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ABSTRACT 

 

SAWSAN ELATTAR 

The Tumor Secretory Factor ZAG Promotes White Adipose Tissue 

Browning and Energy Wasting in Cachexia 

(Under the direction of SATYANARAYANA ANDE) 

 

 Cachexia is a complex tissue-wasting syndrome characterized by inflammation, 

hyper-metabolism, increased energy expenditure and anorexia. Browning of white adipose 

tissue (WAT) is one of the significant factors that contribute to energy wasting in cachexia. 

Tumors secrete an array of secretory factors, such as tumor necrosis factor α (TNFα), 

interleukin-1 (IL-1), interleukin-6 (IL-6), interferon γ (IFNγ) and zinc-α2-glycoprotein 

(ZAG), that have been implicated in altering metabolism and promoting cachexia. Previous 

studies have demonstrated that ZAG can induce lipolysis; however, whether ZAG plays a 

role beyond lipolysis remains unclear.  Here, by utilizing a cell implantation model, we 

demonstrate that the lipid-mobilizing factor, ZAG, induces WAT browning in mice. 

Increased circulating levels of ZAG not only induced lipolysis in the adipose tissues, but 

also caused robust browning in the WAT. Stimulating white adipose progenitors with ZAG 

recombinant protein or expression of ZAG in mouse embryonic fibroblasts (MEFs) 

strongly enhanced brown-like differentiation. At the molecular level, ZAG stimulated 



 

 

peroxisome proliferator-activated receptor gamma (PPARƔ) and early B cell factor 2 

(Ebf2) expression and promoted their recruitment to the PR/SET domain 16 (Prdm16) 

promoter, leading to enhanced expression of Prdm16, which determines brown cell fate. In 

the brown adipose tissue (BAT), ZAG stimulated the expression of PPARƔand peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) and promoted 

recruitment of PPARƔ to the uncoupling protein 1 (UCP1) promoter, leading to increased 

expression of UCP1. Collectively, by promoting WAT browning and by activating 

thermogenesis in the BAT, ZAG increased body energy expenditure. Overall, our results 

revealed a novel function of ZAG in WAT browning and highlight that targeting ZAG may 

have therapeutic applications in humans with cachexia. 

 

 

KEY WORDS: (Cachexia, beige adipocyte, brown fat, adipose atrophy, Zinc-α2-

glycoprotein, Ebf2, Prdm16, PPARƔ, UCP1 



 

 

Table of Contents 

Chapter  Page 

I INTRODUCTION .............................................................................................1 

A. Statement of the Problem .........................................................................1 

B. Review of Related Literature ....................................................................4 

II MATERIALS AND METHODS .....................................................................17 

1. Mice and Diet ..........................................................................................17 

2. Non-viral Vectors ....................................................................................18 

3. Sub-Cutaneous Cell Implantation in Mice ..............................................20 

4. In Vivo Multi-Spectral Optical Imaging .................................................21 

5. Oxymax/CLAMS Metabolic Analysis ....................................................22 

6. Brown Adipocyte Differentiation in White Adipose Progenitors and 

MEFs .....................................................................................................23 

7. Cellular O2 Consumption Measurement ..................................................25 

8. Quantitative Real-Time PCR (qRT-PCR)  ..............................................26 

9. Luciferase Reporter Assays .....................................................................30 

10. ChIP-qPCR ............................................................................................31 

11. Cyclooxygenase 2 (COX-2) and Alanine Transaminase (ALT) Activity 

Assay .....................................................................................................33 

12. ZAG, IL-6, TNFα and PTHrP ELISAs .................................................35 

13. FFA, Glycerol and TG Measurements ..................................................37 



 

 

14. Oil-Red-O Staining ................................................................................38 

15. Hematoxylin and Eosin (H&E) Staining ...............................................39 

16. Immunofluorescence (IF) Staining ........................................................40 

17. Immunoblotting .....................................................................................41 

18. Statistical Analysis ................................................................................45 

III RESULTS ........................................................................................................46 

1. ZAG Expression is Very Low in White Adipose Tissues .....................46 

2. Generation of ZAG Expression Vectors and ZAG-Expressing Stable 

Cells .......................................................................................................52 

