and mTOR regulated autophagy generating amino acids, but 

interestingly amino acid starvation induced V-ATPase assembly show independent of PI3K 

and mTORC1 (Stransky & Forgac 2015).  

There are also some V-ATPase assembly regulators, such as Zinc transporter (ZnT)2 

(Rivera et al 2018), Transmembrane protein (TEME)9 (Jung et al 2018), Vacuolar ATPase 
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assembly integral membrane protein (VMA)21 (Ramachandran et al 2013), Coiled-coil 

domain-containing protein (CCDC)115 and TEME199 (Miles et al 2017).     

Besides assembly regulation, traffic of V-ATPase is another aspect affecting V-

ATPase activation, especially in epithelial cells secreting proton because V-ATPase can 

localize to plasma membrane to pump protons out of cell at least in some cells (Breton & 

Brown 2013, Cotter et al 2015). The different subunit isoforms also alter V-ATPase activity, 

for example subunit a was reported to regulate the different cellular destinations of the V-

ATPase by expression of different isoforms of subunit a (Breton & Brown 2013, Finnigan et al 

2012, Forgac 2007, Sun-Wada & Wada 2013). Different subunit a isoforms are thought to 

maintain different pHs as a mechanism to modulate V-ATPase activity (McGuire et al 2017). 

Actually, some researches have also revealed the direct regulation which is 

independent of assembly and traffic to V-ATPase activity. For example, Serine/threonine-

protein kinase STE20 (STE20) the Cell division control protein 42 homolog (Cdc42) effector 

in yeast directly regulate V-ATPase activity by interacting with H subunit of V-ATPase (Lin et 

al 2012). Without altering assembly, Heme Responsive Gene 1 (HRG1) is found to facilitate 

V-ATPase activity (O'Callaghan et al 2010). Some regulation factors of V-ATPase in the 

kidney have been identified (Merkulova et al 2015). 

As a more fundamental regulation way, mTORC1 can regulate gene expressions of 

some subunits of V-ATPase mediated by transcription factor EB (TFEB) (Pena-Llopis et al 

2011).  

1.7 The amino acid transporter PAT2 is specifically expressed in 
brown adipocytes 

PAT2 (also known as SLC36A2 or transmembrane domain rich protein 1 

(Tramdorin1)) is a proton coupled amino acid transporter, which belongs to the SLC36 family 

(Schioth et al 2013, Thwaites & Anderson 2011). The SLC36 family constitutes 4 members, 

SLC36A1 (PAT1), SLC36A2 (PAT2), SLC36A3 (PAT3) and SLC36A4 (PAT4), which are all 

proton coupled transporters for small neutral amino acids (Schioth et al 2013). The transport 
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mechanisms of PAT1, PAT2 and PAT4 have been characterized, but less is known for the 

orphan transporter PAT3 (Schioth et al 2013, Thwaites & Anderson 2011). PAT1 (Boll et al 

2002, Sundberg et al 2008) and PAT4 (Pillai & Meredith 2011, Sundberg et al 2008) are 

distributed broadly, but PAT2 is not expressed as broadly as PAT1 and PAT4 (Schioth et al 

2013, Sundberg et al 2008).  

PAT2 mRNA is detected in heart, lung, kidney, skeletal muscle, spleen and brain in 

mouse (Boll et al 2003, Boll et al 2002, Rubio-Aliaga et al 2004, Vanslambrouck et al 2010). 

In rat it is found in adipose tissue, spleen, lung, skeletal muscle, kidney, heart and brain 

(Chen et al 2003, Foltz et al 2004b, Sundberg et al 2008), in human it is in the kidney and 

skeletal muscle (Bermingham & Pennington 2004a, Nishimura & Naito 2005). PAT2 is also 

detected in bone marrow and adipose tissue in mice by in situ hybridization (Bermingham & 

Pennington 2004a). PAT2 expression in 3T3-L1 cell line has also been reported (Zebisch & 

Brandsch 2013). PAT2 is thought to localize to the plasma membrane (Boll et al 2004), and 

not the lysosome as PAT1 (Bermingham et al 2002). Further research has confirmed the 

plasma membrane localization and revealed by far highest expression of PAT2 in BAT 

(Ussar et al 2014). 

It has been reported that PGC1 coactivators alter the expression of PAT2 (Uldry et al 

2006). The expression of PAT2 is found to be decreased in the sciatic nerves of POU Class 

3 Homeobox 1(pou3f1)-null mice (Bermingham et al 2002). PAT2 expression also changes 

during murine kidney development. PAT2 mRNA levels increase to 5.3 times from day 0 to 

day 7, then decrease to 20% of the peak at day 14 (Vanslambrouck et al 2010). Comparing 

to other PATs, PAT2 and PAT1 both show high affinity to glycine, alanine and proline, the 

differences are shown in the transportation of some modified amino acids (Schioth et al 

2013, Thwaites & Anderson 2011). PAT2 has a much narrower substrate specificity than 

PAT1 (Rubio-Aliaga et al 2004). Comparing with the low affinity high capacity PAT1, the 

affinity of PAT2 to substrates is found to be higher than PAT1 (Thwaites & Anderson 2011). 

This may implicate the different roles of PAT2 and PAT1 in cells.  Half maximal transport 
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rates of PAT2 occur in an extracellular pH range from 7.4-9.3 (Boll et al 2002, Foltz et al 

2004b, Kennedy et al 2005, Rubio-Aliaga et al 2004). Membrane depolarization is also found 

to reduce the proton affinity of PAT2 at the range of −120 to −20 mV (Foltz et al 2004b). 

Additional, the transportation of PAT2 is bidirectional, influx or efflux depends on the 

concentration gradient of substrate, pH and membrane potential (Edwards et al 2011, 

Kennedy et al 2005, Rubio-Aliaga et al 2004).   

The precise functions of PAT2 are not clear, but some early studies have shown that 

mutations in PAT2 lead to iminoglycinuria and hyperglycinuria through impaired amino acid 

absorption in the renal proximal tubule (Broer et al 2008). Molecularly PATs are found to 

interact with and regulate the mTOR pathway (Goberdhan et al 2005a, Suryawan et al 2013).   

2  Material and methods 

2.1 Material 

2.1.1 PAT2 knockdown and overexpression cell lines 

The previously established murine brown preadipocyte cell line BAT1 derived from 8 

weeks old C57Bl/6 mouse (Pramme-Steinwachs et al 2017) was used to generate Scramble, 

PAT2 knockdown and overexpression cell lines. 

As the control cell line, the Scramble cell line is BAT1 cell line containing non-target 

shRNA control pLKO.1-puro plasmid.  

PAT2 knockdown cell lines are BAT1 cells containing PAT2 shRNA with different 

targeting sequences. 

PAT2 overexpression cell line is BAT1 cells containing pCDH-CMV-PAT2-HA-puro 

plasmid. 

2.1.2 Wild type mice in the fast experiment 

All the wild type mice in the fast experiment are purchased. Mouse lines of these wild 

type mice are C57/BL6J or C57BL/6N. The ages are eight weeks old. 

2.1.3 Adipose tissue specific Kindlin-2 knockout mice 
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Kindlin2 knockout first allele mouse (Fermt2tm1a(EUCOMM)Wtsi, reporter-tagged 

insertion with conditional potential) was from IMPC. Colony name: GSF-EPD0087_1_G04-1. 

Genetic background: C57BL/6NTac/Den. 

The mouse was mated with flp mouse to remove LacZ and neo cassettes. The 

Kindlin-2fl/+ flp+/- or Kindlin-2fl/+ flp+/- mice were selected. For the following breeding, these 

mice were mated with each other to get Kindlin-2fl/+ or Kindlin-2fl/fl mice without flp. Next, 

Kindlin-2fl/+ or Kindlin-2fl/fl mice were mated with Adiponectin-Cre+ mice to get Kindlin-2fl/- 

Adiponectin-Cre+ or Kindlin-2fl/+ Adiponectin Cre- mice. Kindlin-2fl/+ Adiponectin-Cre+ mice 

were further mated with Kindlin-2fl/+ Adiponectin Cre- to get Kindlin-2fl/fl Adiponectin Cre+, 

Kindlin-2fl/fl Adiponectin Cre- and Kindlin-2fl/+ Adiponectin Cre+ mice for verifying Kindlin-2 

knockout. Finally, Kindlin-2 adipose tissue conditional knockout mice for experiments were 

from matings of Kindlin-2fl/fl Adiponectin Cre+ with Kindlin-2fl/fl Adiponectin Cre-. 

 

Figure 2.1 Gene structure of Fermt2tm1a(EUCOMM)Wtsi mice. (From IMPC website) 

2.1.4 Whole body PAT2 knockout mice 

The chimera mice generated by PAT2 knockout embryonic stem cells injection were 

from Dr. Ingo Burtscher as a gift. Then chimera mice were bred with wild type mice, the 

heterozygotes in the next generation were continuously mated with wild type mice to acquire 

steady PAT2 heterozygous knockout mice. To remove neo sequence at two terminals, 

heterozygotes mice were hybridized with Rosa26 Cre mice, Cre recombinase will cut the neo 

cassette off from two locus of X-over P1 (LoxP) sites in PAT2+/-, Cre+ mice. Then neo free 

PAT2+/-, Cre+ mice were again mate with wild type mice to select neo free PAT2+/-, Cre- mice. 

PAT2-/- mice can be acquired from mating between PAT2+/-, Cre- mice. Mouse line is 

C57/BL6N. 
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Figure 2.2 Gene structure of PAT2 knockout elements.  

2.1.5 Reagents, consumable materials and instruments 

Table 2.1 Reagents 

Regent Manufacturer 

DMEM, High glucose, GlutaMAX Pyruvate, 
Dulbecco's Modified Eagle Medium 

Thermo Fisher Scientific 

Polyfect Quiagen 

PEG-it virus precipitation solution (5 ×) Biocat 

HEPES Carl Roth 

DPBS Thermo Fisher Scientific 

Polybrene Hexadimethrine bromide Sigma-Aldrich 

Puromycin (hydrochloride) Biomol 

Fetal Bovine Serum (FBS) Thermo Fisher Scientific 

100 × Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 

Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific 

Dimethylsulfoxid (DMSO) Carl Roth 

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich 

Potassium hydroxide Carl Roth 

Dexamethasone VWR international (Sigma-Aldrich) 

Indomethacin Santa-Cruz 

3,3’,5 Triiodo-L-Thyronine (T3) Merck Millipore 

Insulin Solution, Human (10mg/ml) Sigma-Aldrich 

Rosiglitazone Sigma-Aldrich 

DMEM w/o glutamine, w/o amino acids, with 1g/L 
glucose 

GENAXXON bioscience 

2-Propanol (Isopropanol) Merck Millipore 

Dialyzed FBS Thermo Fisher Scientific 

D(+)-Saccharose, D(+)-Sucrose Carl Roth 

Ethylendiamin-tetraessigsäure 
(Ethylenediaminetetraacetic acid (EDTA)) 

Carl Roth 

TRIS, Tris(hydroxymethyl)aminomethane (Tris) Carl Roth 

Hydrochloric acid Carl Roth 

Ficoll 400 Sigma-Aldrich 

SDS, Sodium dodecyl sulfate Carl Roth 

Seahorse XFe96 FluxPaks Agilent Technologies, Seahorse 

Oligomycin Merck Millipore 

FCCP, Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone 

R&D systems 

Rotenone Sigma-Aldrich 

Antimycin A from Streptomyces sp. Sigma-Aldrich 

2-Deoxy-D-glucose ALFA AESAR 

D(+)-Glucose Carl Roth 

MEM Amino Acids (50 ×) solution Sigma-Aldrich 

Quant-iT PicoGreen dsDNA reagent Bio-Rad 

iTaq Universal SYBR Green Supermix Bio-Rad 

Hard-Shell 384 well standard PCR plates Bio-Rad 

RNeasy Mini Kit QIAGEN 

QIAGEN Plasmid Plus Midi Kit QIAGEN 
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QIAprep Spin Miniprep Kit QIAGEN 

Ethanol Merck Millipore 

Trichlormethan/Chloroform Carl Roth 

QIAzol Lysis Reagent QIAGEN 

Stainless Steel Beads, 5 mm QIAGEN 

High-Capacity cDNA Reverse TranScription Kit Applied Biosystems 

Water for PCR Merck Millipore 

Phosphatase Inhibitor Cocktail 2 aqueous 
solution 

Sigma-Aldrich 

Phosphatase Inhibitor Cocktail 3 DMSO solution Sigma-Aldrich 

Protease Inhibitor Cocktail Sigma-Aldrich 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 

MOPS, 3-(N-morpholino)propanesulfonic acid Carl Roth 

MES, 2-(N-morpholino)ethanesulfonic acid Carl Roth 

NuPAGE 4-12% Bis-Tris Protein Gels Thermo Fisher Scientific 

NativePAGE 3-12% Bis-Tris Protein Gels Thermo Fisher Scientific 

NativePAGE™ Running Buffer Kit Thermo Fisher Scientific 

NativePAGE™ Sample Prep Kit Thermo Fisher Scientific 

Acetic acid 100 % Carl Roth 

Non-fat skimmed milk powder Biomol 

Sodium chloride Carl Roth 

Tween-20 Santa-Cruz 

NuPAGE™ LDS Sample Buffer (4 ×) Thermo Fisher Scientific 

Fisher BioReagents EZ-Run Prestained Rec 
Protein Ladder 

Fisher Scientific 

NativeMark Unstained Protein Standard Thermo Fisher Scientific 

Albumin Fraktion V Carl Roth 

Immobilon Western Chemiluminescent HRP 
Substrate, Immobilon Western 

Chemiluminescent Horseradish Peroxidase 
Substrate 

Thermo Fisher Scientific 

Restore PLUS Western Blot Stripping Buffer Thermo Fisher Scientific 

Pierce IP Lysis Buffer Thermo Fisher Scientific 

Protein A/G PLUS-Agarose Santa-Cruz 

Fluorescence Mounting Medium Dako 

Triton™ X-100 Sigma-Aldrich 

DAPI, 4',6-Diamidino-2-Phenylindole, 
Dihydrochloride 

Thermo Fisher Scientific 

PFA, Paraformaldehyde Sigma-Aldrich 

Live Cell Imaging Solution Thermo Fisher Scientific 

Collagen, Type I solution from rat tail Sigma-Aldrich 

Sodium azide Sigma-Aldrich 

Glycerol Carl Roth 

Kaliumchlorid, Potassium chloride Carl Roth 

Magnesiumchlorid, Magnesium chloride Carl Roth 

αβ-methylene ATP, α,β-Methyleneadenosine 5'-
triphosphate 

Cayman Chemical 

FITC-Dextran, Fluorescein isothiocyanate–
dextran average mol wt 70000, (FITC:Glucose = 

1:250) 
Thermo Fisher Scientific 

Glucose 20 % B. Braun Injektionslösung, 
Glucose 20% Injection 

B. Braun 

Isotonische Kochsalzlösung 0,9 %, Isotonic 
saline 0.9% 

B. Braun 

Insulin Injection BANF 

Glutaraldehyde solution Grade I Sigma-Aldrich 

Ketamin 10%, ketamine 10% Bremer Pharma 
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Xylazine HCl Injection 100mg/ml VETTEK 

Evans Blue Sigma-Aldrich 

Xylene (isomers) Carl Roth 

Paraplast Carl Roth 

O.C.T. compound, OCT compound Tissue-Tek 

Agarose, low gelling temperature Sigma-Aldrich 

Mayers Hämalaunlösung, Mayer haematoxylin 
solution 

Merck Millipore 

Chromotrope 2R, Chromotrope II ALFA AESAR 

Roti-Mount Carl Roth 

Picric acid solution Sigma-Aldrich 

Formaldehydlösung 37 %, Formaldehyde soution 
37% 

Carl Roth 

Hematoxylin Carl Roth 

Iron(III) chloride, Ferric chloride Sigma-Aldrich 

Methanol Merck Millipore 

Biebrich scarlet Schubert und Weiss 

Fuchsin sauer, acid fuchsin Schubert und Weiss 

Phosphomolybdic acid hydrate, 80%, Fisher Scientific 

Phosphotungstic acid hydrate Fisher Scientific 

Aniline Blue Fisher Scientific 

Direct Red 80, Sirius Red Sigma-Aldrich 

Azocarmine G Fisher Scientific 

Anilin zur Synthese, Aniline for synthesis VWR international (Merck Millipore) 

Orange G Carl Roth 

Methyl Blue Sigma-Aldrich 

MitoTracker Red FM Thermo Fisher Scientific 

Hrodo Red AM Intracellular pH Indicator Thermo Fisher Scientific 

Rapamycin, 2.5 mg/mL in DMSO (2.74 mM) Sigma-Aldrich 

Bafilomycin A1 from Streptomyces griseus Sigma-Aldrich 

Concanamycin A Santa-Cruz 

Filipin complex ready made solution    5mg/ml in 
DMSO  

Sigma-Aldrich 

Methyl-β-cyclodextrin Sigma-Aldrich 

Chlorpromazine hydrochloride Sigma-Aldrich 

Dynasore hydrate Sigma-Aldrich 

MHY1485 Sigma-Aldrich 

3BDO Sigma-Aldrich 

Chow diet Brogaarden 

High fat diet Brogaarden 

AGAROSE MOLECULAR BIOLOGY REAGENT Sigma-Aldrich 

Biomol 1kb DNA Ladder, ready-to-use Biomol 

peqGREEN non-toxic DNA/RNA Dye PeqLab 

G418 Santa-Cruz 

autoMACS Running Buffer – MACS Separation 
Buffer 

Miltenyi Biotec 

autoMACS Pro Washing Solution Miltenyi Biotec 

1 L PBS (10 ×): Dissolve 80 g NaCl, 2 g KCl, 14.4g Na2HPO4, 2.4g KH2PO4 in 800 

ml double distilled water. Adjust pH to 7.4. Add double distilled water to 1 L.  

1 L TBS (10 ×): Dissolve 6.05 g Tris and 8.76 g NaCl in 800 mL double distilled water. 

Adjust pH to 7.6 with 1 M HCl. Make volume up to 1 L with high purity distilled or deionized 

water.  
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RIPA lysis buffer: Dissolve 50mM Tris (pH=7,4), 150mM NaCl, 1mM EDTA, 1% Triton 

X100 in double stilled water. Store the buffer at 4°C. 

Table 2.2 Antibodies 

Antibody Manufacturer Application and dilution 

HA-Tag (6E2) Mouse mAb 
(HRP Conjugate) 

Cell Signaling Technology WB 1 : 2000 

HA-tag Rat Roche IP 1 : 200 

PPARγ (C26H12) Rabbit 
mAb 

Cell Signaling Technology WB 1 : 1000 

UCP-1 Rabbit 
Gift from Prof. Martin 

Jastroch 
WB 1 : 5000 

Anti-LAMP1 antibody  
Rabbit polyclonal 

Abcam 
WB 1 : 1000 

IF 1 : 100 

EEA1 Rabbit Cell Signaling Technology IF 1 : 100 

Golgin-97 (D8P2K) Rabbit 
mAb 

Cell Signaling Technology IF 1 : 100 

COX IV (4D11-B3-E8) 
Mouse mAb 

Cell Signaling Technology IF 1 : 100 

mTOR (7C10) Rabbit mAb Cell Signaling Technology 
WB 1 : 1000 

IF 1 : 100 

Phospho-mTOR (Ser2448) 
(D9C2) XP Rabbit mAb 

Cell Signaling Technology WB 1 : 1000 

β-Actin (C4) HRP Santa-Cruz WB 1 : 5000 

Phospho-p70 S6 Kinase 
(Thr389) (108D2) Rabbit 

mAb 
Cell Signaling Technology WB 1 : 1000 

p70 S6 Kinase (49D7) 
Rabbit mAb 

Cell Signaling Technology WB 1 : 1000 

LC3A/B (D3U4C) XP 
Rabbit mAb 

Cell Signaling Technology WB 1 : 1000 

Anti-LAMP1 antibody 
[H4A3] Mouse monoclonal 

Abcam IF 1 : 10 

RagC (D31G9) XP Rabbit 
mAb 

Cell Signaling Technology WB 1 : 1000 

ATP6V1B2 (D3O7Q) 
Rabbit mAb 

Cell Signaling Technology WB 1 : 1000 

Anti-ATP6V0D1 antibody 
[EPR18320-38] Rabbit 

monoclonal 
Abcam WB 1 : 2000 

GAPDH Antibody (D-6) 
HRP 

Santa-Cruz WB 1 : 5000 

OxPhos Rodent WB 
Antibody Cocktail 

Thermo Fisher Scientific WB 1 : 1000 

Kindlin-2 Antibody Cell Signaling Technology WB 1 : 1000 

Integrin β1 (D6S1W) 
Rabbit mAb 

Cell Signaling Technology WB 1 : 1000 

Anti-rabbit IgG, HRP-linked 
Antibody 

Cell Signaling Technology WB 1 : 5000 

goat anti-mouse IgG-HRP Santa-Cruz WB 1 : 5000 

Alexa Fluor 488 AffiniPure 
Donkey Anti-Rat IgG (H+L) 

Jackson ImmunoResearch IF 1 : 500 

Alexa Fluor 488 AffiniPure 
Rat Anti-Mouse IgG (H+L) 

Jackson ImmunoResearch IF 1 : 500 

Alexa Fluor 647 Goat Anti-
Rabbit 

Thermo Fisher Scientific IF 1 : 500 
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Alexa Fluor 594 AffiniPure 
Goat Anti-Rabbit IgG (H+L) 

Jackson ImmunoResearch IF 1 : 500 

Table 2.3 Instruments 

Name Manufacturer 

Iris Scissors - CeramaCut Straight 11.5cm Fine Science Tools 

Student Surgical Scissors Fine Science Tools 

Dumont #5 Forceps - Assorted Styles Fine Science Tools 

Dumont #5 Forceps - Assorted Styles, 
Biology 

Fine Science Tools 

Student Dumont Forceps Fine Science Tools 

Dissecting Chisel Fine Science Tools 

Forceps, Pinzetten m. Zähnen 1 : 2, Stahl 
18/10, 130mm lang 

bochem 

Forceps, Pinzette, Stahl 18/10, stumpf, 
gerade, 105mm lang 

bochem 

Tube for Potter-Elvehjem Tissue Grinder Fisher Scientific 

ROTMARDER-PINSEL GR.1 / 9MM 
M.SILBERZWINGE, 

SCHWARZLACK.STIEL, 1 PAK 
Th. Geyer 

ROTMARDER-PINSEL GR.2 / 11MM 
M.SILBERZWINGE, 

SCHWARZLACK.STIEL, 1 PAK 
Th. Geyer 

Homogenisatorpistill nach Potter-
Elvehjem, Glas 1 ml 

Fisher Scientific 

CFX384 Touch™ Real-Time PCR 
Detection System 

Bio-Rad 

EchoMRI™ 3-in-1 
Body Composition Analyzer 

Product Specifications 
EchoMRI 

Blood glucose meter, FreeStyle Freedom 
Lite 

FreeStyle 

Blood Glucose FreeStyle Lite test strips FreeStyle 

EVOS XL Core Cell Imaging System Thermo Fisher Scientific 

Confocal microscope, Leica TCS SP5 Leica 

Tissue Embedding Station Leica 

Rotary Microtome Leica 

Cryostat Leica 

 Vibratome Leica 

Upright microscope, Axio Scope.A1 Pol ZEISS 

Living cell imaging system, The Cube & 
The Box 

LIFE IMAGING SERVICES 

Eppendorf ThermoMixer Eppendorf 

Heracell™ 240i CO2 Incubators Thermo Fisher Scientific 

Waterbath Memmert 

Ultracentrifuge, Optima MAX-XP Beckman Coulter 

Centrifuge 5430 R Eppendorf 

Electronic multichannel pipettes, 
Eppendorf Xplorer® plus 

Eppendorf 

Stepper, Multipette® E3 Eppendorf 

Pipettes and multichannel pipettes 
Eppendorf Research® plus 

Eppendorf 

ST16R Refrigerated Centrifuge Thermo Fisher Scientific 

Seahorse XFe96 Analyzer Agilent 

XF Prep Station Agilent 

NanoDrop™ 2000 Spectrophotometers Thermo Fisher Scientific 

TissueLyser II QIAGEN 

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiQ_cvFn7rkAhUEyqQKHbP5DVwQjhx6BAgBEAI&url=https%3A%2F%2Fwww.indiamart.com%2Fproddetail%2Fleica-rotary-microtome-17655823012.html&psig=AOvVaw0NfUk23nRifkyKp2O58bzc&ust=1567792224752272
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiHpbnpn7rkAhUS66QKHcuwCKsQjhx6BAgBEAI&url=https%3A%2F%2Fwww.dotmed.com%2Flisting%2Fcryostat%2Fleica%2Fcm3050s%2F915910&psig=AOvVaw3eTnb-TeUrw7TO9jjJEQ7V&ust=1567792350986742
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwic56H6n7rkAhVS-6QKHXPQALIQjhx6BAgBEAI&url=https%3A%2F%2Fwww.bostonlabco.com%2Fleica-vt1000-s-vibratome-with-huber-minichiller.html&psig=AOvVaw2F0WXwEnCqJFV2G9SluKEB&ust=1567792393987002
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Tissue homogenizer, POLYTRON® PT 
2500 E 

Kinematica 

Eppendorf 6331 Nexus Gradient 
MasterCycler Thermal Cycler 

Eppendorf 

BioImaging gel documentation system UVP 

Agfa Curix 60 (developer) AGFA 

CFX384 Touch™ Real-Time PCR 
Detection System 

Bio-Rad 

Probe Sonicator Model 150VT (Ultrasonic 
Homogenizer) 

BioLogics 

Plate reader, PHERAstar FS BMG LABTECH 

Flow cytometer, MACSQuant® Analyzer 
10 

Miltenyi Biotec 

2132 Microperpex® Peristaltic Pump  LKB Bromma  

Table 2.4 Consumable materials 

Name Manufacturer 

Tip, SurPhob Spitzen, 10 µl, extra lang, 
farblos Low Binding, graduiert,10 Reloads 

Biozym 

Tip, SurPhob Spitzen, 10 µl, extra lang, 
farblos graduiert, 

Biozym 

Multichannel tips, epTIPS set, 0,1 bis 20µl Schubert und Weiss 

Multichannel tips, epTIPS Reloads, PCR 
clean, 0,1 bis 20µl 

Schubert und Weiss 

Tips, SurPhob Spitzen, 200 µl, farblos Low 
Binding, graduiert,10 Racks à 96 Stück 

Biozym 

Tips, Spitzen, 200 µl, gelb, 10 Reloads Biozym 

Tips, epTIPS Reloads, 200µl, 10 Trays à 
96 Spitzen 

Schubert und Weiss 

Refill Tips Tipone 100-1000 960St STARLAB 

Tips, Quali-Pipettenspitzen, 100-1200µl Kisker Biotech 

Tips, Plastipak TBC-Spritzen 1 ml Luer, 3-
tei 

Wagner und Munz 

Syringes, OMNICAN TUB M KAN 0.33X12 Neolab 

Einmalspritzen Injekt Solo, 10ml, Pck à 
100 (syringe for filter) 

Schubert und Weiss 

Combitips, 0,1 ml, biopur, 100 Stk. (for 
stepper pipette) 

Schubert und Weiss 

Combitips advanced, 1,0 ml, gelb, biopur, 
100 Stk. (for stepper pipette) 

Schubert und Weiss 

Combitips advanced, 5,0 ml, biopur, 100 
Stk. (for stepper pipette) 

Schubert und Weiss 

Combitips , 10,0 ml, biopur, 100 Stk. (for 
stepper pipette) 

Schubert und Weiss 

syringes for filter, NORM-JECT(R) 
EINMAL-SPRITZEN 

Th. Geyer 

Tips, Clearline BT- 1250 Filterspitze Kisker Biotech 

EINMALPIPETTE 2ML 1000S SARSTEDT 

EINMALPIPETTE 5ML 200ST SARSTEDT 

Einmalspritzen Injekt Solo, 5ml, Pck à 100 
(syringe for filter) 

Schubert und Weiss 

EINMALPIPETTE 10ML HMGU Lagermaterial 

qPCR plates, Hard-Shell 384-well Plates, 
white well, clear shell, 50 

Bio-Rad 

https://google.com/maps?q=Kinematica+AG;Luzernerstrasse+147a
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi3_-XEvLnkAhXLKewKHT56BOcQjhx6BAgBEAI&url=https%3A%2F%2Flabor-welt.de%2Fen%2Fprodukte-2%2Fanalysis-technology%2F112-bioimaging-gel-documentation-system-company-uvp.html&psig=AOvVaw0f4zS_1yJ1Y_WiTcFICAej&ust=1567765613799171
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qPCR plates sealing membrane, Microseal 
'B' Adhesive Seals, 100 