3. Implantation of ZAG-Expressing Cells in Athymic Nude Mice Caused 

Lipolysis and Induced a Brown-Like Phenotype in WAT ....................57 

4. ZAG Induces WAT Atrophy Independent of IL-6, TNFα and PTHrP .71 

5. ZAG Strongly Induced the Expression of Beige, Mitochondrial and 

Thermogenic Genes in WAT ................................................................78 

6. ZAG Promotes Brown Adipocyte Differentiation in White Adipocyte 

Progenitor Cells .....................................................................................87 

7. ZAG Stimulates Brown-Like Differentiation in MEFs .........................92 

8. ZAG Induces Prdm16 Expression by Promoting Ebf2/PPARƔ 

Recruitment to the Prdm16 Promoter ...................................................98 

9. ZAG Activates Thermogenesis in Inter-scapular BAT .......................102 

 



 

 

10. Elevated Circulating Levels of ZAG Enhance Body Energy 

Expenditure .........................................................................................108 

11.  ZAG Increases Gluconeogenesis in the Liver ....................................111 

IV DISCUSSION  ...............................................................................................117 

V SUMMARY ...................................................................................................127 

VI             REFERENCES ...............................................................................................129 

VII            ABBREVIATIONS ........................................................................................148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

List of Tables 

 

Table 1: Mouse primers used for real-time qPCR ............................................................ 27 

Table 2: Mouse primers used for ChIP-qPCR .................................................................. 32 

Table 3: Primary antibodies used for immunoblotting ..................................................... 42 

Table 4: Secondary antibodies used for immunoblotting ................................................. 44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

List of Figures 

 

Figure 1: Diagrammatic representation of the futile recycling of metabolites between the 

liver and tumor cell ............................................................................................................. 8 

Figure 2: Schematic representation of the central hypothesis of the study ....................... 16 

Figure 3: ZAG expression vectors .................................................................................... 19 

Figure 4: ZAG expression in adult mouse tissues ............................................................ 47 

Figure 5: Immunofluorescence staining of ZAG in different tissues in adult mice .......... 49 

Figure 6: ZAG levels in media and serum of adult mice .................................................. 51 

Figure 7: Generation of ZAG expression vectors and ZAG-expressing stable cells ........ 53 

Figure 8: ZAG over expression in HEK 293 cells and MEFs .......................................... 55 

Figure 9: ZAG-expressing MEF cell implantation in C57BL/6J mice ............................. 60 

Figure 10: Implantation of ZAG-expressing HEK 293 cells in athymic nude mice ........ 62 

Figure 11: ZAG induces brown-like phenotype in iWAT ................................................ 64 

Figure 12: ZAG induces O2  consumption and heat production in ZAG-expressing cells 

implanted in mice .............................................................................................................. 65 

Figure 13: ZAG induces atrophy and brown-like phenotype in eWAT ........................... 67 

Figure 14: Body weight and eWAT, BAT and lean mass of ZAG-cell-implanted mice.. 68 

Figure 15: ZAG induces lipolysis in WAT ....................................................................... 70 

Figure 16: ZAG induces brown-like morphology in the ZAG-cell-implanted mice ........ 72 

file:///C:/Users/selattar/Desktop/SElattar_PhDThesis_08062018_final.docx%23_Toc521332964
file:///C:/Users/selattar/Desktop/SElattar_PhDThesis_08062018_final.docx%23_Toc521332964
file:///C:/Users/selattar/Desktop/SElattar_PhDThesis_08062018_final.docx%23_Toc521332965
file:///C:/Users/selattar/Desktop/SElattar_PhDThesis_08062018_final.docx%23_Toc521332966


 

 

Figure 17: ZAG does not elevate IL-6, TNFα and PTHrP levels ..................................... 74 

Figure 18: ZAG does not induce atrophy in other organs ................................................ 76 

Figure 19: ZAG induces thermogenic gene expression in the eWAT .............................. 80 

Figure 20: ZAG induces thermogenesis in the eWAT via the activation of the β-AR / 