Bio-Rad 

BCA plates, MICROPLATTE, 96 WELL, 
PS, F-BODEN, TRANS 

Greiner Bio-One 

PCR plates, UltraCruz PCR Plate, 96 well, 
0.2ml 25/pack 

Santa Cruz 

PCR tubes, Multiply-µStrip 0,2ml Kette SARSTEDT 

PCR tubes, Multiply-µStrip Farbmix SARSTEDT 

PCR tube lids, 8er Deckelkette, flach SARSTEDT 

PCR tubes, PCR SoftTubes, 0.2 ml, 1000 
Stück 

Biozym 

Tubes, SafeSeal Gefäß 1,5ml 2000ST SARSTEDT 

Tubes, SafeSeal Reagiergef. 2ml, PP SARSTEDT 

Tubes, EPPENDORF TUBES 5,0ML 
EPPENDORF QUALITÄT 

VWR International (Eppendorf) 

Petri dishes, PETRISCHALEN 94X16MM 
M.NOCK. POLY 480ST 

Greiner Bio One International 

Bacteria tubes, PP-ROEHRE 14ML 
FALCON 500ST 

Falcon 

FACS tubes, Falcon Zellsiebröhrchen 35 
µm Zellsieb in 6 ml Rundbodenröhrchen 

Schubert und Weiss 

Tubes, PS-ROEHRE 15ML FALCON 
STERIL 500ST 

FALCON 

Tubes, PP-ROEHRE 50ML FALCON 
500ST 

FALCON 

LABORFLASCHE 100ML Th. Geyer 

UltraCruz Reagent Reservoir, 100ml Santa Cruz 

LABORFLASCHE 250ML Th. Geyer 

LABORFLASCHE 500ML Th. Geyer 

LABORFLASCHE 1000ML Th. Geyer 

LABORFLASCHEN, GL45 Kappe Th. Geyer 

Tips, Rotilabo-Spritzenf. Steril, 0,2ym 
50ST 

Carl Roth 

Tips, MILLEX-GS-SPRITZENFILTER, 
0,22µM 

Th. Geyer 

0.45µm filters, Rotilabo-Spritzenf.Steril, 
0,45µm 50ST 

Carl Roth 

Filters, MF75 Bottle-Top-Filter, 0,2µ, GL 
45 

Fisher Scientific 

Histology cassettes, HISTOSETTE® I 
Einbettkassette mit anhängendem Deckel, 

weiss 
SIMPORT SCIENTIFIC INC 

Coated slides, Objektträger SuperFrost 
plus, 75x25mm, Pck à 72 

Schubert und Weiss 

HYPERFILM ECL, 18X24CM, 50 SHEETS GE Life Sciences 

FILTERTIPS TIPONE 10−20µl, filter, rack HMGU Lagermaterial 

Tips, SafeSeal SurPhob Spitzen, 20 µl, 
steril Filterspitzen, Low Binding, 
graduiert,10 Racks à 96 Stück 

Biozym 

Tips, Clearline BT-200 Filterspitze1,0 - 
200µl 

Kisker Biotech 

Tips, Clearline BT-1000 Filterspitze 100 - 
1000µl 

Kisker Biotech 

Injection syringes, Plastipak TBC-Spritzen 
1 ml Luer, 3-tei 

Wagner und Munz 
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TC-Platte 96 Well,Standard,F SARSTEDT 

Plates with glass bottom, Cell Imaging 
Platte, 96W, TCT, Schwarz/Glasboden 

Eppendorf 

TC-Platte 48 Well, Standard, F SARSTEDT 

TC-Platte 24 Well, Standard, F SARSTEDT 

TC-Platte 12 Well,Standard,F SARSTEDT 

TC-Platte 6 Well,Standard,F SARSTEDT 

10 cm plate, ZELLKULTURSCHALEN 
100X15MM 150ST 

HMGU Lagermaterial 

15 cm plate, ZELLKULTURSCHALEN 
140X20MM 80ST 

HMGU Lagermaterial 

CRYOTUBES 2ML PP STERIL 500ST Thermo Fisher Scientific 

Röhre 120ml, 114x44mm, PP SARSTEDT 

0.22µm filters, Rotilabo-Spritzenf. Steril, 
0,2ym 50ST 

Carl Roth 

Nunc™ Lab-Tek™ II Chambered 
Coverglass; 8 chamber 

Thermo Fisher Scientific 

Nunc™ Lab-Tek™ II Chambered 
Coverglass; 4 chamber 

Thermo Fisher Scientific 

8-Well ibiTreat ibidi 

CENTRIFUGAL FILTER MODIFIED PES 
10K 500U 

VWR International 

MICROPLATTE, 96 WELL, PS, F-BODEN, 
TRANS 

Greiner Bio-One 

Microseal 'B' Adhesive Seals, 100 Bio-Rad 

UltraCruz™ PCR Plate, 96 well, 0.2ml 

25/pack 
Santa Cruz 

Immobilon-P 26.5 x 3.75m Roll 
PVDF .45um 

Merck Millipore 

Immobilon-P 26.5 x 3.75m Roll 
PVDF .22um 

Merck Millipore 

PCR- VERSCHLUSSFOLIE AXYSEAL VWR International 

Coverglasses for EM, Zellkultur-
Deckgläser, Thermanox, Ø 13 mm, CC, 

steril Zellkultur-Deckgläser 

FST 
Thermo Fisher Scientific 

Tubes for FACS, Falcon® Round-Bottom 
Tubes with Cell Strainer Cap, 5 mL 

FALCON 

Falcon® Cell Strainers, Sterile, Corning®, 
100 µm (for primary cell culture) 

FALCON 

Filter paper, Filterpapiere neolab 

Ultracentrifuge tubes, Microcentrifuge 
Tubes Clear 1.5mL 

Beckman Coulter 

Ultracentrifuge tubes, Thickwall 
Polycarbonate Tube 1ml 

Beckman Coulter 

Ultracentrifuge tubes, Thinwall 
Polypropylene Tube 5 ml 

Beckman Coulter 

2.2 Methods 

2.2.1 Establishment of PAT2 knockdown and overexpression cell lines 

2.2.1.1 Plasmid 

All the lentivirus plasmids for knockdown and control were purchased from Sigma-

Aldrich and all the vectors are pLKO.1-puro. The information is shown below. 
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Name of cell 
line 

Catalog 
number of 

the 
containing 

plasmid 

Targeting sequence 

Scramble 
(Control ) 

SHC016-1EA  

PAT2 
knockdown 443 

TRCN00000
68443 

CCGGCAATCAGTCAAGCTCCTGTATCTCGAGATACAGGAGCTTGAC

TGATTGTTTTTG 

PAT2 
knockdown 444 

TRCN00000
68444 

CCGGCAGACTGAACAAGCCTTTCATCTCGAGATGAAAGGCTTGTTC
AGTCTGTTTTTG 

PAT2 
knockdown 445 

TRCN00000
68445 

CCGGCAGACTGAACAAGCCTTTCATCTCGAGATGAAAGGCTTGTTC
AGTCTGTTTTTG 

PAT2 
knockdown 446 

TRCN00000
68446 

CCGGCAGACTGAACAAGCCTTTCATCTCGAGATGAAAGGCTTGTTC
AGTCTGTTTTTG 

PAT2 
knockdown 447 

TRCN00000
68447 

CCGGACATTGGTTCATCTGGTCAAACTCGAGTTTGACCAGATGAAC
CAATGTTTTTTG 

PAT1 
knockdown 381 

TRCN00000
68381 

CCGGCCTACTATGGAGAGGGCATTACTCGAGTAATGCCCTCTCCAT
AGTAGGTTTTTG 

PAT2 overexpression plasmid was constructed by using pCDH-CMV-puro vector, 

PAT2 coding sequence (CDS) together with 3’ terminal HA tag sequencing was inserted after 

cytomegalovirus (CMV) promoter. 

2.2.1.2 Lentivirus packaging 

6 µg plasmid, 5.4 µg psPAX and 0.6 µg PMD2.G were added to a clean tube. The 

total volume was adjusted to 100 µl by DMEM, then 40 µl polyfect was added. The solution 

was mixed on vortex for 10 s and the tube was stood at room temperature for 5 min. The 

transfection solution was added slowly to the 10 cm plate with confluent HEK293T cells drop 

by drop to cover all the cells. After maintenance in culture incubator (37°C, 5% CO2, same 

conditions for the following) 4 h, 4 ml cell culture medium was added to the plate and then 

the plate was kept in the incubator overnight. The medium in the plate was filtered by 0.45 

µm membrane, filtrate was collected in 50 ml falcon tube and then PEG-it (1 : 5 to final 

volume) was added. 5 ml new medium with 10 mM HEPES was then added to HEK293T 

cells, the plate was kept in the incubator overnight. The collection was repeated in the next 

two days to collect the virus. The virus solution is centrifuged for 30 min at 4°C, 1500 × g and 

then the pellets was wash with DPBS. The precipitate was resuspended with 200 µl DPBS. 

The aliquots 4 × 50 µl were stored at –80°C.  
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2.2.1.3 Infection 

The BAT1 cells were seeded into a 12 well plate and kept in the incubator (37°C, 5% 

CO2, same conditions for the following) until reaching 70% confluence. The medium was 

removed and 1 ml new cell culture medium was added to the cells. 50 µl virus solution, 1.5 µl 

polybrene (final concentration 9 µg/ml) and 500 µl cell culture medium were mixed in a clean 

tube by inverting several times. The tube was stood at room temperature for 10-15 min. The 

mixed transfection solution was added to BAT1 cells drop by drop and the cells were kept in 

the incubator for 24 h. The medium of the transfected cells and non-transfected cells was 

changed by the new medium with 2.5 µg/ml puromycin. Until no non-transfected cells 

survive, the positively transfected cells were split with puromycin containing cell culture 

medium. The cells were stored when reaching enough quantity. 

2.2.2 Cell culture 

2.2.2.1 Cell culture handling 

For an aseptic environment: 

Adjust the hood sash to a proper position to maintain laminar aseptic airflow. Avoid 

cluttering under the hood. All the media (including pipette tips and plates), supplement and 

reagents should be sterile. All the surface area needs to be sprayed by 70% ethanol. 

For cell culture medium preparation: 

Normal medium: mix 500 ml DMEM, 50 ml FBS (final concentration 10%), 5 ml 100 × 

Penicillin and Streptomycin (final concentration 100 unit/ml Penicillin and 100 µg/ml 

Streptomycin). 

Puromycin selective medium: by adding puromycin to normal medium at final 

concentration of 2.5 µg/ml.  

For cell splitting: 

Cells were washed by DPBS to cover all the cells, wash and then evacuate the 

DPBS. Trypsin-EDTA (0.05%) with phenol red was added cover all the cells. (For 15 cm 

plate 2 ml, 10 cm plate and for smaller plates the reduced volumes) The digestion was 
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performed in the incubator (37°C, 5% CO2) for 1 - 2 min until most of the cells detached. The 

37°C warm normal medium (or selective medium if it is needed) was added to the plate to 

stop digestion. (Adding 8 ml for 15 cm plate, adjust the volumes for the smaller plates). The 

cell suspension was pipette up and down several times. The proper volume of the cell 

suspension was added to new plate according to the needed splitting radio. Then new 

medium was added to the new plate. (Final volume should fit the plate, 20 ml for 15 cm plate, 

adjust the volumes for the other plates). The plate was shacked to mix well.  

For cell frozen: 

The frozen medium was prepared by adding DMSO to normal medium (or selective 

medium if needed) under the hood, the volume ratio of DMSO to the medium is 1 : 9. Cells 

were digested as in the cell splitting part. The cell suspension was transferred to a clean tube 

and then centrifuged for 5 min at 1000 × g at room temperature. The pellet was resuspended 

by the frozen medium whose volume was according to the number of needed frozen tubes. 

Each 1 ml aliquot was transferred to each frozen tube. The tubes were put in the frozen box 

and then stored at –80°C. 

For cell thawing: 

For each frozen tube, a 15 ml falcon tube with 9 ml 37°C pre-warmed medium was 

prepared under the hood. The –80°C frozen tube was stirred quickly in 37°C water bath until 

cell suspensions nearly thaw. The cell suspension was then transferred into the prepared 

falcon tubes under the hood. After centrifugation 5 min at 1000 × g at room temperature, the 

pellet was resuspended with needed medium and then needed volume was added to a new 

plate. The new medium with needed volume was added to the new plate. Then the plate was 

shacked to mix well. 

2.2.2.2 MDI induction protocol for brown preadipocyte cell line 
adipogenesis induction 

Induction medium: 0.5 mM IBMX (dissolved in 0.5N KOH for stocking solution), 5 µM 

dexamethasone (dissolved in 100% ethanol for stocking solution), 125 µM indomethacin 



53 | P a g e  

 

(dissolved in DMSO for stocking solution), 1 nM T3 (dissolved in 0.1% DMSO (in water) for 

stocking solution), 100 nM insulin and 1nM rosiglitazone (dissolved in DMSO for stocking 

solution) are added in normal medium or selective medium. 

Differentiation medium: 1 nM T3 (dissolved in 0.1% DMSO (in water) for stocking 

solution), 100 nM insulin and 1nM rosiglitazone (dissolved in DMSO for stocking solution) are 

added in normal medium or selective medium. 

The appropriate number of preadipocytes is seeded into the plate. After cells reach to 

100% confluence, the medium is replaced by induction medium to start MDI induction. After 

two days, the induction medium is replaced by differentiation medium, and every two days 

new differentiation medium is changed until the 8th day.  

2.2.2.3 Oil Red O staining 

Preadipocytes are seeded into a 6 well plate to be induced for differentiation. For 

around 100 ml Oil Red O working solution, 0.21 g Oil Red O was dissolved in 60 ml 100% 

isopropanol in a falcon tube, then 40 ml double distilled water was added, the solution was 

filtered after 20 min standing at room temperature (adjust the weight and volumes if the total 

volume is different). 

For each well, cells were washed twice by PBS and then fixed with 2 ml 10% formalin 

in PBS for 10 min at room temperature. Then 10% formalin was replaced by 2 ml formalin for 

1 h incubation at room temperature. Cells were washed with double distilled water twice and 

then were incubated with 2 ml 60% isopropanol for 5 min at room temperature. Then cells 

were dried at room temperature.1 ml Oil Red O working solution was added and dry cells 

were incubated for 10 min at room temperature. Then 2 ml double distilled water was used to 

wash the cells four times. Cells with double distilled water were observed and images were 

acquired under the microscope. Cells were dried at room temperature and then incubated in 

1 ml 100% isopropanol for 10 min with gently shake to elute Oil Red O dye. The isopropanol 

containing Oil Red O dye was Pipette up and down several times to mix it well. 100 µl of the 
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solution was transferred to one well of a 96 well plate. The optical density was measured at 

505 nm. Blank was set as 100 µl 100% isopropanol.  

2.2.2.4 Amino acid starvation protocol 

Preparation of amino acid free medium: mix 500 ml amino acid free DMEM with 5 ml 

100 × Penicillin and Streptomycin (final concentration 100 unit/ml Penicillin and 100 µg/ml 

Streptomycin). Add puromycin (same concentration with the selective medium) if needed. 

Preparation of amino acid free medium with dialyzed FBS: add dialyzed FBS (final 

concentration 10%) to amino acid free medium. 

 When cells were ready to be started for amino acid starvation induction, old medium 

was removed and appropriate volume (depending on the size of the plate) of amino acid free 

medium with/without dialyzed FBS was used to wash the cells twice. Then amino acid free 

medium with/without dialyzed FBS was added with the same volume of the old medium. The 

plate was put back to the incubator (37°C, 5% CO2). 

For adipocytes, amino acid starvation 24 h was started after 8th day of adipogenesis. 

The cells for amino acid starvation 1h treatment were kept in medium with amino acids until 

23th hour amino acid starvation 1 h was started. The control cells were kept in medium with 

amino acids for all the 24 h. 

2.2.2.5 Brown adipocytes primary culture 

The digestion buffer was prepared by filtering normal medium containing 1% BSA and 

1 mg/ml collagenase IV with a 0.2 µm filter. The BAT from mice at 6-8 weeks old was 

immersed in PBS in 2 ml tubes on ice. After removing the PBS, the BAT was minced with 

spring scissor on ice. The minced BAT was transferred to a 10 ml falcon tube with 5 ml 

digestion buffer. Incubation was performed for 30 min at 37°C, 1000 rpm shaking. Then 5 ml 

normal medium was added to the tube and then the digestion product was filtered with 100 

µm strainer (the flow through was collected) under cell culture hood. The filtrate was 

centrifuged for 5 min at 4°C, 500 × g. The pellet was resuspended with 1 ml normal medium 
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under cell culture hood. The suspension with cells was seeded into a 6 well plate for further 

cell culture. 

2.2.3 Fractionation 

2.2.3.1 Fractionation for isolation of heavy membrane, mitochondria 
and cytoplasm 

Cells in 15 cm plate were harvested for this fractionation. (Bruce Alberts 2002). 

Cells were washed with 5 ml ice cold PBS several times and then were scraped from 

the plate by using cell Scraper. Cells were further transferred into a clean prechilled 1.5 ml 

tube on ice for centrifugation 5 min at 4°C 500 × g. The pellet was resuspended with 1 ml ice 

cold medium I (0.25 M sucrose, 1 mM EDTA and 10 mM Tris-HCl pH 7.4 in double distilled 

water) and then was homogenized cells by Potter-Elvehjehm grinder. The homogenate was 

centrifuge for 5 min at 4°C 500 × g. The supernatant was centrifuged for 5 min at 4°C 500 × 

g again. Then the supernatant was centrifuged for 20 min at 4°C 16000 × g. The pellet as 

mitochondria fraction (containing plasma membrane and part of lysosome) was resuspended 

with 50 µl 2 × sample buffer on ice. The supernatant was transferred to a new prechilled 

clean super speed centrifugation tube on ice and then was centrifuged for 45 min at 4°C 

160000 × g. The supernatant as plasma fraction was transferred to a new prechilled clean 

tube on ice and 1/4 final volume 4 × sample buffer was added on ice. The pellet as 

membrane fraction (containing microsome and part of lysosome) was resuspended with 50 µl 

2 × sample buffer on ice. All fractions were incubated at 70°C for 10 min and then for WB. 

2.2.3.2 Fractionation for sucrose gradient centrifugation 

Cells in 15 cm plate were harvested for this fractionation. (McKeel & Jarett 1970). The 

gradient former, peristaltic pump, 5% and 25% Ficoll 400 solution in 250 mM sucrose were 

used to make Ficoll 400 gradient from 5% to 25% in 5 ml super speed centrifugation tube. 

The homogenization was performed according to the protocol of fractionation for 

isolation of heavy membrane, mitochondria and cytoplasm. The homogenate was centrifuged 

twice for 10 min at 4°C 1000 × g and the supernatant was further centrifuged for 20 min at 
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4°C 16000 × g. The supernatant was transferred to another new prechilled clean tube on ice 

as the supernatant fraction and 1/4 volume 4 × sample buffer of the final volume was added 

on ice. The pellet was resuspended with 500 µl ice cold medium I (0.25 M sucrose, 1 mM 

EDTA and 10 mM Tris-HCl pH 7.4 in double distilled water). The suspension was loaded 

carefully on the top of prechilled Ficoll 400 gradient and then was centrifuged for 30 min at 

4°C 100000 × g. The upper layer was transferred to a new prechilled clean tube on ice by a 

30G x 1/2" syringe and then medium I was added to dilute the layer as 4 : 1. The tube was 

centrifuged for 15 min at 4°C 16000 × g. The pellet as membrane fraction (containing 

lysosome) was resuspended with 75 µl medium II (0.25 M sucrose and 10 mM Tris-HCl pH 

7.4 in double distilled water) and 15 µl 4 × sample buffer. The pellet in the Ficoll 400 gradient 

was resuspended with 500 µl medium I on ice and then was centrifuged for 15 min at 4°C 

16000 × g. The pellet as mitochondria fraction was resuspended with 75 µl medium II and 15 

µl 4 × sample buffer. All fractions were incubated at 70°C for 10 min and then for WB. 

2.2.3.3 Membrane and cytosol isolation 

Cells in 6 well plate were harvested for this fractionation. (Stransky & Forgac 2015). 

The homogenization was performed according to the protocol of fractionation for 

isolation of heavy membrane, mitochondria and cytoplasm except the 650 µl fractionation 

buffer (250 mM sucrose, 1 mM EDTA and 10 mM HEPES in double distilled water) was used 

for cells in each well. The homogenate was centrifuged twice for 10 min at 4°C 1000 × g and 

the supernatant was further centrifuged for 30 min at 4°C 100000 × g. Then the supernatant 

was transferred into 10K Polyethersulfone (PES) Membrane tube to enrich the protein by 

centrifuging the tube for 10 min at 4°C 14000 × g (adjust the time according to whether the 

volume meets the requirement (make all the samples to be equal and small volume) in each 

tube). The solution was transferred to a new prechilled clean tube on ice as cytosol fraction. 

Then 0.1% SDS and 1/4 final volume 4 × sample bufferwas added. The pellet was 

resuspended with fractionation buffer and then centrifuged for 30 min at 4°C 100000 × g. The 
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pellet as membrane fraction was resuspended with 50 µl 2 × sample buffer on ice. 0.1% SDS 

was added. All fractions were incubated at 70°C for 10 min and then for WB. 

2.2.4 Seahorse Mito Stress assay upon starvation 

The seahorse XFe96 sensor cartridge was filled with 200 µl calibrant solution for each 

well and incubated in seahorse prep station at 37°C overnight. 

The 4.5 g/l glucose amino acid free DMEM was prepared by adding glucose solution 

to amino acid free DMEM. The 4.5 g/l glucose DMEM was prepared by adding 1/10 final 

volume 10 × amino acid mixer to 4.5 g/l glucose amino acid free DMEM.   

Preadipocytes were seeded into XF96 cell culture microplate (200 µl medium for each 

well) and induced for differentiation. 4 wells were at corner emptied as blanks. Cells were 

then treated with amino acid starvation. For each starvation well and blank well 180 µl 4.5 g/l 

glucose amino acid free DMEM was added. 180 µl glucose 4.5 g/l DMEM was added to each 

non-starvation well. The microplate was then incubated in seahorse prep station at 37°C for 

1 h. 

Compounds were added to ports of the cartridge according to it the following table: 

Compound 

Concentration in 
the into (Dilute in 
amino acid free 

DMEM) 

Port added 
in 

Volume 
added in 

Final 
concentration 

Oligomycin 20 µg/ml A 20 µl 2 µg/ml 
FCCP 10 µM B 22 µl 1 µM 

Rotenone and 
Antimycin 

25 µM C 25 µl 2.5 µM 

2-DG 1 M D 27 µl 100 mM 

The cartridge plate was put into seahorse XF96 analyzer and run the program as 

follows: 

Command Time (min) Command Time (min) 

Calibrate 0,00 Wait 0,50 

Equilibrate Measure 2,00 

Loop Start 4 Loops Loop End  

Mix 2,00 Inject C  

Wait 1,00 Loop Start 4 Loops 

Measure 2,00 Mix 2,00 

Loop End  Wait 1,00 
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Inject A  Measure 2,00 

Loop Start 4 Loops Loop End  

Mix 2,00 Inject D  

Wait 1,00 Loop Start 5 Loops 

Measure 2,00 Mix 2,00 

Loop End  Wait 1,00 

Inject B  Measure 2,00 

Loop Start 3 Loops Loop End  

Mix 1,00   

The Quant-iT PicoGreen dsDNA Assay Kit was used to quantify DNA in each well. 

100 µg/ml λ DNA standard was diluted into 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625 µg/ml 

with 1 × TE buffer prepared by dilution of 20 × TE buffer. All diluted λ DNA standard was 

added in a flat and transparent bottom 96 well plate for the standard curve measurement, 10 

µl for one well. 200 µl RIPA lysis buffer was added to each well of XF96 cell culture 

microplate and pipette up and down several times to lyse cells. 10 µl cell lysate of each well 

was transferred into the 96 well plate. 90 µl 1 × TE buffer was added to all the wells with 10 

µl solution. 100 ul diluted Quant-iT PicoGreen dsDNA reagent (1 : 200 by 1 × TE buffer) was 

added to all the wells with 100 µl solution. Then the 96 well plate was incubated in a dark 

place at room temperature for 5 min. The fluorescence density was measured at 488 nm of 

each well.  

DNA concentration c (µg/ml) in each well was calculated based on the standard 

curve. Then total DNA mass was calculated. 

𝑚𝐷𝑁𝐴(µg) = 𝑐(µg/ml ) × 0.1 𝑚𝑙 

Seahorse file and DNA mass of each well were imported into seahorse software 

Wave to be analyzed. 

2.2.5 Proliferation assay 

Cell Counting Kit – 8 (CCK–8) was used for this assay.  

Cells were seeded into 4 wells of the 96 well plate (2000 cells in 200 µl medium per 

well) under the hood. The plate was kept in cell culture incubator for four days. One well was 

used for measurement in each day. In each measurement, cells in one well were incubated 
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with 200 µl medium mixed with 20 µl CCK–8 solution in cell culture incubator for 1 h. The 

absorption was measured in plate reader under 450 nm (200 µl medium mixed with 20 µl 

CCK-8 as blank). 

2.2.6 qPCR 

2.2.6.1 RNA isolation 

RNA isolation was performed by using the Qiagen RNeasy Mini Kit. RLT buffer was 

needed to be added β-mercaptoethanol (1 : 100), buffer RPE working solution was needed to 

be prepared by adding pure ethanol of 4 times volumes (220 ml pure ethanol is added to 55 

ml buffer RPE). 

For cells: 

Cells were washed with cold PBS on ice several times. 350 µl buffer RLT containing 

β-mercaptoethanol was added to cells for 6 well plate (adjust the volume for the other 

plates). Cells were scraped from the plate by cell Scraper on ice and pipette up and down 

several times for lysing well.  After adding 350 µl 70% ethanol, the lysate was transferred to 

the spin column. Centrifugation for 15 s full speed at room temperature was performed. 700 

µl buffer RW1 and then 500 µl buffer RPE working solution was used to wash the spin 

column by centrifugations for 15 s full speed at room temperature. Then spin column was 

washed again by 500 µl buffer RPE working solution, centrifugation was performed for full 2 

min speed at room temperature. The column was put into the new 2 ml collection tube and 

centrifuged for 1 min full speed at room temperature. The column then was transferred to a 

1.5 ml collection tube. 40 µl RNase free water was added to the column membrane. After 5 

min incubation at room temperature, the column was centrifuged for 1 min full speed at room 

temperature. RNA concentration in the elution was measured the by using nanodrop.  RNA 

solution was stored at −80°C. 

For tissues: 

1 ml QIAzol lysis buffer was added to the tissue in 2 ml prechilled tube. After adding 

one steel bead into the tube, the tissue was disrupted for 2 times and each time 2 min at 20 
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Hz in the lyser. Homogenate was then centrifuged for 5 min at 4°C 10000 × g. The 

supernatant was transferred to a new tube and mixed with 200 µl chloroform. The tube was 

shack gently several times and then stood at room temperature for 5 min. After centrifuge for 

5 min at 4°C, 12000 × g, the supernatant was transferred into the spin column. RNA was 

isolated then according to the protocol for cells. 

2.2.6.2 The protocol of reverse PCR to generate cDNA 

High-capacity cDNA reverse transcription kit is used for reverse PCR. 

0.5 - 1 µg RNA was diluted into10 µl final volume in 96 well PCR plate with PCR 

water on ice. The RT master was prepared on ice by mixing 2 µl 10 × RT buffer, 0.8 µl 25 × 

dNTP mix buffer (100 mM), 2 µl 10 × RT random primers, 1 µl MultiScribe reverse 

transcriptase and 4.2 µl Nuclease free water per reaction. 10 µl RT master mix was added to 

each well with sample in 96 well PCR plate on ice. The plate was sealed with the membrane 

and centrifuged briefly. The program of thermal cycler was: 10°C 10 min, 37°C 120 min, 

85°C 5 min, 4°C ∞. The product cDNA was diluted by adding 180 µl PCR water per well and 

then stored at −20°C. 

2.2.6.3 qPCR test 

The CFX384 Touch™ Real-Time PCR Detection System was used for the qPCR test. 

3 µl cDNA per well was added into 384 well PCR plate. The SYBR green master mix 

was prepared by mixing 5 µl iTaq universal SYBR green supermix, 0.03 µl (0.003 nmol) 

Forward primer, 0.03 µl (0.003 nmol) Reverse primer, 1.94 µl PCR water per reaction. tbp 

gene is chosen as the Housekeeping gene. 7 µl SYBR green master mix was added to each 

well. Then the plate was sealed with qPCR membrane and centrifuged the plate briefly.  