PKA signaling pathway .................................................................................................... 82 

Figure 21: ZAG increases COX-2 activation in eWAT.................................................... 85 

Figure 22: ZAG stimulates brown adipogenesis in white adipocyte progenitor cells. ..... 89 

Figure 23: ZAG promotes brown adipogenesis in MEFs ................................................. 94 

Figure 24: ZAG increases PPARƔ and Ebf2 recruitment to the Prdm16 promoter ....... 100 

Figure 25: ZAG induces thermogenesis in BAT ............................................................ 103 

Figure 26: ZAG induces UCP1 expression by promoting PPARƔ/Pgc1α binding to the 

UCP1 promoter ............................................................................................................... 106 

Figure 27: ZAG enhances body energy expenditure ...................................................... 109 

Figure 28: ZAG induces gluconeogenic genes expression in liver ................................. 113 

Figure 29: ZAG expression levels in ZAG Tg Villin Cre+ and ZAGTg Albumin Cre+ mice 115 

Figure 30: Schematic representation of the major findings of the study ........................ 126 

 

 

file:///C:/Users/selattar/Desktop/SElattar_PhDThesis_08062018_final.docx%23_Toc521332986


1 

 

I. INTRODUCTION 

A. Zinc-α2-glycoprotein (ZAG), a lipid-mobilizing factor secreted by multiple 

cancers, has been shown to promote lipolysis and inhibit lipogenesis in white 

adipose tissue (WAT). However, whether ZAG plays any role beyond lipolysis 

and participates in WAT browning and other energy-wasting mechanisms of 

cachexia such as glucose and lipid recycling have not been explored.  

Cachexia-associated tissue wasting occurs in a majority (~80%) of cancer patients 

with advanced disease (Aoyagi, Terracina, Raza, Matsubara, & Takabe, 2015; Argiles, 

Busquets, Stemmler, & Lopez-Soriano, 2014; Fearon, Glass, & Guttridge, 2012; 

Porporato, 2016; Strassmann, Fong, Kenney, & Jacob, 1992) . In cachexia, body energy 

balance and nutritional status are highly compromised, and the body continuously senses a 

lack of nutrition, which is very destructive and leads to tapping into other sources of energy, 

such as skeletal muscle and adipose tissue (Argiles et al., 2014; Dhanapal, Saraswathi, & 

Govind, 2011; Petruzzelli et al., 2014). As a result, cancer cachectic patients experience 

numerous complications such as reduced mobility and reduced functionality of muscle-

dependent systems, such as the respiratory and cardiovascular systems, pain, fatigue, and 

reduced appetite leading to decreased quality of life, and ultimately, death (Porporato, 

2016; Tisdale, 1997). However, no effective treatment is currently available for cachexia, 

and current therapies mainly focus on pacification of symptoms and reduction of patient 

distress rather than a cure. Therefore, cachexia remains a largely untreated condition, and 

novel therapeutic targets for the prevention and treatment of cachexia are urgently needed. 
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Cachexia is characterized by systemic inflammation, hyper-metabolism, increased 

resting energy expenditure (REE), loss of skeletal muscle and WAT, anorexia, and asthenia 

(Dhanapal et al., 2011; Porporato, 2016). Hyper-metabolic activity and energy wasting in 

cachexia are predominantly caused by futile metabolic cycling such as glucose recycling 

between the liver and tumor, and excessive lipid and protein turnover in the body (Fearon 

et al., 2012; Tisdale, 2002). Another factor that significantly contributes to energy wasting 

in cachexia is browning of WAT (Argiles et al., 2014; Petruzzelli et al., 2014). Similar to 

brown adipose tissue (BAT), brown-like adipocytes (also called ‘beige’ or ‘brite’) consume 

both glucose and fatty acids and waste energy as heat by uncoupled respiration, which 

greatly increases glucose and lipid turnover (Cannon & Nedergaard, 2004). Therefore, 

identifying and inhibiting factors that promote glucose and lipid recycling and WAT 

browning can reduce energy wasting and ameliorate cachexia in cancer patients. 