The qPCR program in C1000 touch thermal cycler chassis with CFX384™ Optical 

reaction module was used: 

Step Temperature Time Cycle 

1 95°C 30 s 1 
2 95°C 5 s 

40 3 60°C 30 s 
4 plate read  

https://www.thermofisher.com/order/catalog/product/4368814
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5 95°C 10 s 1 

6 

Melting curve 65°C - 
95°C, increment 

0.5°C and plate read 
once per 5 s 

  

End    

The file was exposed and analyzed by CFX manager software. The exported Cq 

values were used for calculating the relative expression. 

Relative expression = 2−(Cq−Cq𝑡𝑏𝑝) 

2.2.6.4 Primers  

All the qPCR primers are purchased from Sigma Aldrich and listed below: 

Table 2.5 Primers for qPCR 

Primer Sequence 

pat2 forward (f) GTGCCAAGAAGCTGCAGAG 
pat2 reverse (r) TGTTGCCTTTGACCAGATGA 

tbp f ACCCTTCACCAATGACTCCTATG 
tbp r TGACTGCAGCAAATCGCTTGG 

pparγ f TCCTATTGACCCAGAAAGCGA 
pparγ r TGGCATCTCTGTGTCAACCA 
ucp1 f CTGCCAGGACAGTACCCAAG 
ucp1 r TCAGCTGTTCAAAGCACACA 
lc3b f AGAGTGGAAGATGTCCGGCT 
lc3b r TCTCCCCCTTGTATCGCTCT 

integrin β1 f ATCATGCAGGTTGCGGTTTG 
integrin β1 r TGGAAAACACCAGCAGTCGT 
integrin β2 f GATTCTCGGAGTGGAGGCTT 
integrin β2 r TTGGTGCATTCCTGGGACAC 
integrin β3 f GACAAGCCTGTATCGCCGTA 
integrin β3 r GTAGCCAAACATGGGCAAGC 
integrin β6 f GCTGGCAGGCATTGTCATTC 
integrin β6 r TGAGTTGGCCGATAGTTGGA 
integrin α5 f TCCAGTGCACCACCATTCAA 
integrin α5 r TCCTCTCCCTTGGCACTGTA 
integrin α1 f CCACCAAGATGAACGAGCCT 
integrin α1 r GGCTGCCCAGCGATATAGAG 
integrin α2 f ATGGTGGGGACCTCACAAAC 
integrin α2 r GCCATCGGTCACAACTACCA 
kindlin-2 f ACCTGCTCATCAGCTGAACC 
kindlin-2 r ATTCATGCCCTCTGCTACCG 
kindlin-3 f GCAATCCTTGCCCGACTTTG 
kindlin-3 r TCCGGATGAGTCGGTTGTTG 
vma21 f CACGGTTCCTATCGGCTTGT 
vma21 r ACAGCAACAATTGCGGCATA 

tmem199 f AGATCTGCATCAGCACCTGAG 
tmem199 r ATTCCGGGGAGGCTTCACAA 
ccdc115 f GATCAAAGCTGACGCCCAGA 
ccdc115 r ACTCTTTGGTCTTGGTGGGG 

2.2.7 Western blot 

2.2.7.1 Protein extraction from cells and tissues 
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For cells: 

The phosphatase Inhibitor Cocktail 2, 3 and protease inhibitor cocktail were added to 

RIPA buffer as volume ratio 1 : 100 on ice. Cells were washed with prechilled PBS and then 

scraped from the plate by using cell Scraper on ice. After being transferred to a new 

prechilled tube, cells were centrifuged for 5 min at 4°C 500 × g. 500 µl RIPA buffer containing 

phosphatase Inhibitor Cocktails and protease inhibitor cocktail was added to the pellet (for 

one well of a 6 well plate, adjust the volume for the other plates). Homogenization by passing 

lysate through 30G 1/2" syringe several times on ice was performed. Then the homogenate 

was centrifuged for 30 min at 4°C 20000 × g. The protein concentration was measured in 

supernatant by BCA assay kit. 

2 mg/ml albumin standard in ampules was diluted into 1, 0.5 and 0.25 mg/ml with 

RIPA buffer. Then the diluted 1, 0.5 and 0.25 mg/ml albumin standard was added into 5 wells 

in a flat and transparent bottom 96 well plate for the standard curve. A part of lysate was 

diluted 1 : 10 with RIPA buffer (adjust the dilution radio when optical density excesses the 

standard curve) and 10 µl diluted lysate was transferred to the 96 well plate. 90 µl RIPA 

buffer was further added to each well. BCA working reagent was prepared by mixing BCA 

reagent A and B as radio 1 : 50. 100 µl BCA working reagent was added to all the wells with 

the solution in the 96 well plate. The plate was sealed with the membrane and incubated in 

37°C incubator for 30 min. The optical density of each well was measured at 562 nm. The 

concentration was calculated based on the standard curve and dilution radio. The lysate was 

diluted to the needed concentration with RIPA buffer containing Inhibitor Cocktails and stored 

–20°C. 

For tissues: 

The tissue was cut into small pieces in 2 ml tube by using scissor and then 

homogenized in 1 ml RIPA buffer containing Inhibitor Cocktails by homogenizer. The 

homogenate was sonicated twice. Centrifugation of the homogenate, protein concentration 

measurement and storage were performed according to the protocol for cells 
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2.2.7.2 SDS-PAGE and transfer 

For hand cast gel, the resolving gel solution (the volume depends on the chamber 

size) was prepared according to the following table: 

Component 
Volume per 5 ml 

8% gel 
Volume per 5 ml 

10% gel 
Volume per 5 ml 

12% gel 

Double distilled water 2.3 ml 1.9 ml 1.6 ml 
Acrylamide/Bis solution 

30% 
1.3 ml 1.7 ml 2ml 

1.5 M Tris-HCl pH8.8 1.3 ml 1.3 ml 1.3 ml 
10% SDS 50 µl 50 µl 50 µl 

10% Ammonium 
peroxydisulfate 

50 µl 50 µl 50 µl 

TEMED 3 µl 2 µl 2 µl 

The solution was added into chamber carefully and sealed with a little 100% 

isopropanol. The chamber was stood at room temperature until polymerization. 

5 % stacking gel solution (the volume depends on the chamber size) was prepared by 

mixing 3.4 ml double distilled water, 830 µl 30% Acrylamide/Bis solution, 630 µl 1 M Tris-HCl 

pH6.8, 50 µl 10% SDS, 50 µl 10% Ammonium peroxydisulfate, 5 µl TEMED per 5 ml. After 

Pouring out the upper isopropanol the stack gel solution was added carefully. The chamber 

stood at room temperature until polymerization after the comb was inserted. 

The samples were diluted to be the same volume and concentration (as needed) by 

RIPA buffer containing phosphor phosphatase Inhibitor Cocktails and protease inhibitor 

cocktail.  

The comb was removed from the gel and the gel was then put into the 

electrophoresis chamber. Next, running buffer was added to the chamber (3 mg/ml Tris, 14.4 

mg/ml Glycine and 0.1% SDS in double distilled water). The sample and prestained protein 

marker were loaded on the gel then. The electrophoresis was performed at 100 V until 

samples are stacked at the border between stacking gel and resolving gel. Then 120 V volt 

was set. The electrophoresis was stopped when the dye front of samples reaches the 

position 1 cm away from the bottom of the gel. 

For precast gel, NuPAGE 4-12% Bis-Tris protein gels were used in precast gel 

chamber. For a better separation on big sized proteins, MOPS (50 mM MOPS, 50 mM Tris 

https://www.thermofisher.com/order/catalog/product/NP0323BOX


64 | P a g e  

 

Base, 0.1% SDS and 1 mM EDTA in double distilled water) was used as running buffer. For 

separating small sized proteins, MES (50 mM MES, 50 mM Tris Base, 0.1% SDS and 1 mM 

EDTA in double distilled water) was used. The volt was set at 200 V during the whole 

electrophoresis. The other steps were the same with hand cast gel steps. 

Mini Trans-Blot cell (for small sized gel) and Criterion blotter (for big sized gel) were 

used for transfer. 

The transfer buffer (3 mg/ml Tris, 14.4 mg/ml Glycine and 10% methanol in double 

distilled water) was prepared. One piece of 0.45 µm PVDF membrane and 2 pieces of filter 

paper (all the sizes of pieces are bigger than the gel) were cut. The PVDF membrane was 

further activated in 100% methanol and then the membrane, two pieces of filter paper and 

two pieces of foam pad were incubated in transfer buffer. The opened gel holder cassette 

was put in the gel/blot assembly tray and let its cathode side touched the bottom of the tray. 

Enough transfer buffer was added to immerse the cathode side of gel holder cassette. One 

piece of the foam pad, one piece of soaked filter paper, gel, soaked membrane, one piece of 

soaked filter paper and one piece of foam pad were put in turn on the cathode side of gel 

holder cassette. More transfer buffer was added if any layer cannot be immersed and the 

bubbles were removed among layers by using the roller. The closed cassette was put into 

the electrodes in the chamber. To cool the chamber, a cooling unit and a magnetic stirrer bar 

were put into the chamber which was moved into the ice box with a magnetic stirrer below. 

Enough transfer buffer was added into the chamber to make the buffer to reach the indicated 

liquid level. After turning on the stirrer at a low speed, the transfer was started to run at 100 V 

for 90 min. 

2.2.7.3 Blue native PAGE and transfer 

NativePAGE Novex Bis-Tris gel system was used to perform Blue native PAGE. Cells 

were seeded into a 6 well plate for this test. 
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Prepare sample buffer 20 µl for each well by mix 5 µl 4 × NativePAGE sample buffer, 

4 µl 5% Digitonin, 10.2 µl double distilled water, 0.2 µl phosphatase Inhibitor Cocktail 1, 2, 3 

and protease inhibitor cocktail on ice. 

Cells were washed with PBS several times. Cells then were scraped from the plate 

and transferred into a new prechilled 1.5 ml tube. 20 µl sample buffer was added to lyse the 

cells by pipetting up and down several times on ice. The homogenate was centrifuged for 30 

min at 4°C 20000 × g. The protein concentration in the supernatant was measured by using 

BCA (see sample preparation). Each sample was diluted to be equal volume and 

concentration by sample buffer as needed. The NativePAGE 5% G-250 sample additive was 

added then to each sample at the final concentration0.25%.  

The running buffer was prepared. For 1000 ml anode buffer, 50 ml 20 × NativePAGE 

running buffer and 950 ml Double distilled water was mixed. 

For 200 ml cathode buffer: 

Reagent Volume (ml) for dark blue Volume (ml) for light blue 

20 × NativePAGE 
running buffer 

10 10 

20 × NativePAGE 
cathode addictive 

10 1 

Double distilled water 180 189 
Total 200 200 

The comb was removed from the NativePAGE 3-12% Bis-Tris protein gel and the 

wells in the gel were rinsed with cathode dark blue buffer twice. The gel was then transferred 

into the electrophoresis chamber for precast gel. Some cathode dark blue buffer was loaded 

on the wells of the gel before loading the samples and NativeMark unstained protein 

standard (7 µl). The upper buffer chamber was filled with cathode dark blue buffer carefully 

and for lower buffer chamber anode buffer was added. The electrophoresis was performed at 

150 V until the dye front of samples reached the 1/3 position of the gel. Then the upper buffer 

chamber was evacuated to be filled with cathode light blue buffer. The electrophoresis at 150 

V was continued until the dye front of samples reaches the bottom of the gel. 

For transfer: 
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The gel was soaked in transfer buffer (the same with the transfer buffer for SDS 

PAGE transfer) containing 0.1% SDS for 10 min. The following transfer steps were according 

to SDS-PAGE transfer protocol except transfer buffer is mixed with SDS at concentration 

0.01%. After transfer, the membrane was incubated with 8% acetic acid at room temperature 

for 15 min and protein ladders were marks by using a pencil. Then the membrane was rinsed 

with double distilled water and dried at room temperature. After reactivation of the membrane 

with 100% methanol several times, the membrane was further rinsed with double distilled 

water.   

2.2.7.4 Western blot 

TBST (50 mM Tris, 150 mM NaCl and 0.1% Tween 20 in double distilled water) was 

prepared. 

The membrane was incubated on a shaker in turn with 5% skimmed milk in TBST at 

room temperature for 1 h, primary antibody solution diluted by 5% BSA in TBST as the 

normal radio 1 : 1000 (adjust the radio depend on different antibodies) at 4°C overnight, 

TBST at room temperature for 3 times (each time 5 min), HRP linked secondary antibody 

solution diluted by 5% BSA in TBST as the normal radio 1 : 5000 (adjust the radio depend on 

different antibodies) at room temperature 1 h and TBST at room temperature for 3 times 

(each time 5 min). The membrane was put in the development cassette after removing the 

liquid. 

Enhanced chemiluminescence (ECL) solution was prepared by mixing the detection 

reagent 1 and detection regent 2 in ECL Western blotting-substrate kit as 1 : 1. The ECL 

solution was then added to the membrane until the whole membrane is covered. The ECL 

film was used for membrane development in the dark room. Afer film was dried the protein 

ladders were marked on the film. 

The membrane was stripped by incubating the membrane in striping buffer on a 

shaker at room temperature for 10 min and then rinsed with double distilled water. Another 

needed blotting was performed according to the same protocol. 



67 | P a g e  

 

The results were quantified by using software ImageJ. 

2.2.8 Co-IP 

All the cells were seeded into 15 cm plate for Co-IP test. 

Extraction of protein was performed according to cell protein extraction part except 

using IP lysis buffer rather than RIPA buffer (1 ml IP lysis buffer for 15 cm plate). The lysate 

samples were diluted to be the same protein concentration 1 mg protein of each sample was 

transfer to a new prechilled tube on ice. Then 50 µg antibody was added. The lysate was 

overhead shaken at 4°C 5 rpm overnight. 10 µl Dynabeads protein G beads were added to 

each tube before an overhead shake at 4°C 5 rpm for 1 h. Beads were washed with 500 µl IP 

lysis buffer containing phosphatase inhibitor cocktails and protease inhibitor for 5 min and the 

buffer was removed by centrifugation for 3 min at 4°C 1000 × g. Wash was performed for in 

total three times. Then beads were incubated with 30 µl double distilled water mixed with 10 

µl 4 × sample buffer at 70°C for 10 min. The elution was used for WB. 

For MS sample preparation, beads were additionally washed twice with buffer 

containing 25 mM TrisHCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 5% glycerol, 1% protease 

inhibitor cocktail, phosphatase Inhibitor Cocktail 2 and phosphatase Inhibitor Cocktail 3. 

2.2.9 Fluorescence imaging 

2.2.9.1 Immunofluorescence for cells 

Cells were seeded into 8 well chamber slide for immunofluorescence.  

Cells were washed with cold PBS several times and fixed with cold 100% methanol for 15 

min at –20°C or 4% PFA in PBS (pH 7.4) for 10 min at room temperature. 

Cells then were incubated in turn with PBS containing 3% BSA and 0.3% Triton X-

100 at room temperature for 1 h, primary antibody 1 : 100 diluted in PBS containing 3% BSA 

and 0.3% Triton X-100 at 4°C overnight (100 µl for one well), PBS for 3 times (5 min each 

time), fluorescence dye linked secondary antibody (1 : 400 diluted) and DAPI (1 : 5000 

diluted) in PBS containing 3% BSA and 0.3% Triton X-100 at room temperature for 1 h (100 

µl in total for one well, protect from light) and PBS for 3 times (5 min each time, protect from 
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light). The chamber was removed then and the slide was mounted by 2 drops of mounting 

medium (protect from light). The coverslip was put carefully on the slide (avoid bubbles) in 

the dark. The slide was dried and stored at 4°C in the dark. 

2.2.9.2 Immunofluorescence for tissue sections 

For Cryo embedding section, the tissue piece was incubated with 4% PFA in PBS (pH 

7.4) for 10 min at room temperature for fixation. Steps of staining on the slide were according 

to the protocol for cells.  

For Vibratome section, staining was performed in 12 well plate according to the 

protocol for cells. The tissue piece was transferred to a slide when mounting. 

2.2.9.3 Cell imaging of mitochondria tracker, DsRed-LC3-EGFP, 
mCherry-LC3B-EGFP, intracellular pH indicator and Mito-Kaima 

For Mitochondria tracker, the staining medium was prepared by adding 250 nM 

MitoTracker in puromycin selective medium and then was added to PAT2 overexpression 

preadipocytes. Preadipocytes were incubated in the incubator (5% CO2, 37°C) for 30 min 

(protect from light) and then washed with PBS (protect from light). After fixation by 4% PFA in 

PBS (pH 7.4) for 10 min at room temperature (protect from light), preadipocytes were 

staining according to the protocol of immunofluorescence for cells. 

2.2.9.3.1 DsRed-LC3-GFP 

pQCXI Neo DsRed-LC3-GFP deposited by David Sabatini lab was purchased from 

Addgene (Addgene plasmid # 31183). It is a retroviral vector and expresses DsRed-LC3-

GFP autophagy reporter (Sheen et al 2011). 

Establishment of cell lines. 

The transfect solution was prepared by mixing 6 µg plasmid DsRed-LC3-GFP, 3 µg 

EcoPAK and 40 µl polyfect in a clean tube. The tube was stood at room temperature for 20 

min. Then the transfect solution was mixed with 5 ml cell culture normal medium and added 

to 100% confluence HEK 293T in 10 cm plate. The plate was kept in the incubator (5% CO2, 

37°C) for two days. The medium of HEK 293T cells was transferred to Scr, PAT2 knockdown 
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and overexpression preadipocytes in a 6 well plate (each well 1.5 ml), keep preadipocytes in 

another well in puromycin selective medium for each cell line as control. The preadipocytes 

were kept in the incubator (5% CO2, 37°C) for two days. Then the 1.5 ml puromycin selective 

medium containing 500 µg/ml G418 was added to all wells. The infected preadipocytes were 

split with selective medium containing 500 µg/ml G418 until no control cell survives and then 

stored when reaching the needed total number.  

Cell culture was performed by using puromycin selective medium containing 500 

µg/ml G418. Cell image was performed in 8 well chamber slide. 

After Wash cells with PBS several times, Cells were fixed with 4% PFA in PBS (pH 

7.4) for 1 h and then incubated with DAPI 1 : 5000 diluted PBS for 5 min. 

Cells were washed for 3 times with PBS (each time 5 min). The mounting steps were 

according to immunofluorescence for cells. 

2.2.9.3.2 mCherry-LC3B-EGFP 

pBABE-puro mCherry-EGFP-LC3B deposited by Jayanta Debnath lab was purchased 

from Addgene (Addgene plasmid # 22418). It is used for indicating autuphagosome 

lysosome fusion (N'Diaye et al 2009). This test was performed through transient transfection 

and life cell imaging. 

The preadipocytes were induced by MDI protocol till the 8th day in 8 well life cell 

image chamber. 

The transfection solution was prepared by mixing 120 µl amino acid fee DMEM, 80 µl 

polyfect and 4 µg pBABE-puro mCherry-EGFP-LC3B plasmid in a tube. 

The tube was stood at room temperature for 20 min. Two 100 µl aliquots were made. Then 

900 µl amino acid free medium or 900 µl normal medium was added each aliquot. 150 µl 

amino acid free transfection medium for each well was added to the cells upon amino acid 

starvation, and 150 µl normal transfection medium for each well to control cells. For control 

cells, Bafilomycin A1(100 nM) also added. The chamber was kept in the incubator (5% CO2, 
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37°C) for one day. The observation was performed under the confocal microscope by using 

external incubator and gas mixer to keep cells in 5% CO2, 37°C environment. 

2.2.9.3.3 Intracellular pH indicator 

pEGFP-LC3 (human) deposited by Toren Finkel lab was a gift from Addgene 

(Addgene plasmid # 24920). It expresses pEGFP-LC3 fusion protein (Lee et al 2008). 

1 µl pHrodo Red AM was mixed with 10 µl Powerload concentrate and two 5.5 µl 

aliquots were made (protect from light). 500 µl normal medium or amino acid free medium 

was added to each aliquot. 

The preadipocytes were induced by MDI protocol till the 8th day in an 8 well life cell 

image chamber. The transfection solution contained 120 µl amino acid fee DMEM, 80 µl 

polyfect and 4 µg pEGFP-LC3 plasmid was stood at room temperature for 20 min. The 

transfection was performed according to the mCherry-LC3B-EGFP protocol. After 23 h 

incubaton in the incubator (5% CO2, 37°C), for amino acid starvation for 1 h cells, the normal 

transfection medium was replaced by amino acid free transfection medium. After 23.5 h 

incubation, the medium of all cells upon fed or amino acid starvation was replaced by pHrodo 

Red AM contained the normal or amino acid free medium respectively. Cells were incubated 

for another 30 min in the incubator (5% CO2, 37°C) and then the medium was changed to 

150 µl life cell image solution in each well. The observation was performed according to the 

mCherry-LC3B-EGFP protocol. 

2.2.9.3.4 Mito-Keima 

mKeima-Red-Mito-7 deposited by Michael Davidson lab was purchased from 

Addgene (Addgene plasmid # 56018). The plasmid expresses mitochondria localized 

mKeima proteins which are sensitive to pH and can indicate mitophagy. 

Establishment of the cell lines: 

The transfection solution was prepared by mixing 360 µl DMEM, 240 µl polyfect and 

12 µg mKeima-Red-Mito-7 plasmid in a tube. The tube was stood at room temperature for 20 

min. Scr, shPAT2 and PAT2-HA cells were seeded into a 6 well plate (each cell line two 
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wells). 200 µl transfection solution was added to each well and control cells were kept in 

another 3 wells in 200 µl puromycin selective medium. 

The plate was kept in the incubator (5% CO2, 37°C) for 4 h.  

1.3 ml puromycin selective medium was added to each transfection well and The 

plate was kept in the incubator (5% CO2, 37°C) for another one day. 

Then the medium in the plate was changed by 1.5 ml puromycin selective medium 

containing 500 µg/ml G418 for each well. The plate was kept in the incubator (5% CO2, 

37°C) until no control cell survives. Transfected cells were split with puromycin selective 

medium containing 500 µg/ml G418 and stored when reaching to the needed total number. 

Cells were seeded into an 8 well life cell image chamber and then were induced for 

adipogenesis by MDI protocol. Till the 8th day, cells were treated with amino acid starvation 

for 1 h or 24 h, other cells were kept in puromycin selective medium. Finally, the medium of 

all the wells was changed to life cell image solution and observed under the confocal 

microscope by using external incubator and gas mixer to keep cells in 5% CO2, 37°C 

environment. 

2.2.10 Flow cytometry test in DsRed-LC3-EGFP transfected cells 

For cell culture of DsRed-LC3-EGFP transfected cells, puromycin selective medium 

containing 500 µg/ml G418 was used. Puromycin selective medium was used for Scr cells 

without DsRed-LC3-EGFP. Cells with fluorescence needed to be protected from light. 

Cell preparation: 

For sample, adipocytes and preadipocytes controls: Control and DsRed-LC3-EGFP 

transfected preadipocytes were seed in a 6 well plate and induced for the adipogenic 

differentiation till the 8th day. 1 h or 24 h amino acid starvation was performed then. Scr 

preadipocytes were seeded into another well in 6 well plate as preadipocyte control. 

For the fluorescence controls: Scr preadipocytes were seeded into two wells of 6 well 

plate. The GFP/RFP transfection solution was prepared by mixing 120 µl DMEM, 80 µl 

polyfect and 4 µg GFP/RFP plasmid. After standing for 5 min, the GFP/RFP transfection 



72 | P a g e  

 

solution was added respectively to the 2 wells to cover all the cells. Cells were incubated in 

the incubator (5% CO2, 37°C) for 4 h. Then 1.3 ml puromycin selective medium was added 

to each well and cells were further incubated in the incubator (5% CO2, 37°C) for one day.  

For the flow cytometry test: All the cells were degisted by 500 µl Trypsin-EDTA 

(0.05%) phenol red in the incubator (5% CO2, 37°C) for 1 min and then 500 µl cold PBS was 

added to each well. Cells were pipette up and down several times carefully and then 

transferred to 1.5 ml prechilled tubes. Tubes were centrifuged for 5 min at 4°C 500 × g. Cells 

were resuspended with 500 µl fluorescence-activated cell sorting (FACS) buffer (1 mM EDTA 

and 1% BSA in PBS) for each tube. The cell suspension was pipette through the 35 µm 

membrane in the cap and collected the flow through in the tube on ice. 

The control Scr preadipocytes and adipocytes were analyzed to exclude the 

preadipocyte population in the adipocyte. Scr preadipocytes with GFP/RFP were analyzed to 

set the compensation of channels for GFP and DsRed. Samples were analyzed and the files 

were exposed to be analyzed in the software FlowJo. Autophagy indexes were calculated 

according to the reported method (Sheen et al 2011). 

Autophagy index = 100 − 100 ×
FL(GFP)

FL(DsRed)
 

2.2.11 Electron microscope samples preparation 

Each coverslip was bended on one side and put into each well of 24 well plate by a 

sterilized forceps under the cell culture hood. 1 ml collagen was added to each well. The 

plate was kept in the incubator (5% CO2, 37°C) for 2 h and then collagen solution was 

removed. Then preadipocytes were seeded into each well and induced for adipogenic 

differentiation till the 8th day. The adipocytes were treated with/without amino acid starvation 

(1 h or 24 h). Cells were washed by prechilled PBS several times and then fixed by 700 µl 

4% PFA in PBS (pH 7.4) mixed with glutaraldehyde (at final concentration 2%) for each well 

overnight at 4°C. The coverslips were transferred into 5 ml tubes with 3 ml PBS containing 

0.01% sodium azide and then delivered out.  
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2.2.12 In vitro quenching experiment 

This test was performed in a dark place: 

2.2 mg/ml FITC-Dextran 70000 in puromycin selective medium was prepared under 

the cell culture hood. 

Adipocytes (Scr, PAT2 knockdown and overexpression cells in 10 cm plates, each 

cell line 2 plates) were incubated with 10 ml FITC-Dextran 70000 contained medium 

overnight in incubator (5% CO2, 37°C). The medium of one plate of each cell line was 

changed by 10 ml normal puromycin selective medium and for another plate 10 ml amino 

acid free DMEM. Cells were incubated for 1 h in the incubator (5% CO2, 37°C) and then 

washed by prechilled PBS several times. 

500 µl fractionation buffer (125 mM KCl, 1 mM EDTA, 50 mM sucrose, 20 mM 

HEPES pH 7.4, 1 : 100 diluted phosphatase inhibitor cocktails and protease inhibitor cocktail 

in double distilled water) was added to each plate. Cells then were scraped from the plates 

on ice and centrifuged for 5 min at 4°C 1200 × g. The pellet was resuspended with 700 µl 

fractionation buffer and homogenized with Potter-Elvehjehm grinder. The homogenate was 

centrifuged for 10 min at 4°C 2000 × g. The supernatant was further centrifuged for 15 min at 

4°C 16100 × g. The pellet was resuspended with 100 µl fractionation buffer. The protein 

concentration in the resuspension was measured by using BCA kit (see sample preparation 

part of western blot). The suspension was added to wells in a flat glass bottom 96 well plate, 

4 µg suspension for 1 well, add in total 2 wells. 

100 µl prewarmed fractionation buffer was added to each well and Concanamycin A 

was added to one well at 1 µM final concentration as negative control. 10 mM ATP solution 

and 20 mM MgCl2 in fractionation buffer was put in port A and B respectively in Pheastar 

plate reader. The plate with samples was put in the 37°C prewarmed Pheastar plate reader. 

The intensities of fluorescence in the two wells alternately were recorded at 488 nm for 150 

cycles (Port A and B were set to add both 12.5 µl liquid to each well after 30 cycles). A blue 

native PAGE western blot analysis was performed by using the rest of homogenate (see blue 
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native PAGE and western blot part) to quantify intact V-TAPase bands. The values from 

Pheastar plate reader were normalized by the quantity of the intact V-ATPase bands and the 

average fluorescence level in flat phase (former 30 cycles). Then reciprocal values of the 

normalized values were calculated for values in the quenching phase (later 120 cycles). Slop 

values were calculated by linear regression of reciprocal values on time (s) in later 120 

cycles. 

2.2.13 Mouse line genotyping 

Ear clips in 1.5 ml tubes were stored at –20°C. 100 µl 50 mM NaOH was used to lyse 

ear clips for each tube by incubation at 95°C 1000 rpm shake for 30 min. Then 10 µl 1 M Tris 

pH 8 was added to each tube. For one reaction, 0.5 µl ear clips lysate, 0.5 µl primer mix 

(0.01 nmol for each primer) and 10 µl Platinum Blue MM was mixed in a PCR tube. PCR 

tubes were put into thermos cycler and the needed program was run. 

Preparation of 100 ml 2% agarose gel (adjust amount of reagents if volume changes): 

2 g agarose was added to 100 ml TE buffer and then the mix was heated up in microwave 

oven till agarose dissolve. 3 µl DNA/RNA Dye was added when agarose solution was cooled 

a little bit. The mold with the needed comb was set to the needed size and filled by the 

agarose solution. The casting gates and comb were removed until gel solidifies. The gel 

together with the mold was put into the electrophoresis chamber. The PCR products and 

DNA ladder were loaded. And the electrophoresis was run at 150 V for 20 min for small sized 

2% gel (adjust volt for different gel concentrations and sizes). Images were acquired by a 

BioImaging gel documentation system. 

2.2.13.1 PAT2 whole body knockout mouse line 

2.2.13.1.1 PAT2 knockout 

Primers: 

Primer Sequence 

pat2 5' L ko L wt CCAAATCCCTCCTTCCTCTC 

pat2 5' R ko GTTTTCCCAGTCACGACGTT 

pat2 5' R wt GGTGTATGTGCAGGTGCAAG 

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi3_-XEvLnkAhXLKewKHT56BOcQjhx6BAgBEAI&url=https%3A%2F%2Flabor-welt.de%2Fen%2Fprodukte-2%2Fanalysis-technology%2F112-bioimaging-gel-documentation-system-company-uvp.html&psig=AOvVaw0f4zS_1yJ1Y_WiTcFICAej&ust=1567765613799171
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Knockout band’s size is 331 bp and wildtype band’s size is 153 bp. 

PCR program: 

PCR Settings Temperature Time # of cycles 

1 Denaturation (Melting) 94°C 2 min 1 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 20 s 

10 65°C; -0.5°C per cycle 15 s 

68°C 10 s 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 15 s 

28 60°C 15 s 

72°C 10 s 

3 Polymerization 72°C 5 min 1 

4 Cooling 12°C infinite 1 

2.2.13.1.2 Rosa26 Cre 

Primers: 

Primer Sequence 

pCre1 ATGCCCAAGAAGAAGAGGAAGGT 

pCre2 GAAATCAGTGCGTTCGAACGCTAGA 

Size of Rosa26 Cre band is 447 bp and wildtype show no band. 

PCR program: 

PCR Settings Temperature Time # of cycles 

1 Denaturation (Melting) 94°C 5 min 1 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 30 s 

35 58°C 40 s 

72°C 90 s 

3 Polymerization 72°C 2 min 1 

4 Cooling 12°C infinite 1 

2.2.13.1.3 neo deletion  

Primers: 

Primer Sequence 

EP 418 AGCCATACCACATTTGTAGAGG 

EP 423 CAGCCCAATTCCGATCATATTC 

EP 420 ATTGCATCGCATTGTCTGAGTAG 

EP 1337 GTTGTGGTTTGTCCAAACTCATC 

neo deletion shows 351 bp and 101 bp two bands, neo shows 459 bp (very light) and 

275 bp two bands. 

PCR program: 
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PCR Settings Temperature Time # of cycles 

1 Denaturation (Melting) 94°C 2 min 1 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 20 s 

10 65°C; -0.5°C per cycle 15 s 

68°C 10 s 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 15 s 

28  60°C 15 s 

72°C 10 s 

3 Polymerization 72°C 5 min 1 

4 Cooling 12°C infinite 1 

2.2.13.2 Kindlin-2 adipose tissue specific knockout mouse line 

2.2.13.2.1 Kindlin-2 flox 

Primers: 

Primer Sequence 

Fermt2 5’ TACAGGTGGCTGACAAGATCC 

Fermt2 3’ GTGAGGCTCACCTTTCAGAGG 

Size of wildtype band is 743 bp and Kindlin-2 flox is 820 bp.  

PCR program: 

PCR Settings Temperature  Time # of cycles 

1 Denaturation (Melting) 95°C 5 min 1 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 30 s 

39 65°C 45 s 

72°C 45 s 

3 Polymerization 72°C 10 min 1 

4 Cooling 12°C infinite 1 

2.2.13.2.2 Adiponectin Cre 

Primers: 

Primer Sequence 

Transgene Reverse ACGGACAGAAGCATTTTCCA 

Transgene Forward GGATGTGCCATGTGAGTCTG 

Internal Positive Control Forward CTAGGCCACAGAATTGAAAGATCT 

Internal Positive Control Reverse GTAGGTGGAAATTCTAGCATCATCC 

Size of control band is 324 bp and Adiponectin Cre is 200 bp.  

PCR program: 

PCR Settings Temperature Time # of cycles 

1 Denaturation (Melting) 94°C 2 min 1 
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2 Amplification (Melting, Annealing, Polymerisation) 

94°C 20 s 

10 65°C; -0.5°C per cycle 15 s 

68°C 10 s 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 15 s 

28 60°C 15 s 

72°C 10 s 

3 Polymerization 72°C 5 min 1 

4 Cooling 12°C infinite 1 

2.2.13.2.3 Flop  

Primers: 

Primer Sequence 

flp- as CTCGAGGATAACTTGTTTATTGC 

flp-s CTAATGTTGTGGGAAATTGGAGC 

Size of the positive band is 550 bp.  

PCR program: 

PCR Settings Temperature Time # of cycles 

1 Denaturation (Melting) 94°C 4 min 1 

2 Amplification (Melting, Annealing, Polymerisation) 

94°C 30 s 

35 59°C 30 s 

72°C 60 s 

3 Polymerization 72°C 5 min 1 

4 Cooling 12°C infinite 1 

2.2.14 Animal measurement 

2.2.14.1 Random fast experiment 

For wildtype mice, the diet was removed in the afternoon. The test was performed in 

the morning for random fast 18 h. Diets were kept in the cages of control mice.      

2.2.14.2 High fat diet (HFD) test 

All the mice were weighed before the test. Mice for HFD were fed 5 g per mouse 

every week. Mice for chow diet (CD) were fed as normal. The weights of both HFD and CD 

mice were recorded every week. 

2.2.14.3 Glucose tolerance test (GTT) and Insulin tolerance test (ITT) 

Each mouse was transferred to a single empty cage with water but without diet for 

fast 3 h. 
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For GTT, 20% glucose injection solution was injected intraperitoneally for each 

mouse base on the weight according to the radio 2 g glucose per 1 kg weight. For ITT, 0.075 

munit/ µl insulin injection solution was intraperitoneally injected for each mouse base on the 

weight according to the radio 10 µl insulin injection solution per 1 g per weight. 

The blood glucose concentration of each mouse was measured before injection and 

after injection 15 min, 30 min, 60 min, 90 min, 120 min by using the glucose meter. 

Then Mice were transferred back to the original cages with diet. 

For ITT, once blood glucose was measured to be below 40 mg/dl, the mouse needed 

to be Intraperitoneally injected with 20% glucose as the radio 2 g glucose per 1 kg weight. 

2.2.14.4 ECHO-MRI 

A calibration was performed if ECHO-MRI was not calibrated. The standard sample 

was put in ECHO-MRI and the system test was run. 

The mouse was transferred to a suitable clean holder with a suitable caster at a 

suitable height to make the mouse at the bottom of the holder.  After putting the holder into 

ECHO-MRI, weight and ear tag number of the mouse were input. The data were acquired 

after scanning. The mouse was transferred back to the original cage. Next scanning was 

performed if needed.    

2.2.14.5 Evans blue intravenous injection 

5 ml 0.5% Evans blue solution was prepared by dissolving 0.025 g Evans blue in 5 ml 

saline (adjust the volumes if final volume is different) and then filtering the solution by using 

0.22 µm filter under cell culture hood. 2 ml anesthetic solution was prepared by mixing 400 µl 

ketamine, 150 µl xylazine and 1450 µl saline (adjust the volumes if the total volume is 

different). 

The anesthetic solution was intraperitoneally injected for the mouse according to the 

radio 10 µl per 1 g weight. The mouse after injection was put in an empty cage until the 

mouse showed no reflection. The mouse was then transferred to a warm pad to warm the tail 
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up. 200 µl Evans blue was injected into the vein in the tail by using 30G x 1/2" insulin syringe. 

The needed tissues were sampled after several minutes and images were acquired.  

2.2.15 Histology 

2.2.15.1 Embedding 

For wax embedding: 

Tissues in cassettes were incubated by 4% PFA in PBS for fixation overnight at 4°C 

and then washed by PBS. The tissues were further incubated in turn by 70% ethanol to 

incubate all the cassettes overnight at 4°C, 80% ethanol for 1 h at room temperature, 90% 

ethanol for 1 h at room temperature, 100% ethanol for two times (each time 1 h) at room 

temperature, xylene for two times (each time for 10 min) at room temperature melted paraffin 

for two times (each time for 1 h) at 60°C and melted paraffin overnight at 60°C. Tissues were 

embedded in paraffin by using paraffin embedding station. Cooled blocks were stored at 

room temperature.    

For cryostat embedding: 

The tissues were put in the appropriately sized mold containing a little unsolidified 

OTC on dry ice. Enough OTC was added to immerse the tissue (avoid bubbles). Until OTC 

solidifies completely on dry ice blocks of tissues were stored at −80°C. 

For vibratome embedding: 

5% low melting point agarose in PBS was melted completely at 70°C. Tissues fixed 

by 4% PFA in PBS 1 h at room temperature was washed by PBS for three times. Then 

tissues were transferred to molds with suitable sizes. Melted 5% low melting point agarose 

was carefully added to immerse the tissues. The section was carried out until agarose 

completely solidifies. Tissues were stored in PBS at 4°C with 0.01% sodium azide after 

removing agarose.   

2.2.15.2 Staining of paraffin section 

2.2.15.2.1 H&E staining 
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For hydration, sections were incubated in turn by xylene for two times (each time for 5 

min) at room temperature, 100% ethanol for 3 min at room temperature, 90% ethanol for 3 

min at room temperature, 70% ethanol for 3 min at room temperature and double distilled 

water for 3 min at room temperature. For staining, sections were incubated by Mayer 

hematoxylin solution (1 : 5 dilution for stock solution) for 1 min at room temperature. Sections 

then were washed carefully by double distilled water and rinsed by running tap water for 2 

min. Next, sections were incubated in turn by 96% ethanol for 3 min at room temperature, 

100% ethanol for 3 min at room temperature and Chromotrope II (Eosin) solution containing 

100 mg Chromotrope II (Eosin), 100 ml 95% ethanol and 100 µl acetic acid (adjust volume as 

needed) for 3 min at room temperature. For dehydration, sections were incubated in turn by 

96% ethanol for 3 min at room temperature, 100% ethanol for 3 min at room temperature, 

xylene for 5 min at room temperature and xylene for two times (each time for 5 min) at room 

temperature. Sections were mounted by Roti-Mount and coverslips were used to cover for all 

slides. 

2.2.15.2.2 Masson staining 

The hydration was performed according to the H&E staining. 

Sections were re-fixed by Bouin’s solution containing 75 ml picric acid (saturated), 25 

ml 37-40% formaldehyde and 5 ml acetic acid (adjust volume as needed) for 1 h at 56°C. 

Next, sections were rinsed with running tap water for 5 min. 

Then sections were incubated in turn in the following solution. After every incubation 

except Phosphomolybdic-phosphotungstic acid solution incubation sections were washed by 

double distilled water. The solution includes:  

 Weigert’s solution containing 0.5 g hematoxylin, 50 ml 95% ethanol, 2 ml 29% ferric 

chloride in water, 47.5 ml double distilled water and 0.5ml hydrochloric acid (adjust volume 

as needed) for 10 min at room temperature. 
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Biebrich scarlet-acid fuchsin solution containing 90 ml 1% biebrich scarlet, 

aqueous,10 ml 1% acid fuchsin, aqueous and 1 ml acetic acid (adjust volume as needed) for 

10 min at room temperature.  

Phosphomolybdic-phosphotungstic acid solution containing 50 ml 5% 

Phosphomolybdic acid and 50 ml 5% Phosphotungstic acid (adjust volume as needed) for 10 

min at room temperature. 

Aniline blue solution containing 2.5 g aniline blue, 2 ml acetic acid and 100 ml double 

distilled water (adjust volume as needed) for 10 min at room temperature. 

1% acetic acid solution for 10 min at room temperature. 

The dehydration was performed according to the H&E staining. 

2.2.15.2.3 Picrocirius red staining 

The hydration was performed according to the H&E staining. 

Sections were incubated in Weigert’s solution (same composition as for Masson 

staining) for 8 min at room temperature and then rinsed by running tap water for 10 min. 

Next, sections were incubated in the picro-sirius red solution containing 0.1 g sirius red 

(direct red 80) and 100 ml picric acid (saturated) (adjust volume as needed) for 1 h at room 

temperature. Then sections were washed with 0.5% acetic acid twice. 

The dehydration was performed according to the H&E staining. 

2.2.15.2.4 Azan staining 

The dehydration was performed according to the H&E staining. 

Sections were re-fix section in Bouin’s solution (same composition as for Masson 

staining) for 1 h at 56°C and then rinsed by running tap water for 5 min. Then sections were 

incubated in solution A containing 2 g azocamine, 1 ml acetic acid and 100 ml double 

distilled water (adjust volume as needed) for 1 h at 50°C. Brief washing by double distilled 

water was performed. Then sections were incubated in solution B containing 0.1 ml aniline 

and 100ml 95% ethanol (adjust volume as needed) at room temperature for several minutes 

still nucleuses were observed to be differentiated (before observation under microscope dig 
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sections in 0.1% hydrochloric acid in 100% ethanol (solution C)). Sections were washed with 

double distilled water. Then sections were incubated in 5% phosphomolybdic solution 

(solution D) for 2 h at room temperature. Next, sections were incubated in solution E 

containing 2 g orange G, aniline blue (methyl blue), 7.5 ml acetic acid and 100 ml double 

distilled water (adjust volume as needed) for 2 h at room temperature. Washing by double 

distilled water was performed. The dehydration was performed according to the H&E 

staining. 

2.2.16 Statistic analysis 

All the calculations were performed using Excel and all the statistic analyses were 

performed by using software prism. Error bars show SEM. One way ANOVA and two way 

ANOVA with tukey post hoc were used to analyzed single variation and multi variation 

respectively. For comparison between two groups, t test was used. For all the statistics, * 

means p < 0.05, ** means p < 0.01, *** means p < 0.001 and **** means p < 0.0001. 

3  Results 

3.1 Kindlin-2 

3.1.1 Kindlins and integrins expression levels in mice upon HFD 

Kindlin mediated integrin activation plays a critical role in cell adhesion, cell 

spreading, migration and other cellular functions (Rognoni et al 2016). As a broadly 

expressed Kindlin, Kindlin-2 is the only Kindlin with a high expression level in adipose tissue 

(Ussar et al 2006). The ablation of Kindlin-2 in fats was reported to cause lipodystrophy and 

metabolic disorders (Gao et al 2019). However, still little is known about the related 

physiological functions of Kindlin-2 in adipose tissues.  

In order to primarily figure this out, mice were fed HFD to check if expression of 

Kindlin-2 and its potential interacting integrins were altered compared with the CD diet mice. 

Wildtype mice were treated with HFD (5 mice) and CD (5 mice) from the 8th to the 18th 

week. Body weight of each mouse was recorded every week. On the 18th week, blood 
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glucose of CD mice was slightly lower than HFD mice, average body weights of HFD and CD 

showed the significant difference (Figure 3.1 A), which indicated that the HFD model 

worked. 

Following, inguinal adipose tissue (iWAT), BAT, SCF and PGF were taken for RNA 

isolation. By qPCR analysis for the expression levels of Kindlin-2, Kindlin3, and several 

integrin genes which can interact directly or indirectly with Kindlin-2, including integrin β1, 

integrin β2, integrin β3, integrin β6, integrin α1, integrin α2 and integrin α5. The results 

indicate that Kindlin-2 is the predominant Kindlin in all 4 types of adipose tissue (Figure 3.1 

B), which matches the published data (Ussar et al 2006). The integrin β1 is the major integrin 

protein in these adipose tissues among the integrins tested and the raise of integrin β1 

expression upon HFD BAT compared to CD BAT was significant (Figure 3.1 B). 

Together, these results reveal that some ECM components can be regulated by HFD 

in brown adipose tissue, such as integrin β1. 

 

Figure 3.1 Expression variations of Kindlins and integrins in fats of mice upon HFD or CD. (A) 
Body weight variations and blood glucose concentration (10 weeks old) of mice upon HFD or CD. RM 
two-way ANOVA with Tukey's post hoc test for the left panel, non-paired t-test for the right panel, n=5. 

(B) Semi-quantification qPCR of Kindlins and integrins expression in fats of mice upon HFD or CD. 

RM two-way ANOVA with Tukey's post hoc test, n=5. 

3.1.2 Verification of Kindlin-2 knockout in adipose tissues and Kindlin-2 
knockout does not block adipogenesis 
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Because of the lethality of Kindlin-2 whole body knockout (Montanez et al 2008), in 

order to investigate the role of Kindlin-2 in adipose tissue, conditional Kindlin-2 knockout 

mice were generated. To achieve specific knockout in adipose tissue, Kindlin-2fl/fl was 

crossbred with Adiponectin-Cre mice expressing Cre recombinase under the Adiponectin 

promoter, which ensures Kindlin-2 knockout only exits in adipose tissue. 

 

Figure 3.2 Kindlin-2 adipose tissue conditional knockout leads to fats shrink but does not 
block adipogenesis. (A) Western blot analysis of Kindlin-2 and integrin β1 in fats of Kindlin-2 

conditional knockout and wild type mice. (B) Fats in Kindlin-2 conditional knockout mice and wild type. 
(C) Adipogenesis induction (0 – 8 day) of preadipocytes isolated from BAT of Kindlin-2 conditional 

knockout mice and wild type. The bar shows 100 µm. (D) Semi-quantification qPCR of Kindlins and 

integrins expression in adipocytes at day 8 in (C). Non-paired t-test, n=3. 
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To verify Kindlin-2 knockout in adipose tissue, SCF, PGF and BAT were taken from 

the Kindlin-2fl/fl Adiponectin-Cre+ and Kindlin-2fl/fl Adiponectin-Cre- mice in the same cohort for 

protein isolation. Western blot analysis for these protein samples showed comparing with 

wildtype samples, Kindlin-2 levels in Kindlin-2fl/fl Adiponectin-Cre+ samples decreased in all 3 

adipose tissues (Figure 3.2 A). As the main type of integrin in adipose tissue, integrin β1 

protein level showed a similar reduction in knockout mice than wildtype mice (Figure 3.2 A). 

Interestingly, the decrease of integrin β1 was even bigger than Kindlin-2 in BAT. Another, 

sizes of SCF, PGF and BAT showed decreases due to Kindlin-2 knockout (Figure 3.2 B). 

BAT is a special tissue with enriched blood vessels (Cinti 2009), which make it hard 

to isolate pure proteins from brown adipocytes. To exclude this interference, the pre-brown 

adipocytes were isolated from BAT and then induced for adipogenesis in primary culture. As 

the results showed, no matter isolated from knockout mice or wildtype mice, the pre-brown 

adipocytes were able to differentiate into mature adipocytes on the 8th day (Figure 3.2 C). 

The differentiated adipocytes were harvested for RNA isolation and then RT-PCR analysis. A 

significant decrease of Kindlin-2 RNA level was shown in cells from Kindlin-2fl/fl Adiponectin-

Cre+ mice (Figure 3.2 D). Additionally, integrin α1 and integrin β1 in this test showed 

significant increase in knockout mice (Figure 3.2 D). It is noticeable that integrin β1 

performed an opposite variation in RNA and protein level, which implicates Kindlin-2 may 

regulate translation or protein degradation of integrin β1. 

The research of Monrtanez et al. suggests Kindlin-2−/− embryonic stem cell (ESC) line 

has a severe adhesion disorder comparing with wild type cell line (Montanez et al 2008). 

However, the pre-brown adipocytes isolated from Kindlin-2fl/fl Adiponectin-Cre+ mice could 

adhere normally at least on morphology during the whole adipogenesis although induction 

had triggered the expression of Cre recombinase to delete Kindlin-2 (Figure 3.2 C). 

Additionally, at the 8th day these cells were also able to differentiate into mature adipocytes 

as wildtype cells, which illustrates the adipogenesis was not impaired due to Kindlin-2 
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knockout, it also means that the important integrin signaling of adipogenesis was not blocked 

by Kindlin-2 knockout. , such as integrin α5 and integrin α6 (Liu et al 2005).  

If severe cell adhesion disorder appears in adipose tissue in vivo, the adipose tissue 

will demonstrate development deficiency or even disappear. However, Kindlin-2 knockout 

mice only reflected a slightly decrease in size of BAT, SCF and PGF compared to wildtype 

mice (Figure 3.2 B).  

These protein and RNA data illustrate the Kindlin-2 knockout in adipose tissue is 

reliable. Besides, the data also show the particular characteristic of Kindlin-2 in adipose 

tissue. This also hints that the function of Kindlin-2 and its activated integrin signaling may 

perform some unique functions in adipose tissue. Absence of Kindlin-2 impairs intercellular 

structure in adipose tissue on morphology  

As the in vivo and in vitro data indicate, adipose tissue development can be 

completed without Kindlin-2. Whether the interior structure and morphology of adipose tissue 

can be affected by Kindlin-2 knockout was tested by performing stainings.  

3.1.2.1 H&E staining 

To investigate the morphology of adipose tissue, one of the most general ways is the 

H&E staining. The BAT, SCF and PGF were taken from 8 weeks old CD fed Kindlin-2fl/fl 

Adiponectin-Cre-, Kindlin-2fl/fl Adiponectin-Cre+ and Kindlin-2fl/- Adiponectin-Cre+ mice. After 

paraffin embedding and section, 2 μm sections were used for H&E staining. 

The H&E staining of these 3 kinds of tissue showed different changes due to Kindlin-2 

knockout. For BAT, it was easy to recognize that the average size of the lipid droplets was 

smaller in knockout mice than in the other two wildtype mice (Figure 3.3 A). Another, thicker 

and darker red staining appeared in the intercellular space in knockout mice, which 

implicates the abnormal structures among adipocytes in BAT  . These two aspects were 

even more obvious when observing the 4x magnification of the original images (Figure 3.3 

A). For these two WATs, SCF and PGF, the phenomenon of different lipid droplets sizes did 

not appear between knockout mice and any one of the wildtype mice (Figure 3.3 A). But the 
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potential red stainings of ECM in SCF and PGF of knockout mice were still a little darker than 

wildtype mice in PGF (Figure 3.3 A).  

Considering Kindlin-2 is the activator for integrins the disorders in knockout mice 

appearing in ECM seem to be reasonable. Furthermore, ECM disorders may also cause 

changes in the functions of adipose tissue or other adipose tissue related physiological 

functions when comparing knockout and wildtype mice.  

As the results above showed, Kindlin-2 knockout induced alteration in WAT was very 

limited in H&E stainings. Because WAT is characterzed by very large lipid droplets which 

squeeze the space of cytosol and ECM, it is possible to make the alterations induced by 

Kindlin-2 knockout difficult to be recognized in H&E staining of WAT 2 μm section. So 

whether WAT is affected by Kindlin-2 knockout should be evaluated by further analyses.  

3.1.2.2 Special stainings 

Based on the observations of H&E staining results, morphological disorders appear in 

the intercellular space in the BAT of Kindlin-2 knockout mice. However, what is affected by 

Kindlin-2 knockout in the intercellular space was still not figured out. 
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Figure 3.3 Kindlin-2 knockout affects the morphology of adipose tissues. (A) H&E staining, (B) 
Masson staining, (C) Picro sirius staining and (D) AZAN staining of adipose tissues from 8 weeks old 

Kindlin-2 knockout and wild type mice. Bars show 200 μm. 
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Some special stainings can distinguish the different components in the tissue based 

on their characteristic features. As a good way to distinguish collagen (blue stained) as the 

representation of connective tissue from the cytoplasm (red stained), the Masson's trichrome 

stain was performed. The same sections of 3 kinds of tissues in 3 mice were stained. For 

WAT, SCF and PGF lacked blue stains (Figure 3.3 B), which may be because of the 

limitation of WAT section as mentioned previously. For BAT, the blue stains were observed 

in the intercellular space (especially peri blood vessel area) together with red stains in 

wildtype samples. But in Kindlin-2 knockout samples the intercellular space showed a thick 

and dark red stained but nearly no blue stained structure (Figure 3.3 B). Because the red 

staining overlays the brown collagen stain, it is hard to give a conclusion that Kindlin-2 

knockout decrease collagen (ECM). But these results still support the hypothesis that Kindlin-

2 knockout caused ECM disorders, which lead to intercellular morphology alterations in BAT. 

To confirm this phenomenon, another special staining for visualizing collagen, picro 

sirius red staining was used. In this staining, collagen was stained to be red, cytoplasm 

shows pale yellow. Sections from the same samples of BAT as the previous two stainings 

were stained. It can be found that in all samples the red stains (collagen) existed in the 

intercellular space, particularly some very dark stains were observed around the big blood 

vessels (Figure 3.3 C). However, the cover effect still exists to make the red stains difficult to 

be distinguished These similar results confirm the disorder of BAT in Kindlin-2 knockout 

mice, but still, face the problem of the potential sheltered collagen stains. 

The collagen stains in these two kinds of stainings were not strong enough and not 

easy to detect. So it is hard to give a conclusion Kindlin-2 knockout leads to ECM 

components decline which causes the weak stainings. So it is still necessary to find another 

method for collagen staining which fits adipose tissue more. AZAN trichrome stain was 

chosen and performed for the following test. In AZAN staining, collagen was stained to be 

blue, cytoplasm was stained to be a variety of colors mixed with orange, red and blue, which 

makes collagen contrast more obvious. Still, SCF, PGF and BAT were taken from Kindlin-
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2fl/fl Adiponectin-Cre- and Kindlin-2fl/fl Adiponectin-Cre+ mice. The 2 μm sections from these 

samples embedded with paraffin were stained according to the AZAN staining protocol. The 

results showed in all 3 tissues slightly enhanced collagen stains in knockout mice compared 

with wildtype samples (Figure 3.3 D). The increase of both the two components resulted in a 

strongly stained structure between adipocytes in knockout mice, and this phenomenon was 

much more obvious in BAT (Figure 3.3 D). Furthermore, collagen in wildtype mice showed a 

better-distributed blue staining than in knockout mouse (Figure 3.3 D). 

All the staining analyses indicate that the absence of Kindlin-2 in adipose tissue leads 

to morphological hyperplasia of intercellular structures. Particularly, the AZAN staining 

suggests enhanced collagen deposition in Kindlin-2 knockout mice. 

3.1.3 Kindlin-2fl/fl AdiponectinCre+ mice show less fat mass than Kindlin-
2fl/fl AdiponectinCre- 

The previous data demonstrate the Kindlin-2 knockout mice in BAT show disorders 

on morphology rather than in WATs SCF and PGF. However, only staining results are not 

sufficient to conclude that the morphology of WATs is not affected by Kindlin-2 knockout. So 

next, analyses for whole tissues were performed to check if Kindlin-2 knockout can alter 

WAT besides BAT. 

3.1.3.1 Fat mass in CD mice 

Fat  mass variation alters body weight (Hall et al 2011). And measuring body weight 

is much easier than measuring isolated fat mass, especially for continuous measurement. So 

firstly the body weight curve was recorded for Kindlin-2fl/fl AdiponectinCre- mice and Kindlin-

2fl/fl AdiponectinCre+ mice. The curves for males were from the 7th week to the 17th week, for 

females were from the 9th week the 17th week. Analysis of two-way ANOVA showed no 

significant difference for females between wildtype and knockout mice, but significant higher 

body weights of wildtype mice than knockout mice were showed at the 15th, 16th and 17th 

weeks old (Figure 3.4 A). 
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Figure 3.4 Fat mass declines in Kindlin-2 knockout mice.  (A) Body weights variations of Kindlin-2 
conditional knockout and wild type mice. n=3-4 for male, n=3-5 for female. Blood glucose, body 

weights and body weight normalized weights of tissues from 18 weeks old male (B) and female (C) 
Kindlin-2 conditional knockout and wild type mice. n=6 for male, n=12-15 for female. Body weight 

normalized masses of fat and lean measured by ECHO-MRI from 18 weeks old male (D) and female 
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(E) Kindlin-2 conditional knockout and wild type mice. n=5-6 for male, n=10-12 for female. (F) Body 

weights variations of Kindlin-2 conditional knockout and wild type mice upon HFD. n=5 for male, n=4 
for female. Body weight normalized masses of fat and lean measured by ECHO-MRI from 18 weeks 
old male (G) and female (H) Kindlin-2 conditional knockout and wild type mice upon HFD. n=4-6 for 

male, n=4 for female. RM two-way ANOVA with Tukey's post hoc test for (A) and (F), non-paired t-test 
for (B), (C), (D), (E), (G) and (H). 