A number of tumor- derived secretory factors such as tumor necrosis factor alpha 

(TNFα), interleukin-1 (IL-1), interleukin 6 (IL-6), interferon gamma (IFNγ), proteolysis-

inducing factor (PIF), and ZAG have been implicated in altering metabolism and 

promoting cachexia (Fearon et al., 2012; Tisdale, 2002, 2009). These factors trigger the 

onset of tissue wasting by altering multiple energy metabolic pathways. Some of these 

factors such as TNFα and IL-6 have been shown to induce cachexia-like effects when 

administered in the absence of tumors (Patel & Patel, 2017; Strassmann et al., 1992; van 

Hall et al., 2008). However, inhibition of one of these factors neither stops nor reverses 

cancer cachexia (Tisdale, 1997), indicating that a complex interplay of these factors is 

responsible for cachexia, rather than each working alone (Aoyagi et al., 2015). Therefore, 

understanding the individual contribution of each factor to the onset and progression of 
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cachexia will allow us to identify a small group of master regulators of cachexia. This will 

facilitate the development of multi-target therapies, which will more likely produce a 

desirable outcome.  

ZAG, a lipid-mobilizing factor secreted by multiple cancers, has been shown to 

promote lipolysis and inhibit lipogenesis in WAT (Bing et al., 2004; Taylor, Gercel-Taylor, 

Jenis, & Devereux, 1992). However, whether ZAG plays any role beyond lipolysis and 

participates in other energy wasting mechanisms of cachexia such as WAT browning, and 

glucose and lipid recycling has not been explored. Thus, investigating the specific role of 

ZAG in WAT browning and glucose and lipid recycling will help to better understand 

cancer-associated cachexia and will potentially lead to the development of a better 

treatment strategy for it. 
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B. Review of Related Literature  

1. Etiology, epidemiology and pathophysiology  

Cachexia or wasting syndrome is a complex multifactorial debilitating condition 

defined by loss of body weight with specific losses of skeletal muscle and adipose tissue 

(Aoyagi et al., 2015; Donohoe, Ryan, & Reynolds, 2011; Porporato, 2016). The term 

cachexia originates from the Greek roots kakos "bad" and hexis "condition" (Delano & 

Moldawer, 2006). Cachexia is driven by a variable combination of reduced food intake 

(anorexia) and metabolic changes, including increased body energy expenditure, hyper-

metabolism, and inflammation (Donohoe et al., 2011; Fearon et al., 2012; Schcolnik-

Cabrera, Chavez-Blanco, Dominguez-Gomez, & Duenas-Gonzalez, 2017). Cachexia is 

considered as a type of energy balance disorder in which energy intake is decreased and 

energy expenditure is increased (Fearon et al., 2012; Schcolnik-Cabrera et al., 2017). The 

pathophysiology of cachexia is characterized by negative protein and energy balance, 

which result in unwanted tapping into other energy sources such as skeletal muscle and 

adipose tissue (Kir & Spiegelman, 2016; Suzuki, Asakawa, Amitani, Nakamura, & Inui, 

2013; Vaitkus & Celi, 2017). Thus, patients on perfectly controlled energy intake, such as 

total parenteral nutrition, still lose weight and suffer from cachexia signs and symptoms 

(Aoyagi et al., 2015; Ockenga & Valentini, 2005; Porporato, 2016; Tisdale, 1997, 2009). 

Cachexia is highly associated with a number of various chronic ailments all characterized 

by chronic inflammation such as cancer (Aoyagi et al., 2015; Porporato, 2016; von 

Haehling & Anker, 2012). In addition to cancer, other chronic diseases such as Acquired 

immunodeficiency syndrome (AIDS), congestive heart failure, rheumatoid arthritis, 
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tuberculosis, and cystic fibrosis are also associated with cachexia (Farkas et al., 2013; 

Morley, Thomas, & Wilson, 2006). About 50% of all cancer patients suffer from cachexia, 

predominantly gastrointestinal, pancreatic and lung cancer patients (Aoyagi et al., 2015; 