In order to figure out whether the less bodyweight is caused by less fat mass for male 

mice and whether adipose tissue in female changes due to Kindlin-2 knockout, several kinds 

of tissues were taken and weighed. The data of isolated tissues from 12 males (including 6 

Kindlin-2fl/fl AdiponectinCre+ mice and 6 Kindlin-2fl/fl AdiponectinCre- mice) and 27 females 

(including 15 Kindlin-2fl/fl AdiponectinCre+ mice and 12 Kindlin-2fl/fl AdiponectinCre- mice) at 

age 18 weeks were counted. Considering the individual difference, all the tissue weight data 

were normalized by whole body weight. For male mice, the average values of SCF, PGF and 

BAT in knockout mice were all lower than wildtype mice. PGF shows a significant difference 

(Figure 3.4 B). The female mice data showed similar decreases appearing in all the 3 kinds 

of fat, but both SCF and PGF showed significant declines in knockout mice (Figure 3.4 C).  

Interestingly, the blood glucose levels did not show a difference between knockout 

mice and wildtype mice regardless of gender (Figure 3.4 B and C). In addition, liver mass 

also did not show a significant difference between knockout mice and wildtype mice (Figure 

3.4 B and C). 

Due to the limitation of accuracy for isolating fat, it is unavoidable to lose some part of 

the adipose tissue. In order to acquire more accurate data for fat mass, knockout mice and 

wildtype mice were analyzed by EchoMRI. All the EchoMRI values of fat and lean mass for 

male and female mice were normalized by whole body weights and all the mice were 18 

weeks old. Similar to the previous data, fat in knockout mice was shown to be significantly 

lower than wildtype mice for both male (Figure 3.4 D) and female mice (Figure 3.4 E). The 

difference between male and females appeared in the lean mass part, wildtype lean mass 

was significantly lower than knockout for female mice, but this difference did not exist for 

male mice (Figure 3.4 D and E). This may explain why for female knockout mice there is no 

difference shown on the body weight curve, but fat mass actually shrinks.  
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3.1.3.2 Fat mass in HFD mice 

HFD is a model that progressively increases body weight (Winzell & Ahren 2004). So 

feeding the knockout and wildtype mice with HFD was also performed to check if the decline 

on fat mass for knockout mice will be magnified. 

The body weight curves for male and female mice fed with HFD were similar with the 

CD diet experiment, for both male and female mice, wildtype mice showed higher body 

weight gain than knockout mice (Figure 3.4 F). But the body weight disparity was magnified 

to around 10 g for 18 weeks old male, 5 g for 18 weeks old female mice (Figure 3.4 F). The 

EchoMRI data also revealed the magnified differences on values of fat and lean mass for 

male mice (Figure 3.4 G) and for female mice (Figure 3.4 H). Remarkably, for male mice, 

the lean mass showed significantly higher in knockout mice than wildtype mice (Figure 3.4 G 

and H).   

3.1.4 Kindlin-2 knockout induces the disordered angiogenesis in fats 

The previous results have revealed a series of phenomena for Kindlin-2 knockout in 

adipose tissues, such as hyperplasia of ECM, deterioration of fat mass. Next, the adipose 

tissues related functions were tested to figure out whether these Kindlin-2 knockout induced 

changes of adipose tissues can affect some normal physiological activities. 

3.1.4.1 GTT and ITT 

The systemic glucose metabolism and insulin sensitivity are two important functions 

contributed by adipose tissues (Attie & Scherer 2009). In order to investigate whether 

glucose metabolism and insulin sensitivity are affected by Kindlin-2 knockout in adipose 

tissues, intraperitoneal GTT and ITT were performed to Kindlin-2 knockout and wildtype mice 

of 18 weeks old. 

The GTT results showed the blood glucose levels for all the mice demonstrated a 

rapid rise at 15min after intraperitoneal glucose injection and a slow decline to the initial level 

(Figure 3.5 A). Two-way ANOVA and multiple comparison tests showed no significant 

difference between knockout and wildtype mice at each time point for both male and female 
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mice. However, knockout mice showed a more rapid glucose deposit than wildtype mice, 

which could be found from the different speeds of blood glucose declines. According to 

multiple comparisons of two-way ANOVA between each two time points for knockout or 

wildtype mice, due to glucose injection, glucose levels at 15 min are significantly higher than 

0 min. Then it can be found after 15 min the earliest time point which showed significant 

decrease for male knockout mice was 30 min, but for male wildtype mice was 60 min (Figure 

3.5 A). Similarly, for female mice the earliest significant decrease after glucose level peak 

was 30 min for knockout mice, 60min for wildtype mice (Figure 3.5 A). These results 

implicate Kindlin-2 knockout does not alter glucose tolerance, although there is an obvious 

deterioration of fat mass. Another possibility is a potential self-balance mechanism in vivo 

may have compensated the influence of fat loss on blood glucose. Nevertheless, the 

differences shown on glucose deposit still reveal some possible effects of Kindlin-2 knockout 

on systemic glucose metabolism. 

As another important part, ITT was performed to study whether the insulin sensitivity 

was altered by Kindlin-2 knockout. For all mice, the blood glucose variations during ITT 

showed declines after the insulin intraperitoneal injection and a slow rebound subsequently 

(Figure 3.5 B). Similar to GTT, there was no significant difference in the average values of 

blood glucose shown between knockout and wildtype at the same time point for male or 

female mice. Besides, the speed of insulin induced blood glucose decrease can also reflect 

insulin sensitivity. The data were analyzed by multiple comparisons of two-way ANOVA to 

find out the earliest time point of significant decline of the blood glucose after the injection 

compared with the peak level. The results show the earliest significant decreases of blood 

glucose for knockout and wildtype male were both at 60 min, for knockout and wildtype 

female were both 15 min (Figure 3.5 B). Male mice show lower insulin sensitivity than 

female mice, but insulin sensitivities for knockout and wildtype are similar. 
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Figure 3.5 Angiogenesis disorders are shown in Kindlin-2 knockout fats. (A) GTT test for 18 
weeks old Kindlin-2 conditional knockout and wild type mice. n=4-5 for male, n=10-11 for female.  (B) 

ITT test for 18 weeks old Kindlin-2 conditional knockout and wild type mice. n=4-5 for male and 
female. (C) GTT test for 18 weeks old Kindlin-2 conditional knockout and wild type mice upon HFD. 

n=4 for male and female.  (D) Fluorescence staining for lipid droplets (Lipitox) and F-actin (Phalloidin) 

in SCF, PGF and BAT from 18 weeks old Kindlin-2 conditional knockout and wild type mice. The bar 
shows 25 µm. (E) Immunostaining for blood vessels marker CD31 in SCF, PGF and BAT from 18 

weeks old Kindlin-2 conditional knockout and wild type mice. The bar shows 15 µm. (F) SCF, PGF and 
BAT in evans blue test by intravenous injection. RM two-way ANOVA with Tukey's post hoc test for 

(A), (B) and (C). 
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The GTT for HFD mice was also performed. By two-way ANOVA analysis, for male 

and female HFD mice, no significant difference was shown between wildtype and knockout 

at each time point. Surprisingly, the glucose disposal in CD mice showed a delay compared 

with HFD mice. Based on the multiple comparisons, for HFD male mice, the earliest time 

point of the significant decline for knockout mice was delayed to 60 min and for wildtype mice 

was delayed to astonishing 120 min (Figure 3.5 C). For HFD female mice, knockout mice 

showed the significant decline at 60 min, wildtype showed at 90 min (Figure 3.5 C). All the 

mice showed delayed glucose declines comparing with CD mice (Figure 3.5 A and C). 

For the reason why knockout mice show quicker glucose deposit no matter for CD or 

HFD is still hard to be answered, it implicates Kindlin-2 may be involved in some related 

complex regulations, such as insulin secretion and signaling. 

3.1.4.2 Kindlin-2 knockout impaired the angiogenesis 

On the aspect of morphology, as described previously, what is the hyperplasia 

structure appearing in the intercellular space is still a question. 

Because H&E staining and other special stainings can only roughly distinguish 

different components, a more specific staining, phalloidin staining, was performed. Phalloidin 

can specifically bind and stabilize filamentous actin (F-actin), which is an important 

component of the cytoskeleton. Based on the pattern of phalloidin staining, alterations in F-

actin related structure can be observed. 

150 μm vibratome sections of SCF, PGF and BAT were used for this staining. The 

tissues were taken from 18 weeks old wildtype and knockout mice, respectively. As the 

references, DAPI and Lipitox were co-stained for indicating nucleus and lipid droplets. The 

phalloidin stains showed a thin linear pattern in most regions among adipocytes (Figure 3.5 

D). Another strong accumulated thick linear structure which sometimes showed a hollow 

pattern could also be observed among adipocytes (Figure 3.5 D), this structure should be 

the section of the big blood vessels. It was easy to find much more thick structures in 
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knockout mice in SCF and PGF (Figure 3.5 D). Additional, phalloidin staining in knockout 

mice also exhibited a disordered and irregular pattern in BAT. A lot of tubular structures 

between adipocytes indicated a high vascularisation in wildtype mice. However, in knockout 

mice, almost all the tubular structures were replaced by some circular structure among 

adipocytes (Figure 3.5 D). All of these results indicate a different blood vessels distribution in 

Kindlin-2 knockout mice and the angiogenesis in adipose tissue may be severely impaired by 

Kindlin-2 knockout.  

To confirm this conclusion, immunostaining of CD31 was performed. CD31 is the 

endothelial cell marker (Newman 1997), so CD31 staining can specifically show the 

distribution of blood vessels in the section. The SCF, PGF and BAT were taken from 18 

weeks old wildtype and knockout mice for 30 μm cryosection. DAPI and anti CD31 antibody 

were co-stained. The different blood vessels pattern can be visualized by CD31 staining. No 

obvious difference was showed in SCF and PGF for knockout mice (Figure 3.5 E). In BAT, 

the linear stains of CD31 in wildtype was stronger than in knockout mice, similar to the 

phalloidin staining, blood vessels showed round structures among adipocytes in knockout 

mice (Figure 3.5 E). 

So the results from these two stainings match with each other. If Kindlin-2 knockout 

can impaire angiogenesis, the knockout mice may suffer from an impaired circulatory 

system. To verify this, the evans blue test was performed. This test can check the 

permeability of the blood vessel. The wildtype and knockout mice at 18 weeks old were 

intravenously injected with evans blue. Evans blue can bind to proteins but is impermeable to 

the blood vessel, so if blood vessel is leaky adipose tissue will also be stained by blue dye. 

The results showed in SCF from knockout mice it was very obvious to find the blue dye 

leaked and distributed in the most part of the tissue, but in SCF from wildtype mice there was 

only a little blue shown in lymph node where vessels come through (Figure 3.5 F). Similar to 

SCF, in wildtype PGF almost no blue dye was observed, in knockout PGF it was easy to find 

many hemorrhage sites showing blue dye mixed with blood (Figure 3.5 F). Due to the dark 
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initial color, the difference in BAT was not obvious to be observed, but the big hemorrhage 

site could still be found between the two pieces of BAT in knockout mice (Figure 3.5 F).  

3.2 PAT2 

3.2.1 Establishment of PAT2 knockdown and overexpression 
preadipocyte cell lines 

In order to investigate the function of PAT2 in brown adipocytes, PAT2 

overexpression and knockdown cell lines were established. For PAT2 knockdown cell line, 

there are 6 kinds of PAT2 shRNA purchased, include 381, 443, 444, 445, 446 and 447, the 

Scramble plasmid was also included as a negative control. For overexpression, the PAT2 

coding sequence with 3’ HA tag sequence was inserted into pCDH plasmid with a 

cytomegalovirus (CMV) promoter. Then each of these plasmids was transfected with virus 

packaging plasmids into 293T cells to package lentiviruses. Then the home-made pre brown 

adipocyte cell line was infected with each lentivirus.  

A qPCR was performed to verify the reduced PAT2 expression in the cells infected 

with shRNA viruses. As PAT2 is highly expressed in adipocytes rather than preadipocyte, 

preadipocytes (including control cell line and knockdown cell line) were induced into 

adipocytes according to adipogenesis induction protocol for 8 days. On days 0, 2, 4, 6 and 8, 

cells were harvested for RNA extraction and qPCR analysis. As the results showed, the 

control cell line (Scr) showed an increase of PAT2 during the differentiation. All the 

candidates of PAT knockdown cell lines showed lower expression levels, thereinto, 446 cell 

line showed a stable low expression at each time point  (Figure 3.6 A). So finally, 446 was 

chosen as the knockdown cell line for the following experiments. The PAT2 overexpression 

cell line showed strong expression of PAT2 during differentiation, significant differences were 

shown among Scr, PAT2 knockdown cell line (shPAT2) and PAT2 overexpression cell line 

(PAT2-HA) (Figure 3.6 A).  

Because there is not a reliable commercial antibody for PAT2 detection, it is difficult 

to evaluate the protein levels in these three kinds of cell lines by WB. However, the HA tag 
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sequence following the PAT2 coding sequence in the overexpression plasmid provides a 

way for detecting PAT2-HA in PAT2 overexpression cells. As expected, the PAT2-HA 

western blot results showed no bands in all the Scr and shPAT2 samples and bands in 

PAT2-HA samples. Compared to preadipocytes, PAT2-HA in adipocytes showed 

dramatically higher HA levels (Figure 3.6 B). This phenomenon hints to a possible post-

translation regulation of PAT2.   

 

Figure 3.6 Establishment of PAT2 knockdown and overexpression preadipocyte cell lines.  (A) 
Semi-quantification qPCR analysis for PAT2 expression during adipogenesis. The left panel shows 

Scr and shPAT2 cell lines, right panel shows Scr, shPAT2 (446) and PAT2-HA cell lines. RM two-way 
ANOVA with Tukey's post hoc test for the right panel, n=3.  (B) WB analysis for PAT2-HA in Scr, 

shPAT2 and PAT2-HA preadipocytes and adipocytes. 

3.2.2 PAT2 is not necessary for the adipogenesis of brown adipocytes 

 

Figure 3.7 PAT2 is not necessary for adipogenesis of brown adipocytes. (A) Lipid accumulation 
during brown adipocyte differentiation visualized by Oil Red O staining. The scale shows 100 µm. 
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PPARg and UCP-1 mRNA (B) and protein (C) levels during differentiation. RM Two-way ANOVA with 

Tukey's posthoc test, n=3 for qPCR. 

PAT2 shows a specific high expression level in BAT, whether PAT2 plays a 

necessary role in adipogenesis is the first question needed to be figure out. If PAT2 is the 

necessity for adipogenesis, PAT2 knockdown cells may not differentiate into mature 

adipocytes.   Oil Red O staining  

To evaluate adipogenesis, a convenient way is the Oil Red O staining. 

The Scr, shPAT2 and PAT2-HA cells on differentiation day 0, 2, 4, 6 and 8 were fixed 

and stained by Oil Red O. The images of the Oil Red O staining under bright field clearly 

showed a similar rise in the number and size of lipid droplets from day 0 to day 8 for all cell 

lines (Figure 3.7 A). Additional, quantification by measuring the absorption of Oil Red O 

dissolved in lipid showed no significant difference among the three cell lines on day 8 

(Figure 3.7 A). It means lipid accumulation in differentiated adipocytes is not altered by 

PAT2 knockdown or overexpression. Interestingly, the only difference is shown on day 6; 

shPAT2 cells show significantly lower absorption than PAT2-HA and Scr cells (Figure 3.7 A). 

It may indicate that in shPAT2 cells lipogenesis is a little slower than Scr and PAT2-HA cells, 

as in these two kinds of cells absorption start to be stable on day 6. The Oil Red O results 

illustrate PAT2 knockdown or PAT2 overexpression do not affect the differentiation of 

preadipocytes. 

3.2.2.1 qPCR and Western blot results of differentiation markers 

In order to confirm the result for adipogenesis, some differentiation markers were also 

tested in PAT2 knockdown and overexpression cells, including the key adipogenesis marker 

PPARγ and brown adipocyte marker UCP-1. Similarly, all kinds of cells were harvested every 

two days for RNA extraction, cDNA generation and quantification. As the result showed, after 

an increase at day 4 in all the cell lines PPARγ demonstrated a fluctuation phase. On day 8, 

PAT2-HA cells show a significantly higher expression level of PPARγ than other cells 

(Figure 3.7 B). Interestingly, on day 6 shPAT2 cells showed the lowest expression level 
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(Figure 3.7 B), which may explain the low lipid deposit in Oil Red O staining at day 6. As a 

brown adipocyte marker, UCP-1 also demonstrated a rise during the brown adipocyte 

differentiation. The difference is that UCP-1 in PAT2-HA cells is much higher than in Scr and 

shPAT2 cells since day 4. On day 8, PAT2-HA showed a significantly higher expression than 

other cell lines. The expression level of UCP-1 in PAT2-HA cells reached 7-8 times of the 

levels in Scr cells, shPAT2 also showed a significantly stronger expression than Scr cells 

(Figure 3.7 B).     

To evaluate the differentiation marker, only the gene expression data are not enough. 

The protein levels of PPARγ and UCP-1 in Scr, shPAT2, PAT2-HA preadipocytes (day 0) 

and adipocytes (day 8) were tested by WB. The results illustrated PPARγ in three kinds of 

adipocytes reached a similar level. Compared to preadipocytes, UCP-1 also showed an 

increase in adipocytes (Figure 3.7 C). Noticeably, PAT2-HA cells showed a much higher 

UCP-1 protein level which matches the qPCR data, but PAT2 knockdown cells showed even 

higher UCP-1 than PAT2-HA cells (Figure 3.7 C). As a defining feature of brown adipocytes, 

the thermogenesis of mitochondria is performed by UCP-1 (Golozoubova et al 2001, 

Matthias et al 2000, Nedergaard et al 2001), suggesting that there is a possible regulation of 

PAT2 on mitochondrial function. 

All of these results illustrate PAT2 is not necessary for adipogenesis of brown 

adipocyte.   

3.2.3 PAT2’s different localization in preadipocytes and adipocytes and 
the dynamics of its localization 

The reason why PAT2 is regarded as a brown adipocyte marker and its function is 

attractive is not only for the specific high expression level but also its potential plasma 

membrane localization (Ussar et al 2014). So to figure out the intracellular localization of 

PAT2 is an important aspect for studying the function of PAT2.    

3.2.3.1 Localization of PAT2 in preadipocytes and adipocytes 
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The PAT2 overexpression cell line highly expresses PAT2-HA. Detecting PAT2-HA 

by anti HA tag antibody can demonstrate the subcellular localization of PAT2 in PAT2-HA 

adipocytes.  

 

Figure 3.8 PAT2 is localized to the lysosome in preadipocyte and the cell surface in adipocyte. 
Co-immunostaining of PAT2-HA and different organelle markers in (A) preadipocytes and (B) 

adipocytes. Scale bars show 5 µm. Fractionation with Ficoll 400 gradient centrifugation assays for (C) 
preadipocytes and (D) adipocytes. Sucrose fractionation assays for (E) preadipocytes and (F) 

adipocytes. SN: Supernatant; Mito: mitochondria; PM: plasma membrane; Lys: lysosome 

PAT2 is possibly localized to the plasma membrane, membrane protein after 

synthesis is secreted from Golgi apparatus to membrane, it is also possible for membrane 
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protein to be transported to the lysosome via endocytosis (Tooze et al 2014). So LAMP1 

(lysosome marker), Golgin (Golgi apparatus marker) and EEA1 (endosome marker) were 

chosen for showing the subcellular components, considering the potential regulation on 

UCP-1 shown above, mitochondria red tracker and COX IV were also chosen for detecting 

mitochondria in preadipocytes and adipocytes, respectively.  

Anti-HA antibody and antibodies for each marker were co-stained in PAT2 

overexpression cells. The results clearly showed in preadipocyte PAT2-HA localized to the 

lysosome, but in adipocytes the signal of PAT2-HA was mainly shown on the cell surface 

rather than colocalizing with any intracellular organelle marker (Figure 3.8 A and B).  

To confirm the results of immunostaining, the membrane component was isolated 

from cells by gradient Ficoll 400 centrifugation. Depending on different density, subcellular 

components were separated into membrane (including plasma membrane and lysosome), 

mitochondria and supernatant fraction. All the separated components were collected for WB 

analysis. Similarly, PAT2 was detected by anti HA antibody, at the same time LAMP1 was 

detected for indicating lysosome fractions. Scr cells were included as a negative control. 

PAT2-HA in preadipocytes demonstrated a membrane localization. LAMP1 is shown in 

plasma membrane and lysosome fraction in Scr cells as expected, but in PAT2-HA cells 

there is also a big part of LAMP1shown in the supernatant fraction (Figure 3.8 C). For 

adipocytes data, PAT2 demonstrated the same membrane localization. The LAMP1 in both 

Scr and PAT2-HA adipocytes mostly showed to be in the membrane fractions (Figure 3.8 D). 

Actually, as a lysosome membrane marker, all LAMP1 should be detected in the membrane 

sample as shown in adipocyte data. This phenomenon may suggest that the maturation of 

the lysosome is interfered by overexpressed PAT2 in PAT2-HA preadipocyte rather than in 

Scr preadipocyte with very low PAT2 expression (Figure 3.6 A). The interference may result 

in preventing the synthesized LAMP1 from localizing to the lysosome. 

Due to the similar density of the lysosome and plasma membrane, the Ficoll 400 

gradient centrifugation cannot distinguish lysosome and plasma membrane. Light lysosome 
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may also be mixed in the supernatant. Another different sucrose fractionation was also 

performed. For sucrose fractionation, the heavy plasma membrane and mature lysosome still 

are pelleted in the same fraction, but some lighter lysosome is together with the microsome 

and other lighter membrane like endosomes. Lysosome derives from the endosome, 

endosome has a lower density than lysosome (Authier & Chauvet 1999). So the lysosome 

with lower density is always in the lysosome. The sucrose fractionation results showed in 

preadipocytes LAMP1 in the microsome and lysosome fraction, the lighter fraction, occupied 

a higher proportion of total LAMP1 than in adipocytes (Figure 3.8 E and F). This seemingly 

matches the hypothesis mentioned above. Upon PAT2 overexpression LAMP1 is trapped 

and cannot be delivered to the lysosome. For PAT2, similarly, as the negative control, there 

was no PAT-HA band in Scr cells. In overexpression cells, PAT2 was distributed in the heavy 

fraction (plasma membrane, lysosome and Mitochondria) and the light fraction (microsome 

and lysosome) in both preadipocyte and adipocyte samples. The difference is PAT2 in light 

fraction occupied a lower proportion of total PAT2-HA in adipocytes than preadipocytes 

(Figure 3.8 E and F). Because the endosome was in the light fraction, this phenomenon may 

indicate that in adipocytes less PAT2 is transported from the plasma membrane to the 

lysosome than in preadipocytes. This hypothesis may explain why most of PAT2 are kept on 

the cell surface in adipocyte rather than on lysosome in preadipocyte, but to confirm it more 

evidence is still needed.              

3.2.3.2 Transportation and degradation of PAT2 in pre- and mature 
brown adipocyte 

Besides the completely different localizations, PAT2-HA in preadipocyte and 

adipocyte also showed an enormous difference in protein levels (Figure 3.6 B). Normally, 

CMV promotor used in PAT2 overexpression plasmid is a strong promoter which drives a 

constitutive and stable expression. However, the protein level of PAT2-HA in adipocytes was 

much higher than in preadipocytes.  Based on evaluating qPCR data, it can be found that 

mRNA level is at least not the main reason for the low protein level in preadipocytes (Figure 
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3.6 A). The PAT2 primers used in qPCR are designed for evaluating all PAT2 mRNA 

including PAT2-HA expressed by the overexpression plasmid and endogenous PAT2. The 

difference of PAT2 levels in Scr and overexpression cells shows PAT2-HA mRNA levels. We 

can find the expression curves of PAT2 in Scr and overexpression cells were almost parallel 

except the big deviations appearing at day 4 and day 8 with the big standard error of mean. 

However, even the biggest difference between PAT2 RNA levels in Scr and overexpression 

cells at day 8 (adipocyte) is just 2-3 times of the smallest difference at day 0 (preadipocyte). 

So mRNA data indicate pre translational regulation is not the main reason for the enormous 

protein levels difference. 

Another possible reason is the strong degradation of PAT2-HA proteins in 

preadipocytes. As a plasma membrane localized protein, PAT2 should be synthesized and 

delivered to the plasma membrane by the Golgi apparatus. As for degradation, membrane 

proteins at the cell surface should be transported to the lysosome for hydrolysis. This is 

supported by mass spectrometry (MS) data (Figure 3.9 A).  

The Scr and PAT2-HA adipocytes were harvested to get the lysates. Then Co-IP was 

performed by utilizing anti HA antibody. The elution of Scr and overexpression samples were 

analyzed by MS to figure out which protein docking on the same kind of membrane with 

PAT2. As protein hydrolysis is always connected to amino acid starvation, PAT2-HA 

adipocytes upon amino acid starvation 24 hours were analyzed. To clarify where PAT2 was, 

specific membrane markers were also needed. Specific Rabs are associated physically with 

the specific membrane of vesicles or organelles (Hutagalung & Novick 2011). So the Rabs 

acquired in Co-IP samples can indicate the location of PAT2-HA.  

The Rabs values from MS data were normalized by Scr sample values. Normalized 

values above 2 were regarded as the reliable values, so in adipocytes Rab10, Rab1b and 

Rab5a were found to physically associate with PAT2-HA (Figure 3.9 A). Rab10 mainly 

regulates biosynthesis from trans-Golgi network to plasma membrane, Rab1b is mainly for 

ER and Golgi traffic (Hutagalung & Novick 2011). These two Rabs showed the route of 
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PAT2-HA synthesis and delivery to the plasma membrane. Specially, Rab5a is a Rab which 

mediates the formation of early endosome (Chavrier et al 1990). This implicates that for 

PAT2-HA at least the way from the plasma membrane to the lysosome via endocytosis 

exists. Additional, 24 hours amino acid starvation caused weaker associations of these 3 

Rabs with PAT2-HA. Thereinto, Rab10 showed the biggest decrease in values, which may 

mean upon 24 hours amino acid starvation the secretion of PAT2-HA is inhibited. 

The Rabs data in MS provided a possibility PAT2-HA can be transported from the 

plasma membrane through endocytosis. To verify whether most of PAT2-HA was degraded 

in lysosome/late endosome in preadipocytes, lysosomal/late endosomal degradation 

inhibition test was performed. Bafilomycin A1, the V-ATPase specific inhibitor, can inhibit the 

acidification of endosomes and lysosomes. The acid environment is necessary for 

hydrolases to degrade the target protein. So if most of PAT2-HA is degraded in preadipocyte, 

the Bafilomycin A1 treated preadipocytes will show a much higher level of PAT2-HA than 

untreated cells. Considering other several important signaling pathways related to adipocyte 

and nutrition regulation, insulin, mTORC1 inhibitor Rapamycin and β3 agonist CL316243 

were also included in this experiment. The 1 hour treated and untreated PAT2-HA 

preadipocytes together with negative control Scr preadipocytes were harvested for WB. As 

expected, Bafilomycin A1 (100nM) triggered the accumulation of LC3 A/B II showed 

Bafilmycin A1 worked well and has inhibited autophagy. For PAT2-HA, insulin (100nM) and 

Rapamycin (10µM) only slightly increased PAT2-HA level. Conversely, PAT2-HA showed a 

slight decrease in CL316243 (500nM) treated cells. Obviously, Bafilomycin A1 boosted 

PAT2-HA level to be extremely high in preadipocytes (Figure 3.9 B). This phenomenon 

indicates the main reason for low PAT2-HA level in preadipocyte is the strong degradation of 

synthesized PAT2-HA. 

This result makes it interesting to figure out how PAT2-HA level can be boosted in 

only 1 hour. PAT2-HA immunostaining was performed for the same kind of cells to reveal the 

PAT2-HA localization under treatments. Several combinations of Bafilomycin A1, insulin and 
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Rapamycin were tested to see if different results were shown. As controls, Scr preadipocytes 

almost showed no PAT2-HA signal, and for PAT2-HA preadipocytes only weak signals were 

observed, which matches the WB results of low level PAT2-HA in preadipocytes. For 

Bafilomycin A1 treated PAT2-HA preadipocytes, strong green signals demonstrated a porous 

and multi-vesicle structure (Figure 3.9 C). Actually, multi-vesicle is the characteristic 

appearance of the multivesicular body or multivesicular endosome, which fuses with the 

lysosome to degrade protein (Piper & Katzmann 2007). This matches my hypothesis that in 

preadipocytes PAT2-HA transported from the cell surface cannot be degraded as 

Bafilomycin A1 inhibits acidification of lysosome and late endosome. A large amount of 

PAT2-HA then accumulates on the unmatured multivesicular bodies/endosomes. Similar to 

the WB results, insulin or Rapamycin treated cells showed a slight increase in PAT2-HA 

signals, compared with untreated cells. Signals were mainly localized on a nuclear periphery 

area. Following, cells treated with double combinations of Bafilomycin A1, insulin and 

Rapamycin showed insulin and Rapamycin increased PAT2-HA levels in cells to be higher 

than the levels in individual treated cells. Furthermore, Bafilomycin A1 together with insulin or 

Rapamycin treated cells showed a similar staining pattern with only Bafilomycin A1 treated 

cells (Figure 3.9 C). It suggests that endocytosis to the lysosome is the principal delivery for 

PAT2-HA protein in preadipocytes. Interestingly, more PAT2-HA stains were showed in 

preadipocytes treated with combination of insulin, rapamycin and Bafilomycin A1 (Figure 3.9 

C).  

The results above roughly depicted the route of PAT2-HA from synthesis to 

degradation in preadipocyte. But the route from synthesis to the cell surface is inferred based 

on Rabs data in adipocyte rather than in preadipocytes where the route from cell surface to 

lysosome was found. That is to say, in preadipocytes PAT2-HA may be secreted via a 

different path to endosome directly without any opportunity of staying on cell surface. So the 

key to figure out this question is to verify whether PAT2-HA temporarily stays on the cell 

surface in preadipocytes from synthesis to degradation. 
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Figure 3.9 Transportation and degradation of PAT2 in preadipocyte and adipocyte. (A) MS 

quantification analysis of Rabs in PAT2-HA cells Co-IP sample by using anti HA tag antibody upon 
normal condition or amino acid starvation 24h, values were normalized by Scr values. (B) WB test for 

Scr and PAT2-HA cells treated with Bafilomycin A1 (100nM), insulin (100nM), Rapamycin (10µM) or 
CL316243 (500nM) for 1h. (C) Immunostaining of PAT2-HA in PAT2-HA preadipocytes treated with 

Bafilomycin A1 (100nM), insulin (100nM), Rapamycin (10µM) or CL316243 (500nM) or their 
combination for 1h. Scr preadipocytes were regarded as the negative control. The scale shows 5 μm. 
(D) Immunofluorescence staining of the PAT2-HA in PAT2-HA transfected preadipocytes treated with 
the endocytosis inhibitors, Chlorpromazine (100uM) and Dynasore (400uM). Scr preadipocytes were 
regarded as the negative control. The scale shows 7.5 μm. (E) Immunofluorescence staining of the 

PAT2-HA in PAT2-HA transfected rat fibroblast treated with/without insulin (100nM 1h) treatment. Scr 
rat fibroblast was regarded as the negative control. The scale shows 8 μm. 
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If endocytosis is inhibited PAT2-HA could in this case not be transported to early 

endosomes and will be trapped on the cell surface. However, to find a specific endocytosis 

inhibitor is difficult. Many endocytosis inhibitors found can also inhibit other vesicle traffics or 

functions (Dutta & Donaldson 2012). Finally, methyl-β-cyclodextrin, filipin, chlorpromazine 

and dynasore were selected as the candidates. In the pre-experiment, methyl-β-cyclodextrin 

and filipin showed strong toxicity to PAT2-HA preadipocyte, so chlorpromazine (100uM 1h or 

2h) and dynasore (400uM 2h) were used for the following PAT2-HA immunostaining. For 

chlorpromazine, in 1hour treated cell a light membrane-liked staining was shown. If the 

treatment is extended to 2 hours, an obvious cell surface staining was observed together 

with some strong stained intercellular structures (Figure 3.9 D). It means some other vesicle 

traffic, like PAT2-HA secretion, was possibly also inhibited. For cells treated with dynasore 

for 2 hours, a cell surface staining was also observed. Still, many intracellular stains may 

also mean not only endocytosis was inhibited (Figure 3.9 D).     

All in all, in adipocyte and preadipocyte PAT2 docks on the cell surface after it is 

synthesized, PAT2 can also be transported to the lysosome via endocytosis.  

Based on the previous data, the difference between PAT2 in adipocytes and in 

preadipocytes illustrates that PAT2 is maintained on the cell surface in adipocytes, but in 

preadipocyte, overexpressed PAT2-HA is degraded in lysosome/late endosome rather than 

maintained on the cell surface. There should be a mechanism in adipocyte but not in 

preadipocyte which can keep PAT2 on the cell surface. 

PAT2-HA overexpression plasmid was also transfected in rat fibroblasts. 

Immunostaining of PAT2-HA showed cell surface and perinuclear accumulation together with 

massive distribution in the other parts, the insulin enhancement on PAT2-HA signals was 

also observed (Figure 3.9 E). These results implicate plasma membrane distribution may be 

the feature of PAT2 and rat cell cannot degrade PAT2-HA as much as mouse brown 

preadipocytes.  
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3.2.3.3 PAT2 translocates to the lysosome in adipocytes upon amino 
acid starvation and mTORC1 inhibition 

If the translocation of PAT2 from cell surface to lysosome also exists in adipocytes, 

there should be a mechanism, which regulates the balance of how much PAT2 should be 

maintained at the cell surface and how much should be transported to the lysosome. 

Actually, mTORC1 activation has been reported as the dominating factor in a similar case. 

mTORC1 inhibition triggers transportation of proteins on the early endosome to the lysosome 

rather than back to the cell surface (Dauner et al 2017). mTOR signaling is the hub of 

nutrition sensing in the cell, particularly for amino acid sensing. Many kinds of amino acids, 

which can be sensed by mTOR have been reported, even intracellular or extracellular amino 

acid variation can be responded by mTOR (Goberdhan et al 2016). Actually, PAT2 is 

fundamentally an amino acid transporter (Fredriksson et al 2008). So it is very possible that 

mTORC1 regulates the translocation of the amino acid transporter PAT2 as a way to 

maintain amino acid homeostasis.  

Amino acid starvation inhibits mTOR (Hara et al 1998). So treating cells with amino 

acid free DMEM is an easy way to check the possible PAT2 translocation upon mTOR 

inhibition. 

The data from MS analysis of the HA Co-IP showed lysosome markers LAMP1 and 

LAMP2 both associated with PAT2 and the associations were enhanced upon amino acid 

starvation for 24 hours (Figure 3.10 A). This phenomenon illustrates that amino acid 

starvation triggers PAT2 translocation to the lysosome in adipocytes. In order to get a 

visualized result, co-immunostaining of PAT2-HA and LAMP1 in PAT2 overexpression 

adipocytes was performed. For normal culture conditions, green signals (PAT2-HA) showed 

a plasma membrane localization. A quick shift was shown within 1 hour of amino acid 

withdrawal. PAT2-HA colocalized with red signals (LAMP1). Importantly, re-stimulation of 

amino acid for 10 or 20 min, after starvation 1 hour, was sufficient to drive PAT2 back to cell 

surface (Figure 3.10 B). This result indicates a similar conclusion as the MS analysis and 

implicates that this translocation of PAT2 can be very fast. 
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Figure 3.10 Amino acid starvation induces PAT2 translocation through mTORC1inhibition. (A) 
Lysosomal markers LAMP1/2 values in MS analysis of PAT2-HA co-immunoprecipitations upon fed or 

amino acid starvation 24h, values were normalized by Scr values. (B) Immunostaining of PAT2-HA 
and LAMP1 in adipocytes upon fed or amino acid starvation 1h with/without following amino acid 
restimulation for 10 or 20 minutes. The scale shows 2.5 μm. (C) Immunostaining of PAT2-HA and 

LAMP1 upon different treatments 1h. Arrows show plasma membrane staining. Scales show 5 μm. (D) 
Western blot test for P-S6K and S6K in Scr, shPAT2 and PAT2-HA adipocytes upon 1h amino acid 

starvation with/without 3BDO (60 μM) or MHY1485 (10 μM). 

Precisely, the amino acid starvation model is not completely equal to mTORC1 

inhibition and cells treated with amino acid free DMEM also suffer from fetal bovine serum 

(FBS) depletion and differences in glucose concentration. So the same co-immunostainings 

were performed on PAT2-HA adipocytes upon different treatments to confirm mTORC1 

inhibition triggers the translocation. The results showed the same translocation of PAT2 upon 

amino acid free DMEM treated cells compared with fed cells. The 10% dialyzed FBS rather 

than FBS, together with amino acid free DMEM also triggered similar PAT2 translocation 

after one hour incubation in PAT2-HA adipocyte (Figure 3.10 C). Insulin was also omitted in 
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amino acid free DMEM and potentially affects PAT2-HA level (Figure 3.9 B). But insulin 

removal did not induce translocation of PAT2 to the lysosome. Actually, the mTORC1 

inhibitor Rapamycin was found to trigger PAT2 translocation in 1 hour without any nutrition 

depletion in the medium (Figure 3.10 C). Besides, mTORC1 agonist 3BDO rather than 

MHY1485 continuously activated mTOCR1 upon amino acid starvation (Figure 3.10 D) and 

was found to prevent amino acid induced PAT2 translocation (Figure 3.10 C). 

All the results above suggest that mTORC1 regulates PAT2 localization and protein 

content. 

3.2.4  PAT2 interacts directly with mTORC1 in preadipocytes 

mTORC1 can be recruited to the lysosome and then activated by amino acid 

stimulation (Betz & Hall 2013). In overexpression preadipocytes, PAT2-HA also showed a 

colocalization with the lysosome (Figure 3.8 A). So in PAT2 overexpression preadipocytes, 

PAT2 could interact with mTORC1 directly.  

A Co-IP was performed by using anti HA antibody. PAT2 overexpression 

preadipocytes were harvested to get lysate as input. Input and elution were analyzed by WB. 

Scr preadipocytes samples were included as a negative control. Besides PAT2-HA, two 

kinds of protein in mTORC1, mTOR and RagC were also tested. The results showed in IP 

elution an enrichment of PAT2-HA which means Co-IP system works well. The mTOR and 

RagC were both detected in PAT2 overexpression IP elution sample, at the same time no 

signal is shown in Scr IP sample (Figure 3.11 A). The results indicate PAT2 associated with 

mTORC1 physically in preadipocytes.   

mTOR signaling promotes proliferation (Laplante & Sabatini 2012). So an easy way to 

test if PAT2 overexpression induced mTOCR1 activation is to test the proliferation of Scr, 

shPAT2 and PAT2-HA preadipocytes. Proliferation tests showed PAT2-HA preadipocytes 

grew much faster than Scr and shPAT2 preadipocytes (Figure 3.11 B). These results 

indicate a potentially enhanced mTORC1activation in PAT2 overexpression preadipocytes.  
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Figure 3.11 PAT2 interacts with mTORC1 and promotes mTOCR1 activation. (A) Co-
immunoprecipitation of PAT2-HA with components of mTORC1 in preadipocytes. (B) The relative 

proliferation rate of subconfluent Scr, shPAT2 and PAT2-HA brown preadipocytes. RM Two-way 
ANOVA with Tukey's posthoc test; n=3. (C) WB analysis of S6K and mTOR phosphorylation in Scr, 
shPAT2 and PAT2-HA preadipocytes upon amino acid starvation 0, 1, 6, 12 and 24 hours. (D) Co-

immunostaining of mTOR and LAMP1 in Scr, shPAT2 and PAT2-HA preadipocytes. Colocalized pixels 
are shown in white. The scale shows 7.5 μm. 

Actually, PAT1, another amino acid transporter in the SLC36 family, shares 69% 

amino acid sequence with PAT2 (Bermingham & Pennington 2004b). Overexpressing PAT1 

has been reported to promote proliferation in HEK 293 cells but not to alter basal mTOR 

activation. So PAT1 is inferred to regulate amino acid sensitivity of mTOR (Heublein et al 

2010).  

Now in my results, PAT2 overexpression preadipocytes demonstrated a similar 

phenomenon. To verify whether PAT2 also only regulates amino acid sensitivity like PAT1, 

Scr, shPAT2 and PAT2-HA preadipocytes were treated with amino acid free DMEM, cells 

were harvested at 0, 1, 6, 12 and 24 hours. Cell lysates were analyzed by WB. In order to 

detect activation of mTORC1, S6K and mTOR were tested as indicators.  
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First, in PAT2-HA preadipocytes the initial phosphorylation of S6K the mTORC1 

downstream transcription factor showed a stronger band in PAT2 overexpression cells than 

Scr and knockdown cells (Figure 3.11 C). The results indicate that the basal activation of 

mTOR in preadipocytes can be enhanced by PAT2 overexpression, which is different with 

PAT1 in HEK 293 cells. Second, because amino acid starvation inhibited mTORC1 and 

triggered autophagy to generate amino acids to reactivate mTORC1, phosphorylation of 

mTOR and S6K in Scr shPAT2 and PAT2-HA preadipocytes all showed a reduction followed 

by a rebound, but the re-phosphorylation bands in different cells were not equal (Figure 3.11 

C). The mTOR results show that PAT2 may not affect the upstream signaling of mTOR in 

preadipocytes, as mTOR phosphorylation was similar in all cell lines. The S6K re-

phosphorylation bands were different in different cell lines, especial for PAT2-HA the re-

phosphoralytion band was very weak (Figure 3.11 C). The possible explanation is the PAT2 

overexpression may impair autophagy in preadipocytes, another possibility is that the amino 

acid sensitivity of mTOR is regulated by overexpression of PAT2. 

In fact, Scr and shPAT2 preadipocytes both do not express PAT2, so they should 

perform the same way in the tests. However, Scr cells showed a little faster growth on day 4 

than PAT2 knockdown cells (Figure 3.11 B). And differences of the re-phosphorylation 

between Scr and shPAT2 cells were also observed. I infer it is caused by either a random 

variation or starvation induced expression of PAT2 in Scr preadipocytes. Another reason 

may be that Scr preadipocytes express PAT2 when reaching 100% confluence on day 4.. 

To confirm the results about PAT2 regulated activation of mTOR, immunostainings for 

visualizing relative localizations of mTOR and lysosome were performed, because activated 

mTORC1is recruited to the lysosome (Betz & Hall 2013). mTOR and LAMP1 were co-stained 

in Scr, shPAT2 and PAT2-HA preadipocytes upon amino acid starvation 0, 1 and 24 hours. 

The colocalized pixels showed that at baseline PAT2 overexpression enhanced the 

colocalization, which matches the WB results (Figure 3.11 D).  
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As a conclusion, PAT2 can interact with mTORC1and at the same time promotes 

mTORC1 activation in preadipocytes. But whether PAT2 can regulate amino acid sensitivity 

of mTORC1 like PAT1 still needs further verification.     

3.2.5 Impaired autophagy in shPAT2 and PAT2-HA adipocytes upon 
amino acid starvation 

In the last chapter, based on the overexpressed PAT2 in preadipocytes, several 

potential functions of PAT2 were revealed. Next, the more important part is the biological 

function of PAT2 in adipocytes, after all, adipocyte rather than preadipocyte shows 

expression of PAT2 endogenously. 

3.2.5.1 S6K cannot be reactivated in shPAT2 and PAT2-HA adipocytes 
upon amino acid starvation 24h 

PAT2 localized to cell surface rather than to the lysosome in adipocytes (Figure 3.8 

B). So it is impossible for PAT2 to interact with mTORC1 directly in the adipocyte. But PAT2 

may still regulate mTORC1 indirectly.  

In order to check whether PAT2 can regulate mTORC1 in adipocytes, a similar amino 

acid starvation experiment was performed. In this experiment, Scr, shPAT2 and PAT2-HA 

adipocytes were harvested after 0, 1, 6, 12 and 24 hours amino acid starvation, additionally 

cells upon amino acid restimulation for 10 and 20 minutes after 24 hours starvation were 

included to check the amino acid sensitivity of mTOR phosphorylation. The results showed in 

shPAT2 or PAT2-HA adipocytes phosphorylation of mTOR still was not altered and 

demonstrated a similar decrease and restimulation as in preadipocytes. mTOR was 

phosphorylated upon stimulating with amino acid in all cell lines (Figure 3.12 A). It indicates 

PAT2 in adipocytes was not on the upstream of mTOR as in preadipocytes.  

For testing phosphorylation of S6K, which is downstream of mTORC1, the same 

protocol of mTOR phosphorylation was utilized but excluding the two time points of amino 

acid restimulation. Experiments on amino acid restimulation to S6K in adipocytes will be 

described later on. The WB and quantitation results showed, comparing with preadipocytes 

that the basal phosphorylation levels of S6K in Scr, shPAT2 and PAT2-HA adipocytes were 
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similar (Figure 3.12 B and C). This phenomenon is reasonable as alteration of PAT2 on the 

cell surface probably cannot regulate the phosphorylation of mTOR on the lysosomal 

surface. For amino acid starvation, S6K re-phosphorylation bands were shown in Scr, 

surprisingly, very light re-phosphorylated bands were shown in shPAT2 and PAT2-HA 

adipocytes. (Figure 3.12 B and C). This phenomenon indicates impaired autophagy in 

shPAT2 and PAT2-HA adipocytes.  

Before checking the role of PAT2 in autophagy, another clue for amino acid sensitivity 

needs to be pointed out. For the bands of phosphorylated S6K, except a very light band 

shown in shPAT2 adipocytes, Scr and PAT2-HA adipocytes both showed blunted S6K 

phosphorylation (Figure 3.12 B). These results indicate that one hour amino acid starvation 

shut down most of the mTOR activation in all three cell lines. The induction of autophagy was 

also observed at the same time as LC3 A/B II, the active LC3 type for autophagosome 

formation, was enhanced after one hour starvation compared to basal levels in each cell line 

(Figure 3.12 B). These data mean that the mechanism responding to amino acid starvation 

to trigger autophagy is not impaired no matter in shPAT2 or PAT2-HA adipocytes, but this 

conclusion does not mean Scr, shPAT2 and PAT2-HA adipocytes have the same amino acid 

sensitivity. Actually, the light band in shPAT2 cells after 1 hour may mean a slight reduced 

amino acid sensitivity of mTORC1. An explanation for the slight sensitivity decline could be 

that the difference is too small. Short term starvation may magnify the difference and this part 

will be discussed in the individual later chapter. Here, we do not need to consider it when 

studying autophagy because autophagy had been triggered successfully in all cells by only 

one hour starvation. 

Besides, for LC3 A/B, a stronger degradation of LC3 was observed in shPAT2 and 

PAT2-HA adipocytes. Especially in PAT2-HA cells, LC3 bands did not appear until 24 hours 

of starvation (Figure 3.12 B). This implicates a problem of insufficient generated amino acid 

or defective amino acid sensing. As for shPAT2 cells, a different trend was shown compared 

to Scr cells. LC3 A/B bands appeared after starvation for 12 hours but were not maintained 
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after 24 hours. It may mean that shPAT2 adipocytes cannot maintain continuous autophagy 

and/or amino acid sensitivity is blunted.  

 

Figure 3.12 Autophagy is impaired in shPAT2 and PAT2-HA adipocytes. (A) Western blot 

analysis for mTOR phosphorylation in Scr, shPAT2 and PAT2-HA adipocytes upon amino acids 
starvation with/without following amino acid restimulation for the indicated times. (B) Western blot 

analysis for S6K phosphorylation and LC3 conversion in Scr, shPAT2 and PAT2-HA adipocytes upon 
amino acids starvation for the indicated times. (C)  Quantification of p-S6K at baseline (left panel) and 

during starvation (right panel). n=3, RM two-way ANOVA with Tukey's post hoc test.                   

3.2.5.2 Abnormal fusion between lysosome and autophagosome in 
shPAT2 and PAT2-HA adipocytes 

During autophagy autophagosomes carry cargo to fuse with the lysosome. Lysosome 

proteases then degrade the content (Bento et al 2016). So in order to confirm the impaired 

autophagy results and to figure out how PAT2 regulates autophagy, a co-immunostaining of 

autophagosome marker LC3 A/B and lysosome marker LAMP1 was performed. LC3, the 

active type LC3 type II localizing to autophagosome, shows as puncta in staining, but LC3 

type I shows as a blurry staining as it spreads in the cytoplasm (Klionsky et al 2016). 

The results showed that fusion between the lysosome and the autophagosome was 

enhanced from starvation 1 hour to 24 hours in Scr cells as amino acid starvation triggered 

autophagy (Figure 3.13 A and B). However, in shPAT2 and PAT2-HA cells the 

colocalization was weakened no matter upon starvation 1 hour or 24 hours (Figure 3.13 A 

and B). This phenomenon confirms the results of the WB that both PAT2 knockdown and 

overexpression can impair autophagy in adipocytes.  
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Figure 3.13 PAT2 knockdown or overexpression impairs fusion of lysosome and 
autophagosome. (A) Immunostaining of LAMP1 and LC3 A/B in Scr, shPAT2 and PAT2-HA 

adipocytes upon amino acid starvation for the indicated time. The scale shows 2.5 µm. (B) The 
colocalized pixels in (A) were shown in white. (C) Quantification of EGFP quenching in cells transiently 
transfected with mCherry-EGFP-LC3 upon one hour amino acid starvation. n = 28 - 33 cells, one-way 

ANOVA with Tukey's post hoc test. (D) Visualization of autophagosome and lysosome fusion by 
assessing quenching of EGFP in cells transiently transfected with mCherry-EGFP-LC3 upon 24 hours 

amino acid starvation. Control cells were additionally treated with Bafilomycin A1 (Baf A1, 100nM). 
Scale in upper panel shows 7.5 µm and in lower panel shows 5 µm. 

To confirm the conclusion that PAT2 knockdown or overexpression impairs fusion, a 

tandem reporter was used for detecting autophagosome-lysosome fusion. The reporter 

protein consists of a series connection of mCherry and EGFP at the N terminus of LC3. After 

transfection the reporter protein was expressed in the adipocyte to integrate into 

autophagosomes. The mCharry-EGFP-LC3 reporter is exposed to the acid lumen of the 

lysosome after the autophagosome fuses with the lysosome. Due to the acid sensitivity, 
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EGFP will be quenched, however, the red signal of mCherry is maintained. Based on this, 

the lower ratio of EGFP/mCherry means stronger fusion. Scr, shPAT2 and PAT2-HA 

adipocytes were transiently transfected with the reporter plasmid and then cells were treated 

with amino acid free DMEM for 24 hours. Comparing with shPAT2 and PAT2-HA cells, a 

weaker green signal in Scr cells was observed. Additional, shPAT2 cells showed weaker 

quenching than PAT2-HA cells (Figure 3.13 C and D). As negative control, V-ATPase 

inhibitor Bafilomycin A1 treated Scr adipocytes were used and showed the strongest green 

signal as expected (Figure 3.13 D).  

The results of mCherry-EGFP-LC3 match the conclusion of the immune stainings 

(Figure 3.13 A and B). PAT2 knockdown and overexpression both impair fusion. Besides, 

the different EGFP quenching levels shown in shPAT2 and PAT2-HA indicate possible 

differences between these two cell lines. A possibility is the pH of the lysosomal lumen. 

Because fusion was not completely blocked in shPAT2 and PAT2-HA adipocytes (Figure 

3.13 A and B), the quenching of mCherry-EGFP-LC3 depends on the lysosomal pH.  

3.2.5.3 Formation of autophagosome is independent of PAT2  

An interesting point was that in shPAT2 or PAT2-HA cells fusion between lysosome 

and autophagosome was weakened but did not completely disappear (Figure 3.13 A and 

B). So PAT2 knockdown or overexpression may affect the process of fusion itself or may 

reduce the number of autophagosomes. 

In order to check the formation of autophagosomes, firstly, the expression levels of 

LC3B in Scr, shPAT2 and PAT2-HA adipocytes upon 0, 1 and 24 hours were tested by 

qPCR. The results showed no significant difference in LC3B levels among the three kinds of 

adipocytes at each time point (Figure 3.14 A). It indicates that PAT2 knockdown or 

overexpression does not alter LC3B expression.  
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Figure 3.14 PAT2 knockdown or overexpression does not impair autophagosome formation. 
(A) qPCR test of LC3B expression during amino acid depletion for 1 or 24 hours in Scr, shPAT2 and 

PAT2-HA adipocytes. RM two-way ANOVA with Tukey's post hoc test, n=3. LC3 I to LC3 II conversion 
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assessed upon stable transfection of a DsRed-LC3-EGFP fusion construct in Scr, shPAT2 and PAT2-
HA adipocytes upon starvation (1 and 24 hours) or normal conditions. Fluorescence images for 

adipocytes shown in (B), flow cytometry analyses shown in (C), Autophagy indexes calculated based 
on (C) shown in (D), Autophagy index = 100-100*(FL(GFP)/FL(DsRed)). (E) Representative electron 
microscopy images for Scr, shPAT2 and PAT2-HA cells upon amino acid starvation for one and 24 

hours. Black arrow indicates autophagosomes, open arrow indicates lysosome, scale bar shows 500 
nm. Quantification of average autophagosome size (n=74-161) (F) and number (n=30-31) (G) per cell 

in Scr, shPAT2 and PAT2-HA adipocytes in regular culture conditions and upon one or 24 hours 
amino acid starvation. Positive control (PC) was performed as Bafilomycin A1 (100nM) treatment for 
one and 24 hours. RM two-way ANOVA with Tukey's post hoc test; PC was excluded from statistic. 

The formation of autophagosomes includes two main phases; nucleation and 

elongation. The ATG8/LC3- and ATG12- conjugation system is required for elongation 

(Kroemer & Levine 2008, Nakatogawa et al 2009). LC3 I is conversed to LC3 II in this system 

through cleavage at the C terminus of LC3 I. The conversion of LC3 can be examined by 

monitoring autophagy activity (Sheen et al 2011).  

To evaluate this, a dual-color fluorescence reporter DsRed-LC3-EGFP was stably 

transfected into Scr, shPAT2 and PAT2-HA adipocytes. Then cells were treated with amino 

acid free DMEM for 0, 1 and 24 hours. Fixed cells were observed under the microscope to 

acquire images. Theoretically, EGFP linked to the C terminus of LC3 is cut off and then 

degraded due to LC3 conversion to type II, but DsRed at N terminal is kept, so based on how 

strong the red signal is and how weak the green signal is, LC3 conversion representing the 

activity of autophagy can be monitored. The images showed very weak green signal in all the 

three kinds of cells upon starvation for 0 or 1 hour (Figure 3.14 B). These results indicate on 

one hand brown adipocyte may have a high basal level of autophagy, on the other hand 

PAT2 knockdown or overexpression does not regulate C terminal cleavage of LC3. Upon 

starvation for 24 hours, green signal becomes stronger (Figure 3.14 B). This may be caused 

by the high expression of endogenous LC3 induced by amino acid starvation, which makes 

excessive DsRed-LC3-EGFP accumulated in the cell.  

In order to quantify the LC3 conversion, the cells with the same treatments were 

analyzed by flow cytometry. The results were shown in rectangular coordinates with the GFP 

fluorescence on the X-axis and DsRed on the Y-axis. Assuming a diagonal y = x separating 

quadrant into two areas, cells distributed in the left up area had high autophagy activity, cells 
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on the diagonal meant no LC3 conversion. Theoretically, because of the degradation of 

EGFP, there should be no cell localizing in the right down area, but actually, there were 

many cells shown in this area due to a number of interferences, such as transfection 

efficiency of different cells, compensation setting, etc. But LC3 conversion can still be 

evaluated relatively by comparing the distribution of each sample. The results showed all the 

cell distributions demonstrated a shift upon amino acid starvationMost of the cells localized in 

parallel with the diagonal of the quadrant. For Scr, shPAT2 and PAT2-HA adipocytes, from 0 

to 24 hours amino acid starvation all cells showed ashift, cells move from right down area to 

left up area of the diagonal of cell population (Figure 3.14 C). This phenomenon meant LC3 

conversion is enhanced in all kinds of cells due to amino acid starvation. Additional, for all 

cells the cell population moved along the X-axis to right after amino acid starvation (Figure 

3.14 C). It matches the results shown in cell imaging, which means green signal becomes 

stronger. Based on the formula reported by the provider of this plasmid (Sheen et al 2011), 

autophagy indexes were calculated by utilizing flow cytometry data. For all cells autophagy 

activity is enhanced by amino acid starvation, the difference was Scr showed the lowest 

basal level (Figure 3.14 D). 

In order to figure out how lysosome autophagosome fusion exactly operates in 

shPAT2 and PAT2-HA adipocytes, Scr, shPAT2 and PAT2-HA adipocytes were fixed for 

electron microscope observation upon amino acid starvation for one hour or 24 hours. 

Fusion is a temporary process, so individual lysosome or autophagosome-like 

vesicles are the most structures which can be observed. Lysosome can be recognized as 

dark vesicle based on proton accumulation. An autophagosome with cargo at different 

phases shows different characters such as single or double layer membrane. The empty 

early autophagosome is difficult to be distinguished from other vesicles. There was still fusion 

captured in Scr adipocytes; a big autophagosome with cargo (arrow) was fusing with 

lysosome (open arrow) (Figure 3.14 E). For shPAT2 or PAT2-HA cells, surprisingly many 

fusions were observed as dark vesicle (lysosome) engulfed by autophagosome. The images 
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clearly showed in shPAT2 and PAT-HA adipocytes the darkvesicles were engulfed in light 

vesicles (Figure 3.14 E). But obviously this kind of fusion is not actually fusing lysosome and 

autophagosome. Actually, the fact that many fusion moments can be observed may mean 

fusion was stuck and this status. If it is right, this phenomenon indicates not all the 

colocalization in immunostaining (Figure 3.13 B) represents actual fusing. On the opposite to 

the fusion, the autophagosome formation was not impaired as the cargoes loaded 

autophagosomes were found to exist in all the adipocytes upon amino acid starvation 

(Figure 3.14 E). An increase in number of autophagosomes per cell was found in all the cell 

lines (Figure 3.14 F), which means autophagosome formation was not impaired due to PAT2 

knockdown or overexpression. Additionally, Scr showed an expanded autophagosome size, 

inversely a decline was shown inPAT2-HA, size in shPAT2 did not show significant variation 

(Figure 3.14 G). Actually, the abnormalities in autophagosome size had been reported upon 

V-ATPase depended acidification defects (Mauvezin et al 2015). But it still needs more 

researches to find out whether it is the same reason leading to different size variations.  