Isaac, Tan, & Polly, 2016; Porporato, 2016). This percentage rises up to 80% in end-stage 

cancers (Miller et al., 2016). Patients with cancer-associated cachexia experience 

progressive loss of WAT and skeletal muscle (sarcopenia) (Fearon et al., 2012; Petruzzelli 

& Wagner, 2016). Therefore, the main symptoms that are associated with cachexia in 

cancer patients include asthenia, anorexia, anemia and fatigue. WAT atrophy and 

sarcopenia occur due to systemic inflammation, hyper-metabolism, increased REE and 

anorexia (Carrero et al., 2013; Inui, 1999). Hyper-metabolic activity and energy wasting in 

cachexia are predominantly caused by futile metabolic cycling such as glucose recycling 

between the liver and tumor (“Cori cycle” – glucose-lactate-glucose) (Fig. 1), and 

excessive lipid and protein turnover in the body (Reshef et al., 2003; Tisdale, 2002). In 

cancer-associated cachexia, various metabolic changes take place in cancer patients to 

provide enough energy to sustain the tumor growth. Thus, protein degradation is stimulated 

in skeletal muscle, which results in a massive amino acid efflux to the liver (Porporato, 

2016). This surplus of amino acids is utilized in liver gluconeogenesis as a source of 

glucose (Fearon et al., 2012). In addition, WAT mass is reduced due to the activation of 

lipases, which results in the breakdown of triglycerides (TGs) into free fatty acids (FFAs) 

and glycerol (Reshef et al., 2003; Zechner et al., 2012). Enhanced release of glycerol to the 

systemic circulation also serves as a substrate for liver gluconeogenesis and glucose 

production. Tumor cells consume these immense amounts of glucose and thereby generate 

lactate, which is then released into the circulation. The produced lactate is also used as a 
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gluconeogenic substrate, partly to compensate for the acidosis associated with lactate 

production (Doherty & Cleveland, 2013). The recycling of lactate between the liver and 

the tumor cells constitutes the “Cori cycle”, which is linked with high energy wasting, as 

the conversion of glucose into lactate by the tumor generates much less ATP than the 

amount required to produce glucose from lactate (Fearon et al., 2012; Tisdale, 2002). While 

these are clearly compensatory mechanisms to protect the metabolic homeostasis of the 

patient, they are actually harmful as they result in wasting both muscles and adipose tissue 

of the patient in the process. 

Cachexia is a culprit behind the increasing morbidities and mortalities in cancer 

patients, metabolic disorders as well as aggravated toxicity and complications of cancer 

treatments, and thus reduced quality of life (Donohoe et al., 2011; Miller et al., 2016). 

Cachectic patients experience impaired quality of life, reduced physical, emotional and 

social well-being, and thus increased use of healthcare resources in comparison to non-

cachectic counterparts. In addition to increasing morbidity and mortality, and aggravating 

the side effects of chemotherapy, cachexia is considered the immediate cause of death of a 

large proportion of cancer patients, ranging from 22% to 40% of all cancer patients (Fox, 

Brooks, Gandra, Markus, & Chiou, 2009; Miller et al., 2016). Thus, it seems particularly 

important to better understand the underlying mechanisms for cachexia especially because 

to date there is no effective treatment that completely reverses cachexia. Symptomatic or 

palliative treatments remain the mainstay of cachexia therapy including nutritional therapy, 

appetite stimulants, serotonin/5-hydroxytryptamine (5-HT3) antagonists, and 

cyclooxygenase-2 (COX-2) inhibitor (Aoyagi et al., 2015; von Haehling & Anker, 2015). 
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However, they have all failed to reverse or block the progression of cachexia (Aoyagi et 

al., 2015; Dev, Wong, Hui, & Bruera, 2017; Donohoe et al., 2011). 
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2. Tumor secretory factors and cachexia 

Tumors secrete an array of cytokines such as tumor necrosis factor α (TNFα), 

interleukin-1 (IL-1),  (IL-6) and interferon γ (IFNγ) that have been implicated in altering 

metabolism and promoting cachexia (Fearon et al., 2012; Suzuki et al., 2013; Tisdale, 