These results showed that PAT2 knockdown or overexpression both weaken the 

lysosome autophagosome fusion but do not impair autophagosome formation.    

3.2.6 PAT2 alters V-ATPase depended acidification by modulating 
assembly and proton pumping of V-ATPase 

The data above showed that PAT2 knockdown or overexpression does not affect 

autophagosome formation. The (Figure 3.13 C) and (Figure 3.14 G) had suggested 

impaired acidification in shPAT2 or PAT2-HA adipocytes. So the endosomal/lysosomal 

acidification may be the target of PAT2. Lysosome derives from endosome and endosome is 

formed through endocytosis. V-ATPase on the membrane of early endosome starts to acidify 

the lumen through pumping protons in. Autophagosome can fuse with lysosome to form 

autophagolysosome and also can fuse with late endosome to form amphisomes for cargo 

degradation during autophagy (Gordon & Seglen 1988, Marshansky & Futai 2008). It has 

been reported that dysfunctional acidification impair fusion and autophagy (Kawai et al 2007, 
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Yamamoto et al 1998). As its full name suggests the Proton coupled amino acid transporter 

2, PAT2 can transport amino acids and protons (Boll et al 2002). So it is reasonable to 

hypothesize that PAT2 may regulate acidification to affect autophagy.  

3.2.6.1 PAT2 is necessary and enhancive for V-ATPase depended 
acidification 

If PAT2 plays a role in acidification, differences of acid vesicles will be shown among 

Scr, shPAT2 and PAT2-HA adipocytes, such as the number of acid vesicles and pH of 

vesicles.  

In order to monitor intracellular acid vesicles, an intracellular pH indicator was used. 

The intracellular pH indicator is a fluorescent probe which can permeate the membrane and 

indicate intracellular pH in live cells. Its fluorescence is inversely proportional to 

environmental pH. In this experiment, Scr, shPAT2 and PAT2-HA adipocytes upon amino 

acid starvation 0, 1 and 24 hours were incubated with the intracellular pH indicator. As a 

reference, EGFP-LC3 plasmid was transiently transfected at the same time to indicate 

autophagosomes. The fluorescence images of Scr adipocytes showed few and weak red 

vesicles at 0 hours, but after starvation, acid vesicles became much stronger. The red 

fluorescence was found to be further enhanced upon starvation for 24 hours (Figure 3.15 A 

and B). The increasing red signal indicates enhanced acidification, these phenomena 

showed that acidification was triggered by amino acid starvation. For shPAT2 adipocytes, all 

the acid vesicles with fluorescence showed weak red signal, vesicles in adipocytes upon 

starvation became only slightly stronger than adipocytes at 0 hours (Figure 3.15 A and B). 

This result indicates that acidification is impaired by PAT2 knockdown in adipocyte. As for 

PAT2-HA adipocytes, enhancement of red fluorescence was also observed similar to Scr 

cells, but at each time point, acid vesicles in PAT2-HA cells showed stronger red signal than 

in Scr cells. Especially many acid vesicles were present in PAT2-HA cells at 0 hours (Figure 

3.15 A and B). Based on the fluorescence, pH in these vesicles in PAT2-HA cells were much 
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lower than the stained vesicles in Scr and shPAT2 cells at each point. In another word, 

PAT2-HA showed excessive enhanced acidification.  

Additionally, the colocalized pixels of the pH indicator and EGFP-LC3 showed that 

most of the red stained vesicles were colocalized with LC3, which proves these vesicles are 

lysosome or late endosome as autophagosome can be recruited to them (Figure 3.15 B). 

Due to the pH sensitivity, EGFP starts to be quenched when pH is lower than 7 (Patterson et 

al 1997). So these colocalized pixels do not represent fused autophagolysosome, they 

probably indicate that the closed autophagosome and lysosome/late endosome as shown in 

EM images (Figure 3.14 E).   

These results suggest that amino acid starvation induced acidification in the 

adipocyte is PAT2 depended. 

V-ATPase is the main proton pump for acidification in the cell (McGuire et al 2017). 

PAT2 can also transport protons together with amino acids (Chen et al 2003). So there are 

two possibilities for the altered acidification: 1) PAT2 itself pumps protons for acidification in 

brown adipocytes, so overexpression enhances acidification and knockdown impairs it. 2) 

Proton pumping is still V-ATPase depended, but PAT2 is necessary for V-ATPase 

acidification in brown adipocytes. In order to test this, Scr, shPAT2 and PAT2-HA adipocytes, 

upon amino acid starvation for 24 hours, were treated with/without V-ATPase inhibitor 

Bafilomycin A1. The results showed that when compared with control cells all the cells 

treated with Bafilomycin A1 showed no acid vesicles in the cells (Figure 3.15 C). This 

phenomenon clearly indicates that PAT2 regulates acidification via the V-ATPase. 

3.2.6.2 PAT2 directly interacts with V1B2 subunit    

As the results above showed that regulation of PAT2 to acidification is V-ATPase 

depended, the next question is to figure out how PAT2 affects V-ATPase.  

In order to check if PAT2 knockdown or overexpression can alter the amount of V-

ATPase, several subunits of the V-ATPase were studied by western blot. V-ATPase is a 

complex which consisting of a V1 and V0 domain, with each domain comprised of many 
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subunits (Cotter et al 2015). V1B2 subunit was chosen to be tested by WB to show whether 

its protein level can be affected by PAT2 knockdown and overexpression. The results 

showed that in all cells V1D2 expression was enhanced by amino acid starvation, but there 

was no big difference among cell lines, especially after starvation (Figure 3.15 D). Compared 

to the tremendous differences in acidification, it is clear that regulation of PAT2 to V-ATPase 

activity does not mainly depend on altering protein expression.  

 

Figure 3.15 PAT2 alters acidification through V-ATPase. (A) Fluorescence staining of intracellular 

pH indicator in Scr, shPAT2 and PAT2-HA brown adipocytes transiently transfected with EGFP-LC3 
upon control medium or amino acid starvation for one or 24 hours. The bar shows 7.5 nm. (B) 

Colocalised pixels of (A) shown in white. (C) Fluorescence staining of intracellular pH indicator in Scr, 
shPAT2 and PAT2-HA brown adipocytes transiently transfected with EGFP-LC3 upon normal medium 
condition or amino acid starvation with Bafilomycin A1 (100 nM) for 24 hours. The bar shows 7.5 nm. 

(D) WB test for V1B2 in Scr, shPAT2 and PAT2-HAadipocytes upon normal medium condition or 
amino acid starvation 24 hours. (E) Co-immunoprecipitation of PAT2-HA with subunits of V-ATPase 

and components of mTORC1 in differentiated brown adipocytes. 
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Then another possible way for PAT2 is to regulate the activity of V-ATPase directly or 

indirectly. So a Co-IP was performed by using anti HA antibody for immunoprecipitating 

overexpressed PAT2-HA and associated proteins, to test whether PAT2 can directly interact 

with V-ATPase. PAT2-HA adipocytes upon amino acid starvation 24 hours and normal 

culture conditions were harvested, Scr adipocytes were included as the negative control. 

Because unassembled cytosolic V1 and integral V0 are separated in the cell (Cotter et al 

2015), V1B2 and V0D1were chosen for detecting if V1 and V0 domains were eluted. As a 

reference, mTOR and RagC were also tested. The results showed no band in Scr elution 

sample as expectation. And because mTORC1 was still inactivated in PAT2-HA adipocytes 

upon starvation 24 hours (Figure 3.12 B and C), mTOR and RagC were still away from the 

lysosome membrane where PAT2 localized to upon amino acid starvation. Upon normal 

medium condition activated mTORC1 localizes to lysosome but PAT2 is kept on cell surface 

(Figure 3.8 B). The results of Co-IP test matched the previous data; no bands of mTOR and 

RagC were detected in neither starvation nor control elution sample. Importantly, amino acid 

starvation enhanced the interaction of PAT2 and the V1 domain, but no interaction with V0D1 

was detected (Figure 3.15 E). Thus, PAT2 can directly interact with V1 domain of V-ATPase 

rather than V0 domain. 

PAT2 did not alter V1B2 subunit protein levels and interacted with the V1 domain. 

Thus, it could be possible for PAT2 to regulate V-ATPase activity during autophagy. 

3.2.6.3 PAT2 is necessary for the assembly of the V-ATPase 

V-ATPase assembly can be regulated by various stimuli (Cotter et al 2015). PAT2 

may modulate V-ATPase assembly to alter V-ATPase activity. 

The BN-PAGE is a good way of detecting protein complexes. By adjusting 

concentration of weak detergent, cells can be lysed without severe damaging interactions 

among subunits. Therefore, big complexes can be detected by WB. Still, V1B2 and V0D1 
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were chosen for detecting V1 and V0 domain. Scr, shPAT2 and PAT2-HA adipocytes upon 

normal medium condition or amino acid starvation 1 hour were harvested for testing. 

Coomassie bright blue staining of the BN-PAGE gel demonstrated equal loading for 

each sample. For V1B2, complexes/proteins with 3 different sizes were detected, one size 

was a little bigger than 720 kD (around 800 kD), another one was around 350 kD, the 

smallest one was blurry and bigger than 66 kD. As for V0D1, the bands which are bigger 

than 720 kD (around 800 kD) were also observed. Besides, another two closed bands at size 

around 480 kD were also detected. Interestingly, the bands with the biggest size in V1B2 and 

V0D1 blotting localize at the same position of the same gel (Figure 3.16 A). The molecular 

weight of the peripheral complex V1 domain is 570 kD, the molecular weight of the integral 

V0 complex is 260 kD (Forgac 1999). So the bands at this size can be regarded as the intact 

V-ATPase. Then by comparing bands at around 800 kD, V-ATPase assembly can be 

evaluated. In both Scr and PAT2-HA adipocytes V-ATPase assembly was enhanced by 

amino acid starvation. But for shPAT2 cells no matter upon normal culture conditions or 

starvation, only a very low level of intact V-ATPase was detected. At the same time, the 

bands at around 350 kD (possible to be V0 domain or a V-ATPase component) were the 

strongest in PAT2-HA cells (Figure 3.16 A). Considering V1B2 protein levels were not 

tremendously altered, the results indicate that PAT2 knockdown impairs V-ATPase 

assembly. Furthermore, shPAT2 brown adipocytes also loose V-ATPase assembly in 

response to amino acid starvation.  

By utilizing anti HA antibody, PAT2-HA in PAT2-HA adipocytes was also detected. 

PAT2 localized at the same size as V1B2 350 kD, another part localized at around 180 kD 

(Figure 3.16 A). This result illustrates that PAT2 interacts with the V1 domain but not the V0 

domain, which matches the Co-IP data (Figure 3.15 E). Besides, PAT2 may not directly 

interact with the intact V-ATPase. 

To confirm the conclusion that PAT2 is necessary and promotive for V-ATPase 

assembly, another fractionation experiment was performed. In this experiment, lysates of 



129 | P a g e  

 

Scr, shPAT2 and PAT2-HA adipocytes using either normal culture condition or amino acid 

starvation for one hour were separated into cytosol and membrane fraction. As disassociated 

V1 domain spreads in the cytosol but V0 domain anchors at the membrane, V-ATPase 

assembly can be detected if the V1 domain shifts from the cytosol to the membrane fraction. 

The results showed that the cytosolic protein α-tubulin was only detected in the cytosol 

fractions, similarly membrane protein Na+K+ ATPase α1 was only in membrane fractions. 

V0D1 was mainly in membrane fractions as expected. For the V1 domain, V1B2 blotting 

showed most V1 domains were in cytosol fractions, but membrane localized V1 domains 

increased after one hour amino acid starvation in Scr and PAT2-HA adipocytes. For shPAT2 

adipocytes, this enhancement of the V1domain in membrane sample did not occur (Figure 

3.16 B). So the fractionation results support the same conclusion; PAT2 is necessary for the 

amino acid starvation induced enhancement of V-ATPase assembly. 

V-ATPase is required for ysosomal amino acid sensing of mTORC1 (Zoncu et al 

2011). And restimulated with amino acids to the medium will rapidly spread to lysosome 

lumen and can be sensed by V-ATPase (Zoncu et al 2011). So if the conclusion above is 

right, shPAT2 adipocytes with less V-ATPase should show low sensitivity to amino acid 

restimulation, in the opposite, PAT2-HA adipocytes should be more sensitive. By depriving 

amino acid for one hour, Scr, shPAT2 and PAT2-HA adipocytes were stimulated with amino 

acid mix for 10 minutes. Phosphorylation of S6K was detected for indicating mTORC1 

activity. The results showed in all the cells mTORC1 activity was shut down after one hour 

starvation. After 10 minutes amino acid restimulation, PAT2-HA adipocytes showed the 

strongest P-S6K band, shPAT2 cells showed the weakest band (Figure 3.16 C). These 

results match the previous expectation.   

Considering that mTORC1 inhibition determines PAT2 translocation in response to 

amino acid starvation (Figure 3.10 C), another experiment was performed to test whether V-

ATPase assembly was also induced by mTORC1 inhibition during starvation. The similar BN-

PAGE was performed for analyzing V1B2 and V0D1 in Scr and PAT2-HA adipocytes 
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with/without mTORC1 inhibitor rapamycin treatment. By evaluating the bands at around 800 

kD, it was easy to find that in rapamycin treated cells intact V-ATPase did not increase but 

slightly decreased (Figure 3.16 D). These results indicate mTOCR1 inhibition cannot induce 

the enhancement of V-ATPase assembly. 

To test if mTORC1inhibition is necessary for V-ATPase assembly, Scr, Scr following 

amino acid starvation one hour with/without 3BDO treatment and Scr following one hour 

rapamycin treatment adipocytes were harvested for BN-PAGE analysis. The bands at around 

800 kD in amino acid depletion treated Scr cells were stronger than in Scr cells upon normal 

condition (Figure 3.16 E). It matches the previous data. For 1hour starved cells treated with 

3BDO, the band at about 800 kD disappeared in V1B2 blotting. In V0D1 blotting, we can find 

a blurry massive band was stuck in the upper part of the gel (Figure 3.16 E). These results 

showed that the active mTORC1 together with amino acid starvation may cause abnormal 

structures of the V0 domain on the membrane, which led to almost no bands at around 800 

kD. However, a technical problem cannot be excluded, albeit the experiment was repeated 

several times with the same result. 

As a conclusion, PAT2 is necessary for amino acid starvation induced V-ATPase 

assembly. Interestingly, brown adipose tissue still expresses other V-ATPase assembly 

regulators reported in other cells (Figure 3.16 F). It hints that the PAT2 dependent V-ATPase 

assembly regulation is a specific modification to the broadly existed V-ATPase assembly 

mechanisms. Considering the strong expression of PAT2 in brown adipocytes and V-ATPase 

as an amino acid sensor, it is possible for brown adipocyte to show a different sensitivity to 

amino acid.      

3.2.6.4 PAT2 promotes proton pumping of V-ATPase 

V-ATPase activity can also be directly regulated (Cotter et al 2015). As a proton 

pump, it is possible that the efficiency of V-ATPase proton pumping is affected by PAT2. To 

check it, an in vivo quenching experiment was performed. 
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Figure 3.16 PAT2 promotes V-ATPase assembly and proton pumping. (A) BN-PAGE analysis for 

Scr, shPAT2 and PAT2-HA adipocytes upon the control medium condition and amino acid starvation 
one hour. (B) WB analysis for the cytosol (C) and membrane (M) proteins isolated by fractionation 

from Scr, shPAT2 and PAT2-HA adipocytes upon the control medium condition and amino acid 
starvation one hour. (C) WB analysis for Scr, shPAT2 and PAT2-HA adipocytes upon one hour amino 
acid starvation with/without following amino acid 10 min restimulation. (D) BN-PAGE analysis for Scr 

and PAT2-HA adipocytes upon the normal medium condition with/without one hour rapamycin 
treatment (10µM). (E) BN-PAGE analysis for Scr and PAT2-HA adipocytes upon the normal medium 

condition with/without one hour 3BDO treatment (60µM). (F) qPCR test for V-ATPase assembly 
regulator in BAT, Liver, PG, SC and TA from wild type mice upon random fed or starvation. n=4. (G) 
Quenching test for the Scr, shPAT2 and PAT2-HA adipocytes upon control medium condition and 

amino acid starvation one hour, each sample treated with Concanamycin A as the negative control. 
BN-PAGE analysis (H) and regression analysis (I) for the samples and curves of (G). 

Medium containing dextran-FITC was used for incubating cells. As a branched glucan 

complex, dextran-FITC was endocytosed by the cell and then loaded to thelysosome. 

Following the fractionation protocol, lysosome/late endosome containing dextran-FITC were 

isolated. Due to the acid sensitivity of FITC, its fluorescence was quenched once V-ATPase 

was triggered to acidify the vesicles by ATP and Mg+ addition. By evaluating the curve of 

FITC fluorescence, proton pumping efficiency of V-ATPase can be measured. In this 

experiment, Scr, shPAT2 and PAT2-HA adipocytes upon normal medium condition or amino 

acid starvation one hour were tested. As a negative control, a specific inhibitor of V-ATPase, 

concanamycin A was added to the same system to exclude possible non V-ATPase triggered 

quenching. 

The results clearly showed no quenching appeared for FITC in concanamycin A 

treatment samples. But for samples without concanamycin A treatment, fluorescence of FITC 

demonstrated a decrease after ATP and Mg+ addition (Figure 3.16 G). It indicates in this 

experiment that FITC quenching is triggered by V-ATPase depended acidification. All the 

fluorescence values were normalized by the amount of intact V-ATPase which was quantified 

by BN-PAGE according to the same protocol above (Figure 3.16 H). To make it easy to 

compare, values were also normalized by the average value before ATP and Mg+ addition. In 

these results, PAT2-HA samples showed the highest pumping efficiency upon normal culture 

conditions. Upon starvation the efficiency was further increased. For Scr samples, a lower 

efficiency upon normal medium and an enhanced acidification efficiency upon starvation 



133 | P a g e  

 

were observed. As for shPAT2 samples, proton pumping was always at a very low level 

(Figure 3.16 G).      

Based on the Stern-Volmer relationship, quenching curve was a hyperbola. In order 

to compare pumping efficiencies quantitatively, the hyperbola equation was transformed into 

a linear function of fluorescence reciprocal with a variation of time. The slope was 

proportional to proton pumping velocity. Slopes were calculated by linear regression. Proton 

pumping efficiencies among samples can be compared by comparing slopes. The calculation 

results showed the same conclusion PAT2 promoted the proton pumping of V-ATPase. 

PAT2knockdown caused V-ATPase only maintained a low level of pumping efficiency and 

also lost the enhancement responding to amino acid starvation (Figure 3.16 I).  

3.2.7 Different amino acid sensitivities of the different tissues, shPAT2, 
PAT2-HA and control brown adipocytes 

The PATs have been reported to as amino acid sensors (Goberdhan et al 2016, 

Heublein et al 2010). The previous data have implicated the potential function of PAT2 for 

amino acid sensitivity modulation. Then experiments were performed to confirm this.   

3.2.7.1 PAT2 increases amino acid sensitivity in vitro 

Different amino acid sensitivity can show different threshold and responding velocity 

to amino acid depletion. For threshold, cells with high amino acid sensitivity may trigger 

mTORC1 inhibition when extracellular amino acid concentration slightly decrease. On the 

contrary, low sensitivity cells may ignore the small fluctuation of amino acid concentration. As 

for responding velocity, to the same variation in amino acid concentration, cells with different 

sensitivities spend different time for inhibition of mTOCR1. The phosphorylation of S6K was 

chosen as the indicator for mTORC1activity in these experiments.  

Scr,shPAT2 and PAT2-HA preadipocytes were treated with amino acid free DMEM 

supplemented with different amino acid concentrations for one hour. The range was 0, 1/3, 

2/3 and 1 time of the normal amino acid concentration in DMEM.  The results showed the Scr 

and shPAT2 preadipocytes have similar amino acid sensitivity. But PAT2-HA preadipocytes 
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obviously showed more sensitive to amino acid deprivation. Especially when comparing 2/3 

concentration samples, PAT2-HA sample showed much weaker S6K phosphorylation than 

the other two kinds of cells (Figure 3.17 A). The similar sensitivity of Scr and shPAT2 cells 

shown is reasonable as Scr preadipocytes do not express PAT2 which is nearly equal to 

shPAT2 cells. The high sensitivity in PAT2 overexpression cells illustrates PAT2 can promote 

amino acid sensitivity.  

 

Figure 3.17 PAT2 enhances amino acid sensitivity of brown adipocyte in vitro. (A) WB analysis 
for P-S6K in Scr, shPAT2 and PAT2-HA preadipocytes treated with different concentration of amino 
acid for one hour. (B) WB analysis for P-S6K in Scr, shPAT2 and PAT2-HA adipocytes treated with 
different concentration of amino acid for one hour. (C) WB analysis for P-S6K in Scr, shPAT2 and 

PAT2-HA adipocytes treated with amino acid starvation for 50 min and following 10 min amino acid 
restimulation. 

Then a similar experiment for adipocytes was performed. In this The results showed 

that in 4/5 of the normal amino acid concentration for one hour, PAT2-HA cells demonstrated 
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a dramatic decrease of S6K phosphorylation, which did not appear in Scr and shPAT2 

samples. Besides, shPAT2 adipocytes still kept a quite high activity of mTORC1 after 

starvation for one hour, but the other two kinds of cells had decreased it to a lower level 

(Figure 3.17 B). It indicates that PAT2 overexpression makes brown adipocytes more 

sensitive to amino acids, and PAT2 knockdown makes cells more insensitive. These results 

match the data of preadipocytes.  

Next, to check the response velocity, Scr, shPAT2 and PAT2-HA adipocytes were 

treated with amino acid free DMEM for a short time, 50 minutes, with/without a 10 minutes 

restimulation of amino acid. The results showed after 50 minuts starvation, a quite strong 

band for S6K phosphorylation was still present in shPAT2 adipocytes, but in PAT2-HA cells 

mTORC1 activity had been nearly shut down, Scr cells showed an intermediate sensitivity 

(Figure 3.17 C). And all the restimulation samples showed mTORC1 reactivated normally. 

This phenomenon indicates a similar sensitivity when PAT2 is away from cell surface. So 

from the aspect of responding time, I also conclude that PAT2 enhances amino acid 

sensitivity in brown adipocytes.      

3.2.7.2 BAT shows higher amino acid sensitivity during fast in vivo 

PAT2 showed a specific high expression level in BAT compared to other tissues 

(Ussar et al 2014). To test if BAT is especially sensitive to starvation induced induction of 

autophagy, BAT and two WATs, PGF and SCF, were taken from wild type mice upon 

random feeding or overnight fasting. As a reference, the liver and TA were also included. By 

qPCR analysis, there was no significant difference in LC3B expression between random fed 

and starvation samples in all tissues. But, PAT2 and UCP-1 in BAT showed a quick decrease 

after fasting overnight. Two WATs, SCF and PGF, also expressed PAT2 normally, but the 

expression did not show a decrease after fasting overnight in these two tissues (Figure 3.18 

A). This means it is very possible for PAT2 to play a role in nutrient depletion related 

mechanisms. 
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Figure 3.18 BAT is sensitive to amino acid starvation during fasting in vivo. (A) RT-
PCR analysis of LC3B, PAT2 and UCP-1 expression in the Liver, TA, SC, PG and BAT from 
random fed and overnight starved mice. n=4. (B) Western blot test of LC3B and UCP-1in the 

Liver, TA, SC, PG and BAT from random fed and overnight starved mice. (C) 

Coimmunofluorescence of LC3A/B, Phalloidin and DAPI for SC, PG and BAT from random 
fed and overnight starved mice. The bar shows 10 μm. 

Then the same tissues were analyzed by WB. UCP-1 and LC3 A/B were detected. 

For Ucp-1, the protein levels slightly increased after fasting overnight (Figure 3.18 B), which 

is different from the qPCR data. This indicates a potential post-transcriptional regulation of 

UCP-1 in brown adipose tissue. As for LC3 A/B, a typical conversion of type I to type II was 

clearly shown in TA and BAT after fasting overnight (Figure 3.18 B). It indicates overnight 

fasting is sufficient to trigger autophagy in BAT and TA. Comparing with the WAT, BAT 

showed higher sensitivity to starvation than WAT. To confirm this conclusion, BAT, SCF and 

PGF were isolated from mice upon random fed or fasting overnight for staining. Frozen 

sections were used for co-immune staining of LC3 A/B, DAPI and phalloidin. Similarly, 

puncta staining indicating LC3 type II was much more in fasting sample than random fed 
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sample in BAT, but in SCF and PGF there was no obvious difference (Figure 3.18 C). These 

results above indicate that BAT is faster to trigger autophagy than WAT.  

3.2.8  PAT2 is related to mitochondrial turnover  

BAT is different from WAT for its high mitochondrial uncoupling protein level which 

makes BAT be a thermogenic tissue (Cedikova et al 2016). PAT2 is also specifically and 

highly expressed in BAT and showed similar decrease in BAT in fasted mice (Figure 3.18 

A). Whether PAT2 can regulate mitochondria especially when amino acids are depleted was 

also checked.   

3.2.8.1 PAT2 can interact with mitochondrial proteins 

The MS analysis mentioned in 3.2.3 was performed by utilizing anti HA tag antibody 

for detected PAT2-HA and its physically associated proteins in PAT2-HA adipocytes upon 

the normal condition and amino acid starvation 24 hours.   

The MS data showed subunits from all 5 complexes, complex I, II, III, IV and F-

ATPase in mitochondria were detected. These complexes comprise the electron transport 

chain for oxidative phosphorylation (Sirey & Ponting 2016). Scr sample normalized MS data 

showed that almost all the subunits were detected and demonstrated an enhanced physical 

association with PAT2 after amino acid starvation. Especially, Ndufb5 from complex I, sdha 

and sdhb from complex II, uqcrc2 from complex III, cox7a2 from complex IV, atp5a1, atp5d, 

atp5e atp5f1, atp5h and atp5k from F-ATPase showed values above 2 after normalization 

with Scr values (Figure 3.19 A). These values indicate interactions with PAT2. These results 

implicate amino acid starvation may not only translocate PAT2 to the lysosome but also to 

mitochondria. It is reasonable for PAT2 translocation to mitochondria as the pathways for 

membrane delivery from plasma membrane (Westermann 2015) or autophagosome (Hailey 

et al 2010) to mitochondria have been reported. Besides, there were also several subunits 

whose values were above 2 upon normal medium condition (Figure 3.19 A). It may be 

caused by the spill-out effect of PAT2 overexpression . But it is also probably that a small 

part of PAT2 localizes to mitochondria. 
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Co-staining of PAT2-HA and COX IV antibody showed that normally PAT2 

accumulated on the cell surface and COX IV was in the cytoplasm. After one hour of amino 

acid starvation, PAT2 stared to be translocated and some colocalizations with COX IV 

appeared. Upon starvation for 24 hours, a part of PAT2 returned to the cell surface and the 

rest remained in the cytoplasm and also colocalized with COX IV (Figure 3.19 B). So as a 

conclusion, PAT2 can be translocated to mitochondria upon amino acid starvation. 

 

Figure 3.19 PAT2 can interact with mitochondrial proteins. (A) MS quantification analysis of 

mitochondrial proteins in PAT2-HA cells Co-IP sample by using anti HA tag antibody upon normal 
condition or amino acid starvation 24h, values were normalized by Scr values. (B) coimmunostaining 

of PAT2-HA and COX IV in PAT2-HA adipocytes upon normal condition and amino acid starvation one 
and 24 hours. The scale shows 3 μm. (C) qPCR analysis for PAT2 and UCP-1 in Scr, shPAT2 and 

PAT2-HA adipocytes upon normal condition, amino acid starvation 1 and 24 hours.  RM two-way 
ANOVA with Tukey's post hoc test, n=3. 