2002). These factors trigger the onset of tissue wasting by altering multiple energy 

metabolic pathways. Some of these factors, such as TNFα and IL-6, have been shown to 

induce cachexia-like effects when administered even in the absence of tumors (Y. P. Li, 

Schwartz, Waddell, Holloway, & Reid, 1998; Strassmann et al., 1992; van Hall et al., 

2008). Tumor secretory factors other than cytokines have also been implicated as triggers 

of the wasting process in cancer-associated cachexia patients such as PIF and ZAG 

(Gordon, Green, & Goggin, 2005). PIF is a major culprit for promoting skeletal muscle 

atrophy while ZAG is known as a lipid-mobilizing protein (LMP) that enhances lipolysis 

of adipose tissue (Bao et al., 2005; Bing et al., 2004; Eley & Tisdale, 2007). Numerous 

studies have shown that a single intracerebroventricular injection of tumor inflammatory 

mediators, such as TNFα and IL-6, in mice is sufficient to induce anorexia and increase 

REE in a manner similar to that observed in cachexia; however, their effects wears off fast 

(Braun & Marks, 2010; Sarraf et al., 1997; van Hall et al., 2008).  Repeated exposure or 

prolonged infusions of these cytokines resulted in tolerance, i.e., decreased responsiveness 

(Deboer, 2009; Porporato, 2016). Moreover, the rapid onset of anorexia using these 

inflammatory cytokines and their short-term effect have made this inflammatory animal 

model irrelevant in terms of studying cachexia and assessing clinical efficacy of 

prospective treatments. Thus, other animal models were utilized, such as a tumor 

implantation model. In the tumor implantation model, mice are implanted with different 
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cachectogenic cell lines such as Lewis lung carcinoma (LLC), murine adenocarcinoma 

(MAC 16), colorectal cancer, and melanoma (B16) subcutaneously in the upper-limb or 

lower-limb flank (Deboer, 2009; Yoshimura, Uezono, & Ueta, 2015). The tumor is allowed 

to grow for 4-10 days and then the animal is monitored for the development of cachexia 

signs and symptoms, which rapidly develop (Deboer, 2009). The drawbacks of this animal 

model is that it cannot be utilized to investigate the early onset of the disease and the 

specific contribution of a single tumor secretory factor. As the literature states, cachexia is 

a multifactorial condition that results from the complex interplay of numerous factors. Thus 

the need to unravel the role of each tumor secretory factor in cachexia is dire. 
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3. WAT browning in cachexia 

Another factor that significantly contributes to energy wasting in cachexia is 

browning of WAT (Argiles et al., 2014; Petruzzelli et al., 2014). There are two different 

types of adipose tissue in the body, WAT and BAT that perform physiologically opposite 

functions. WAT is responsible for storing extra energy in the form of TGs, whereas BAT 

dissipates energy as heat under certain physiological conditions (Cannon & Nedergaard, 

2004). In addition to the inter-scapular BAT, brown-like adipocytes can also be generated 

within the WAT, a phenomenon called WAT browning, and the brown-like adipocytes are 

termed “beige” or “brite” adipocytes. Beige adipocytes are derived from the adipose 

progenitor/precursor cells (Cannon & Nedergaard, 2004), where the early B cell factor-2 

(Ebf2) and peroxisome proliferator-activated receptor gamma (PPARƔ) cooperatively 

induce the expression of PR domain containing 16 (Prdm16), which stimulates beige 

adipocyte differentiation (Rajakumari et al., 2013; Seale et al., 2008; Seale et al., 2007). 

Induced expression of Prdm16 or Ebf2 is sufficient to convert white adipose precursors 

into brown-like uncoupling protein 1 (UCP1)-expressing cells in vitro and in vivo 

(Kajimura et al., 2009; Seale et al., 2008; Seale et al., 2011; Stine et al., 2016). Similar to 

brown adipocytes, beige adipocytes also consume both glucose and fatty acids and 

dissipate energy as heat by uncoupled respiration. Both brown and beige adipocytes 

express high levels of UCP1, which facilitates uncoupled respiration and increases energy 

expenditure (M. Harms & Seale, 2013). Utilizing different animal models, several studies 

have established that the increase in the number of brown adipocytes (WAT browning) or 

activity of the BAT (thermogenesis), utilizing different animal models, will result in a lean 

phenotype (Sharma, Patil, & Satyanarayana, 2014). There are different animal models that 
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have demonstrated that WAT browning and enhanced thermogenesis results in weight loss 

and a leaner phenotype in comparison to the control. For example, receptor interacting 

protein 140 (RIP140) (Leonardsson et al., 2004), liver X receptor  (LXR) (H. Wang et al., 

2008), vitamin D receptor (VDR) (Narvaez, Matthews, Broun, Chan, & Welsh, 2009; 

Wong et al., 2009), steroid receptor coactivator (SRC2) (Picard et al., 2002), transient 

receptor potential cation channel 4 (TRPV4) (Ye et al., 2012) and adipose tissue-specific 

retinoblastoma protein (pRB)-deficient mice (Dali-Youcef et al., 2007) are characterized 

by increased browning of their WAT, resulting in increased energy wasting, decreased fat 

mass and resistance to diet-induced obesity. In addition, Prdm16 transgenic mice, where 

Prdm16 was overexpressed in the adipose tissue, also displayed enhanced thermogenesis 

and increased metabolic activity and decreased fat mass (M. J. Harms et al., 2014). WAT 

browning, which contributes to energy wasting, has been known to occur not only in mouse 

models of cachexia, but also in cachexia patients (Han, Meng, Shen, & Wu, 2018; 

Petruzzelli et al., 2014). 
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4. The tumor secretory factor ZAG   

ZAG is a ~43kDa soluble protein first isolated from human plasma (Burgi & 

Schmid, 1961). ZAG is highly expressed in numerous cancers such as breast, prostate, lung 

and bladder tumors, and ZAG levels are elevated in the serum of cancer patients (Abdul-

Rahman, Lim, & Hashim, 2007; Bondar, Barnidge, Klee, Davis, & Klee, 2007; Diez-Itza 

et al., 1993; Hale, Price, Sanchez, Demark-Wahnefried, & Madden, 2001). Subsequently, 

ZAG was identified as a lipid-mobilizing factor that promotes lipolysis and inhibits 

lipogenesis in WAT (Bing et al., 2004; Taylor et al., 1992). Later studies showed that the 

expression and circulating levels of ZAG are inversely correlated to adiposity. ZAG mRNA 

and protein expression are decreased or lost in adipose tissues of obese mice and patients 

(Mracek, Ding, et al., 2010; Mracek, Gao, et al., 2010). ZAG stimulates lipolysis in 

adipocytes via activation of β3-adrenoceptors (β-AR) and activation of the cyclic AMP 

(cAMP) pathway (Russell, Hirai, & Tisdale, 2002).  Stimulation of β-AR, coupled to 

stimulatory G protein (Gs), results in a signaling cascade, which starts with the activation 

of adenylyl cyclase (AC) (Lambert, 1993). The activation of AC in turn results in  cAMP-

dependent protein kinase A (PKA) activation, which phosphorylates hormone-sensitive 

lipase (HSL) and perilipin, the protein that normally lines the TGs droplets within the 

adipocytes to protect it from unnecessary degradation via HSL (Souza et al., 2002; Sztalryd 

et al., 2003). The phosphorylated perilipin (deactivated) is dissociated from the TGs 

droplets; thus, the droplets become exposed to lipolysis by HSL, ultimately resulting in 

increased lipolysis in the adipocytes (Duncan, Ahmadian, Jaworski, Sarkadi-Nagy, & Sul, 

2007). The activation of lipolysis is a sufficient trigger to induce thermogenesis, and 

conversely, no thermogenesis can be induced without simultaneously inducing lipolysis 
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(Cannon & Nedergaard, 2004). Both lipolysis and thermogenesis can be stimulated through 

β-AR activation (Whittle et al., 2012). Both processes occur downstream of cAMP 

production resulting in  PKA activation, which in turn drives the transcriptional responses 

in the adipocytes triggered by the activation of phosphorylated cAMP response element-

binding protein (CREB) and p38 mitogen-activated protein kinase (p38 MAPK) (W. Cao, 

Medvedev, Daniel, & Collins, 2001; Cypess et al., 2015). Specifically, p38 MAPK 

phosphorylates and stimulates activating transcription factor 2 (Atf2) and peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (Pgc-1α), which induce the 

transcription of downstream thermogenic genes, including UCP1 (W. Cao et al., 2004; W. 