Additionally, Scr, shPAT2 and PAT2-HA adipocytes upon amino acid starvation 0, 1 

and 24 hours were harvested for RNA isolation and qPCR analysis. For PAT2, Scr values 

showed an increase triggered by amino acid deprivation one hour and a decrease after 24 

hours. PAT2-HA cells showed also the increase in PAT2 expression upon amino acid 

starvation. In Scr cells UCP-1 expression level showed a slight increase after one hour 

starvation and then a decrease. PAT2-HA cells demonstrated a significant increase of PAT2 

expression and the expression level is higher than Scr cells. shPAT2 cells did not show 
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obvious variation (Figure 3.19 C). These results indicate again that PAT2 and UCP-1 

expressions perform a similar way in responding to amino acid starvation.  

3.2.8.2 PAT2 plays a complicate role in mitophagy 

Next, whether mitochondria can be regulated by PAT2 was tried to be verified. 

To evaluate the function of mitochondria, the seahorse mito stress test was 

performed. Oligomycin (F-ATPase inhibitor), FCCP (Uncoupling reagent), antimycin A and 

rotenone (electron transport chain inhibitor), 2-DG (Glucose analogs, glycolysis inhibitor) 

were injected into the medium serially. Oxygen consumption rate was measured during the 

whole test (Figure 3.20 A). The mitochondria related parameters were calculated (Details 

see material and methods). The Scr, shPAT2 and PAT2-HA adipocytes upon 0, 1 and 24 

hours amino acid starvation were tested. 

The results showed that the nonmitochondrial respiration (non mito respiration), 

coupling efficiency (%), maximal respiration, spare respiration capacity and spare respiration 

capacity (%) were similar between the cell lines during amino acid starvation. The non mito 

respiration showed no significant variation after starvation, coupling efficiency (%) showed a 

decrease in average value after starvation 24 hours. The maximal respiration increased after 

1hour and declined after 24 hours. The latter two parameters showed a similar but more 

obvious trend. The other parameters, basal respiration (basal), proton leak and ATP 

production demonstrated a comparable stable variation for Scr and a similar rapid decrease 

in shPAT2 and PAT2-HA cells (Figure 3.20 B). 

The variation trend of proton leak is different withUCP-1 mRNA alteration during 

starvation, it is possible for PAT2 to regulate the turnover of mitochondria upon amino acid 

starvation but not actual oxidative phosphorylation. The previous data showed that both 

PAT2 knockdown and overexpression impair autophagy. Mitochondria may be degraded 

upon amino acid depletion through a kind of autophagy, mitophagy. Dysfunctional 

mitochondria which are not degraded but accumulate in shPAT2 and PAT2 adipocytes may 

result in high level of UCP-1 but not high level of proton leak. 
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Figure 3.20 PAT2 regulates mitochondrion. (A) Seahorse test for Scr, shPAT2 and PAT2-HA 
adipocytes upon the normal condition, amino acid starvation one and 24 hours. (B) Respiration 

parameters calculated based on 3 independent experiments with 3-6 independent duplication. RM 
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two-way ANOVA with Tukey's post hoc test.  (C) Scr, shPAT2 and PAT2-HA adipocytes transfected 

with Mito-Keima plasmid upon amino acid starvation 24 hours. Images were acquired under 458 nm 
and 516 nm excitation. The scale shows 5 μm. (D) Western blot analysis for COXs and UCP-1 in Scr, 
shPAT2 and PAT2-HA adipocytes upon normal condition, amino acid starvation one and 24 hours. (E) 

Representative electron microscopy images for Scr, shPAT2 and PAT2-HA cells upon normal 
condition, amino acid starvation one and 24 hours. The scale shows 500 nm.   

So to figure out whether mitophagy can be regulated by PAT2, a Mito-mKeima 

plasmid was stably transfected into adipocytes to monitor mitophagy in adipocytes. The 

plasmid overexpresses a fusion protein containing mKeima and a mitochondria destined 

signal peptide in the cell. mKeima is a pH sensitive fluorescence protein whose excitation 

wavelength is 440 nm in neutral environment, but when in acidic environment its wavelength 

becomes longer to 550 nm. So mitochondria localized mKeima normally can be excited by 

440 nm laser. For mitophagy, mKeima together with mitochondria were exposed to acidic 

lysosome lumen, at this time mKeima emits fluorescence upon 550 nm excitation. Then 

mitophagy can be distinguished by the wavelength shift.  

Before acquiring images, the transfected Scr, shPAT2 and PAT-HA adipocytes were 

treated with amino acid free DMEM for 24 hours. The images were acquired by using a 

similar excitation wavelength 458 nm and 516 nm. The results showed a high level of 

mitophagy in Scr adipocytes because of the strongest acidic mKeima signal. In shPAT2 and 

PAT2-HA cells, the neutral mKeima signal is stronger, especially PAT2-HA only showed very 

few mitophagy dots (Figure 3.20 C). These results indicate that PAT2 knockdown or 

overexpression impairs amino acid depletion induced mitophagy. 

Western blots for COX I, II, III, IV and V showed that under normal culture condition 

shPAT2 and PAT2-HA cells have more mitochondrial complex subunits than Scr cells. Upon 

amino acid starvation for one hour COXs in shPAT2 and PAT2-HA cells decreased. After 24 

hours, COXs rebounded, especially for PAT2-HA cells. Scr and shPAT2 cells after starvation 

24 hours showed similar COXs except COX II which in Scr is higher than in shPAT2 cells 

(Figure 3.20 D). The declines of COXs suggested the possible clearance of accumulated 

mitochondrial proteins in shPAT2 and PAT2. Furthermore, the strong increase of COXs 

inPAT2-HA cells after 24h may be caused by the mitochondrial regeneration (Figure 3.20 E) 
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and weak mitophagy (Figure 3.20 C). For shPAT2 cells, a possible explaination for no COXs 

rebound after 24h is the impaired mitochondrial regeneration. 

It has been reported that the fusion of mitochondria into tubular structure is to protect 

mitochondria from being degraded during nutrition depletion induced mitophagy (Gomes et al 

2011, Rambold et al 2011). Actually, this tubular structure can be observed in EM images of 

Scr after starvation. For shPAT2 cells, only rare tubular mitochondria were observed after 

starvation 24 hours. For PAT2-HA adipocytes, many small mitochondria appeared after 

amino acid starvation 24 hours which were probably to be the new mitochondria generation. 

On the contrary, less small mitochondria but tubular mitochondria were found in shPAT2 

cells (Figure 3.20 E). These results from another aspect support the hypothesis of impaired 

mitochondria generation in shPAT2. 

3.2.9 PAT2 knockout mice show embryonic lethality 

In order to figure out the function of PAT2 in vivo, a PAT2 whole body knockout 

mouse line was generated (The details about genome structure are described in material and 

method).  

Chimeric PAT2 knockout mice were bred with wildtype mice and in total 15 wildtype 

mice and 16 heterozygote mice were obtained from 5 matings as F1 generation. These F1 

PAT+/- mice were bred with wild type mice one more time to make the knockout stable. 

 

Figure 3.21 PAT2 knockout mice show embryonic lethality. (A) Genotype distribution from PAT2 
heterozygous matings, in total 74 mice from 9 litters. (B) Genotype distribution from PAT2 

heterozygous mating with wild type mice. 



143 | P a g e  

 

After this, heterozygotes PAT2+/- mice were bred with heterozygotes PAT2+/- mice to 

get homozygote PAT2 -/- mice. 9 mating totally produced 22 wild type mice and 52 PAT2+/-  

heterozygote mice, but no PAT2-/- homozygotes mice (Figure 3.21 A). Base on Mendel’s law, 

the ratio of wildtype, heterozygote and homozygote should be 1:2:1 theoretically. In this 

breeding, radio between wildtype and heterozygote mice is nearly 1:2. So PAT2 knockout 

seems to be lethal for mice. 

Additional, based on the mating between wildtype and heterozygote mice, no matter if 

male wildtype mated with female heterozygote or male heterozygote mated with female 

wildtype, wildtype and heterozygote litters can be born. (Figure 3.21 B). It suggests PAT2 

knockout sperm or oocyte can be generated in heterozygote mice. 

4  Discussion 

4.1 Kindlin-2 

Integrin mediated “inside-out” and “outside-in” signaling regulates multiple intracellular 

and extracellular events (Hu & Luo 2013). Kindlins as the intracellular activators for integrins 

play an important role in the “inside-out” signal transduction (Hu & Luo 2013). Although 

various functions of Kindlins have been revealed (Larjava et al 2008, Ma et al 2008, Meves 

et al 2009, Montanez et al 2008, Moser et al 2008, Plow et al 2014, Shi et al 2007, Ye et al 

2011), still very little is known about the role of Kindlins in adipose tissue. The major type of 

Kindlins in adipose tissues is Kindlin-2 (Malinin et al 2010). To find out whether Kindlin-2 and 

its related integrins are implicated in adipose tissue activities, the gene expression levels in 

adipose tissues from mice fed with HFD and CD were tested. The data show the expression 

of integrin β1 was significantly increased by HFD feed (Figure 3.1 B). 

Analyzing the adipose tissue conditional knockout mice demonstrated a different way 

of Kindlin-2 in adipocyte compared to other cell types. The absence of Kindlin-2 leads to a 

serious adhesion disorder as for ESC (Montanez et al 2008). Loss of Kindlin-2 did not 

severely impair the survival and adipogenesis of adipocytes (Figure 3.2 C). Actually, the 
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presence of a considerable fat mass in Kindlin-2 knockout mice also supports this conclusion 

(Figure 3.1 B). Although Kindlin-2 overexpression was reported to inhibit adipogenesis of 

induced pluripotent cell-derived mesenchymal stromal cells (Moslem et al 2017), 

morphologically SCF, PGF and BAT in knockout mice were much smaller due to Kindlin 2 

ablation (Figure 3.1 B). HFD increased the differences to wildtype mice (Figure 3.4 G and 

H). The Kindlin-2 knockout leads to lipodystrophybut does not impair differentiation of 

adipocytes. 

The ablation of many proteins in fats can lead to lipodystrophy, including mTOR (Lee 

et al 2016b, Shan et al 2016), PPARγ (Wang et al 2013a), insulin receptor (Qiang et al 2016, 

Softic et al 2016), AKT (Shearin et al 2016) and Lamin A/C (Wojtanik et al 2009). But 

whether Kindlin-2 knockout induced lipodystrophy is a novel mechanism still needs more 

researches. As there is almost no report about whether ECM can affect lipid intake, the 

possibility that less lipid intake causes Kindlin-2 knockout induced lipodystrophy cannot be 

excluded. Integrins have been reported to affect adipogenesis (Chen et al 2014, Liu et al 

2005). The results showed the related integrins were affected by Kindlin-2 knockout. The 

genes integrin β1and integrin α1 showed increased expression, but integrin β1 protein was 

dramatically decreased (Figure 3.2 A and D). it is reasonable for Kindlin-2 knockout to 

weaken adipose tissue development via integrins decrease. But to prove this still needs 

further researches. Another possible explanation for the lipoatrophy is the disordered 

angiogenesis which regulates many processes including adipogenesis (Carmeliet 2003).  

Kindlin-2 knockout induced disordered angiogenesis is another important 

phenomenon. It has been reported that fat accumulation leads to increased blood vessels 

size but fewer capillaries though affecting ECM (Spencer et al 2011). The reverse regulation 

that angiogenesis affects adipogenesis has also been reported (Neels et al 2004). It is 

possible that Kindlin-2 knockout affected ECM decreases fat mass by regulating 

angiogenesis. Actually, many ECM components play a crucial role in angiogenesis as 

described in the introduction. Integrins have been reported to take part in many steps of 
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angiogenesis, such as regulating endothelial cells (Akiyama et al 1989, Giancotti & Ruoslahti 

1999, Meredith & Schwartz 1997, Wary et al 1996) and modulating morphogenesis (Liu & 

Senger 2004, Sweeney et al 2003, Whelan & Senger 2003). It is predictable that Kindlin-2 

knockout causes ECM and blood vessels impairment as the data have shown Kindlin-2 

knockout in adipose tissues severely declined integrin β1 level (Figure 3.2 A). And indeed, 

anomalies were found in the intercellular space, such as the potential enlargement of 

collagen shown in AZAN trichrome staining (Figure 3.3 D), which may be the compensative 

enlargement to integrin decrease as β integrins were reported to bind to collagen as collagen 

receptor (Leitinger 2011, Zeltz et al 2014). Another anomaly is the morphological hyperplasia 

observed in adipose tissues especially BAT of knockout mice by H&E, Mason, picro sirius 

red or AZAN trichrome staining (Figure 3.3). The more circular structures in knockout mice 

rather than tubular structures in wildtype mice in phalloidin staining further suggest less blood 

vesselsin BATFigure 3.5 D). The more direct support is the CD31 immunostaining, where 

blood vessels in Kindlin-2 knockout BAT distributed irregularly between adipocytes (Figure 

3.5 E). The abnormal vessels were further indicated to be leaky (Figure 3.5 F). The Kindlin-2 

knockout adipose tissues with less mass and leaked blood vessels did not show different 

values of blood glucose and insulin sensitivity (Figure 3.5 A and B). Surprisingly, knockout 

mice showed faster glucose deposit than wildtype mice, HFD delayed glucose deposit for 

knockout and wildtype mice (Figure 3.5). HFD can induce insulin resistance (Akiyama et al 

1996, Hancock et al 2008, Pedersen et al 1991, Storlien et al 1986) , which can explain why 

the delay of glucose deposit happens for the mice fed with HFD. So a possible reason is that 

Kindlin-2 knockout induced insulin secretion alteration, which could explain the quicker 

glucose deposit in knockout mice with no significant insulin sensitivity change. If the 

hypothesis about the increased insulin level in Kindlin-2 knockout mice is true, lipolysis may 

not be the reason for lipodystrophy as insulin inhibits lipolysis in adipocytes (Chakrabarti et al 

2013). However, it may also be possible that Kindlin-2 is implicated in the other complicate 

metabolism mechanisms. For example, VEGF signaling is one of the candidates. VEGF itself 
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is a necessary factor for angiogenesis in adipose tissue (Melincovici et al 2018, Roy et al 

2006). VEGF signaling is reported to be related to thermogenesis and energy expenditure. 

During white adipocyte browning VEGF receptor 2 promotes thermogenesis but VEGF 

receptor 1 function is opposite to this (Xue et al 2009). In BAT, VEGF enhances 

thermogenesis and energy expenditure (Elias et al 2012). Interestingly, similar disordered 

intercellular space in BAT appears in VEGF transgenic mice (Elias et al 2012). If Kindlin-2 

knockout affects angiogenesis through increasing VEGF levels, the enhanced energy 

expenditure may explain the quick glucose deposit. But to verify this still requires further 

researches.  

The role of Kindlin-2 in adipose tissue may be very complicated and also very 

important for clearly understanding adipose tissues, to figure out these more deep 

researches are needed. 

4.2 PAT2 

Because of the cell surface localization and specific high expression level in brown 

adipocyte, PAT2 is identified as a brown adipocyte marker (Ussar et al 2014). However, its 

role in brown adipocytes and why it is maintained at such a high level in brown adipocyte 

were unknown. Actually, before the brown adipocyte marker identification, PAT2 was always 

understood as an amino acid transporter, which performs the function of amino acid 

transmembrane transportation (Chen et al 2003, Edwards et al 2011, Foltz et al 2004a, Foltz 

et al 2004b, Kennedy et al 2005). And BAT is regarded as the tissue which performs strong 

amino acid metabolism (Lopez-Soriano & Alemany 1986, Lopez-Soriano & Alemany 1987). 

Interestingly, some particular characters of PAT2 have been revealed in the previous 

publications, including localization differences to PAT1, strong affinity but low capacity for 

amino acid transportation (Rubio-Aliaga et al 2004) and its pH dependent action (Chen et al 

2003). These characters make PAT2 to be different to the other PATs, although all PATs 

share 48% sequence (Boll et al 2004) and 72% identity is shared for PAT2 with the most 
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similar PAT1 (Edwards et al 2011). Noticeable, more and more amino acid transporters are 

found to play a role in signal transduction and regulation.  

Actually, many characteristics of PAT2 suggest the possible roles of PAT2 in 

regulation crosstalk. For example, the transportation capacity of PAT2 are much less than 

PAT1, but brown adipocytes still keep numerous PAT2 rather than PAT1, it is hard for this 

phenomenon to exist during the evolution if PAT2 performs only as a transporter.  

As a brown adipocyte marker, PAT2 was speculated to be necessary to maintain the 

brown adipocytes characters. However, the results clearly show the absence of PAT2 does 

not impair brown adipocyte adipogenesis not matter on the morphogenesis, the lipid 

accumulation (Figure 3.7 A) or the expression adipogenic gene PPARγ (Figure 3.7 B and 

C). Besides, the data confirm the cell surface localization of PAT2 in previous publications 

(Rubio-Aliaga et al 2004, Ussar et al 2014) and also indicate in preadipocyte PAT2 can also 

localize to lysosome as PAT1 (Figure 3.8) even it is regarded to lack lysosome motif 

(Bermingham et al 2002). 

Two phenomena implicate PAT2 is related to protein and amino acid homeostasis in 

the adipocyte. The PAT2 overexpression in preadipocytes was found to be strongly 

weakened compared with adipocytes (Figure 3.6). As preadipocyte did not express PAT2 

normally (Figure 3.6 A) and undegraded PAT2-HA localized to lysosome (Figure 3.8 A), it 

was reasonable to postulate the redundant PAT2 was degraded in lysosome. Results 

supported this hypothesis as the inhibition of endosome/lysosome acidification by autophagy 

inhibitor Bafilomycin A1 prevented degradation of PAT2 in preadipocyte (Figure 3.9 B). The 

related data revealed PAT2 in preadipocyte was possible to be transported to lysosome via 

cell surface (Figure 3.9 C and D). Another phenomenon was the upregulated UCP-1 

induced by both PAT2 knockdown or overexpression (Figure 3.7 B and C). However, the 

increased UCP-1 levels did not lead to the enhanced proton leak, especially in PAT2 

knockdown cells (Figure 3.20). It can be explained as the accumulation of abundant 

dysfunctional mitochondria which cannot be degraded normally. 
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These two aspects were both related to intracellular protein degradation. In fact, 

some publications have shown PAT2 may be implicated in mTOR signaling the hub pathway 

for amino acid homeostasis regulation (Goberdhan et al 2005b, Heublein et al 2010). Results 

also showed lysosome localized PAT2 in preadipocyte can directly interact with mTORC1 

and can promote its activation (Figure 3.11). Nevertheless, adipocytes express PAT2 highly 

rather than preadipocytes. In adipocytes, cell surface localized PAT2 seems to be impossible 

to interact with mTORC1 or be involved in lysosome related protein degradation. 

Surprisingly, an important translocation of PAT2 from cell surface to lysosome was shown 

and the triggers are amino acid starvation or mTORC1 inhibitor Rapamycin (Figure 3.10). 

Amino acid depletion and Rapamycin can both induce autophagy for protein degradation 

through deactivating mTORC1 (Wolfson & Sabatini 2017). The translocation strongly hints 

the potential role of PAT2 in autophagy. 

The further results indicate PAT2 knockdown and overexpression both impaired the 

processing of autophagy (Figure 3.12). But the formation of autophagosome was found to be 

not affected by PAT2 knockdown or overexpression (Figure 3.14). The further results 

revealed weakened autophagosome-lysosome fusion (Figure 3.13 A and B) in shPAT2 and 

PAT2-HA adipocytes.  

Actually, PAT2 has been reported at a very early time as a proton coupled transporter 

and its transportation efficiency is dependent on environmental pH (Edwards et al 2011). The 

well-accepted vesicles transportation from cytoplasm to the lysosome is through endocytosis 

which is also the path of endosome/lysosome acidification (Mindell 2012). PAT2 

translocating to lysosome in responding to amino acid starvation implicates the potential 

relationship with this mechanism. And indeed the abnormal endosome/lysosome acidification 

was found in shPAT2 and PAT2-HA adipocytes (Figure 3.15 A and B).  

Further, I found the promotion of PAT2 is V-ATPase dependent (Figure 3.15 C), 

PAT2 also showed the interaction directly with V1 subunit rather than V0 subunit (Figure 

3.15 E). The regulations of PAT2 to V-ATPase at least were observed as assembly 
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promotion (Figure3.16 A and B) and proton pumping enhancement (Figure3.16 G, H and I). 

Importantly, the regulation of PAT2 to V-ATPase assembly is independent of mTORC1 

activation (Figure 3.16 D). 

Till now the potential brown adipocyte specific mechanism upon amino acid starvation 

shows its outline. The mTORC1 gathers the amino acid depletion signaling from upstream 

amino acid sensing system and induces autophagy and also triggers PAT2 translocation 

from the cell surface to lysosome during which PAT2 assists V-ATPase assembly and proton 

pumping for lysosome acidification (Figure 4.1).  

 

Figure 4.1 PAT2 promotes acidification through V-ATPase regulation upon amino acid 

starvation. 

Interestingly, this additional acidification promotion event in many other cells with low 

PAT2 expression may even not exist. It implicates the physiological meaning of the high 

expression of PAT2 in brown adipocyte may be the increased sensitivity to amino acid 

starvation. Surprisingly, comparing with the WATs expressing less PAT2 BAT showed 

quicker autophagy induction upon random fast in vivo (Figure 3.18 B and C). Actually, in 

vitro brown adipocytes also showed the positive correlation between amino acid sensitivity 

and PAT2 level although the differences were comparably slight (Figure 3.17). However, the 
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differences between WAT and BAT are numerous, whether the enhanced sensitivity of BAT 

is assigned by PAT2 still needs more researches to figure it out. And a more complicated but 

meaningful question is why BAT needs to be sensitive to amino acids. The answer will be 

important for deeply understand adipose tissue and its role in amino acid homeostasis.  

Although BAT deficiency is not embryonic lethal (Lowell et al 1993), the data showed 

the lethality of whole body PAT2 knockout (Figure 3.21). Actually, PAT2 ablation has been 

reported for its lethality (Klein et al 2010, Vanslambrouck et al 2010). It may implicate the 

functions of PAT2 may not only in fat but also in other tissues, PAT2 may start to play its 

important role in the embryonic phase. 

There are also some open questions which are worth to be discussed.  

It is clear that insulin recruits GLUT4 on the cell surface in 3T3-L1 adipocyte 

(Calderhead et al 1990) and at the same time reduces intercellular GLUT4 storage 

(Cushman & Wardzala 1980, Suzuki & Kono 1980). Besides, it is also clear that Rab10 can 

promote insulin regulated translocation of GLUT4 to cell surface (Babbey et al 2006, Leaf & 

Blum 1998, Sano et al 2008, Schuck et al 2007). Actually, Rab10 was physically associated 

with PAT2-HA in MS data (Figure 3.9 A) and insulin was observed to alternate PAT2 

expression and subcellular localization (Figure 3.7 B and C). It is reasonable to explain the 

increase upon insulin treatment because insulin activates mTORC1 which can be weakened 

by S6K in the downstream as feedback (Blagosklonny 2013) and activated mTORC1 weaken 

protein degradation (Zhao et al 2015). But the regulation of insulin to PAT2-HA may not be 

simple. The published databases have reported the insulin regulated phosphorylation sites of 

PAT2 in 3T3-L1 cells (Parker et al 2015). However, insulin seems to be not a predominant 

element for PAT2, at least amino acid depletion induced PAT2 translocation was 

independent of insulin in my data (Figure 3.10 C). But to figure out how insulin regulates 

PAT2 still needs more researches. Another, rapamycin triggered PAT2-HA perinuclear 

accumulation and slightly increased PAT2-HA protein level in preadipocytes (Figure 3.9 B 

and C). In the published data, rapamycin can increase lysosomal protein degradation mildly 
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(Zhao et al 2015), but rapamycin induced autophagy at least shows some degree of 

selectivity (Berger et al 2006, Mochida et al 2015). So the increase of PAT2 upon rapamycin 

treatment implicates the possible role of PAT2 in mechanism in response to mTORC1 

inhibition or amino acid depletion in preadipocyte. However, about the exact effects of 

rapamycin and insulin to PAT2 still need more deep researches. 

Another important question is how autophagosome and lysosome fusion is regulated 

by PAT2. It has been reported that impaired acidification does not intercept fusion (Mauvezin 

et al 2015). Actually, my data also supported this conclusion, abnormal acidification in 

shPAT2 and PAT2-HA adipocytes weaken but does not completely impair fusion (Figure 

3.13). The mCherry-EGFP-LC3 test supported this conclusion from another aspect, different 

acidification in shPAT2 and PAT2-HA led to different EGFP, if fusion was completely 

intercepted there should be no significant difference on EGFP quenching between these two 

cell lines. The EM images revealed more details as an abnormal engulfing-liked fusion was 

observed in shPAT2 and PAT2-HA adipocytes (Figure 3.14 E). At the same time, the 

different variations after amino acid starvation in shPAT2 and PAT2-HA adipocytes implicate 

the mechanisms of abnormal fusion differ in these two cell lines (Figure 3.14 G). However, 

what exactly the different mechanisms are is still hard to be answered. 

Another interesting phenomenon is PAT2 promoted V-ATPase assembly was found 

to be independent with mTORC1 activation. The similar result has been reported as amino 

acid starvation induced V-ATPase assembly is not regulated by mTORC1 (Stransky & 

Forgac 2015). As discussed previously, many other cells with low or no PAT2 expression can 

trigger acidification and autophagy normally. Then the role of PAT2 in adipocyte in this 

mechanism seems to be an additional gain or loss regulation. This regulation mode may be 

the key to explain the different amino acid sensitivity of different fat. 

When PAT2 localized to the lysosome, its promotion to mTORC1 activation was 

observed no matter in adipocytes (Figure 3.16 C) or preadipocytes (Figure 3.11 C). But 

when PAT2 localized to cell surface, different activation of mTORC1 was also found (Figure 
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3.17 B). As the different localization prevent direct interact, it is reasonable to postulate the 

potential regulation is via other pathways. This speculation may also work for PAT2 

knockdown and overexpression induced amino acid sensitivity variations as lysosome 

localized PAT2 may also directly interact with mTOR in the plasma. About the exact interact 

site of mTORC1 to PAT2, the mTORC1 agonist 3BDO experiment revealed a clue as its 

activation was weakened in shPAT2 adipocytes (Figure 3.10 D). This phenomenon 

implicates PAT2 is needed for 3BDO to activate mTORC1 in adipocytes. The target of 3BDO 

in mTORC1 was reported to be FK506-binding protein 1A (FKBP1A) (Ge et al 2014). It is 

very possible for PAT2 to interact with FKBP1A and then regulate mTORC1 activation. About 

details of PAT2 mTORC1, still very less is known. 

Amino acid homeostasis and its regulation in mitochondria are still not clear, only few 

amino acid transporters have been reported to function in mitochondria (Palmieri 2014). The 

data showed the closed relation between PAT2 and mitochondria and depicted the possible 

functions of PAT2 to mitochondria (Figure 3.7 B and C, 3.19 and 3.20). But it is still difficult 

to explain seahorse data showed different variation with COXs in WB. Besides, the 

mitochondria showed huge differences in morphology among Scr, shPAT2 and PAT2-HA 

adipocytes upon the normal condition or amino acid starvation (Figure 3.20 E). It means 

regulation of PAT2 to mitochondria may not only restrict into amino acid starvation 

responding. To figure out the complex role of PAT2 in mitochondria still needs more deep 

researches. 

Finally, the ultimate question is why brown adipocyte or BAT maintains specific strong 

expression of PAT2. It is hard to give a precise answer now. But it should be something 

about amino acid related mechanisms. Adipose tissues in the past are regarded no matter 

the energy conservative tissues or the endocrine organs, very little is known about its role in 

amino acid homeostasis. If PAT2 make BAT more sensitive to amino acid, BAT will be the 

amino acid sensor tissue in vivo. As the main substrates of PAT2 are not the necessary 

amino acids, it is reasonable for BAT to quickly trigger the related metabolism and signaling 



153 | P a g e  

 

pathways in response to amino acid variation sensitively, like amino acid synthesis and 

mTORC1 inhibition. Because BAT itself is not a big tissue in vivo, it is also possible for BAT 

to regulate other tissues through endocrine, like regulating the biggest amino acid storage 

tissue muscle. As an amio acid sensing organ, BAT is also a good target for therapy of 

amino acid related metabolic syndrome.   

As an essential protein, the functions of PAT2 are also very complicated. But the 

meaning to reveal its role may not only benefit amino acid metabolism regulation researches 

but also it may help to understand other physiological processes deeply.  

5  Conclusion 

Kindlin-2 knockout in adipose tissues causes lipoatrophy and angiogenesis disorders. 

 PAT2 is translocated from cell surface to lysosome by mTORC1 inhibition and PAT2 

promotes intracellular acidification through modulating V-ATPase upon amino acid starvation 

in brown adipocytes. PAT2 knockdown or overexpression affects mitochondria, autophagy 

and amino acid sensitivity in brown adipocytes. PAT2 is necessary for mouse embryo 

development. 
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