Cao et al., 2001). Besides being known as a lipid-mobilizing factor, ZAG was also 

identified as a secretory protein secreted by liver and various epithelial tissues such as 

prostate, breast, gastrointestinal tract (GIT) and sweat glands (Hassan, Waheed, Yadav, 

Singh, & Ahmad, 2008). Thus, it was found in a wide range of body fluids such as sweat, 

urine, saliva, amniotic and seminal fluids. In seminal fluid, ZAG was found to be important 

for sperm motility and consequently fertilization (Mracek, Gao, et al., 2010; Qu et al., 

2007). The ZAG level was found to be increased in the urine of bladder cancer patients in 

comparison to healthy individuals (Loumaye & Thissen, 2017; Yang et al., 2011). Elevated 

levels of ZAG were also observed in prostate and breast cancer, thus serving as a biomarker 

for breast and prostatic cancer (Bondar et al., 2007; Diez-Itza et al., 1993; Hale et al., 2001). 

In addition, ZAG also plays a role in regulation of immunological responses, melanin 

production, protein binding and transportation, RNase activity and tumor proliferation 

(Hassan et al., 2008; Loumaye & Thissen, 2017). Despite all the various roles of ZAG, in 

this study we focused on the role of ZAG in the adipose tissue. We wanted to investigate 
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the specific role of ZAG in cachexia-associated energy wasting mechanisms, such as WAT 

browning, and whether ZAG played any role in this process. In this study, we utilized 

ZAG-expressing cell implantation models to investigate the specific contribution of ZAG 

to cachexia. We hypothesize that ZAG not only induces lipolysis in the WAT of mice, but 

also promotes WAT browning and enhances thermogenesis in the existing BAT resulting 

in cachexia-associated energy wasting (Fig. 2). This suggests that ZAG could be an 

attractive therapeutic target for a multimodal treatment strategy for cancer-associated 

cachexia. 
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Figure 2 

Figure 2: Schematic representation of the central hypothesis of the study. Tumors secrete various 

tumor secretory factors including ZAG, which induces browning in the WAT and enhances 

thermogenesis in the BAT where they both contribute to cachexia energy wasting. 
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II. MATERIALS AND METHODS 

1. Mice and Diet 

Mice were housed in a specific pathogen-free barrier facility under standard 

conditions with a 12-h light-dark cycle. Mice were handled in compliance with the U.S. 

National Institutes of Health (NIH) guidelines for animal care and use. All animal protocols 

were reviewed and approved by the Institutional Animal Care and Use Committee 

(IACUC) of Augusta University. Athymic nude mice were purchased from Charles River 

Laboratories (strain code #490).  C57BL/6J mice were purchased from Jackson 

Laboratories (stock no: 000664). Mice were fed a standard chow regular diet (RD) 

containing 6% crude fat (Harlan Teklad Rodent Diet 2918). 
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2. Non-Viral Vectors   

We generated 2 different ZAG expression plasmids. In the first one, the fluorescent 

dTomato reporter was fused with the full-length coding sequence of mouse Azgp1 (ZAG-

dT), (vector builder, VB141022-10004) and in the second plasmid, ZAG protein and dT 

sequences were separated by a T2A self-cleaving peptide sequence (vector builder, 

VB141023-10024). As a result, the dT was not fused with the ZAG protein. We also 

generated a control plasmid containing dT reporter sequence only (vector builder, 

VB150109-10029). All 3 vectors were cloned using the gateway method in pUC19 

skeleton (as demonstrated in the corresponding schematics shown below Figure (3)). These 

vectors were utilized in the generation of ZAG- overexpressing mouse embryonic 

fibroblasts (MEFs) and human embryonic kidney (HEK 293) cells. 
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Figure 3: ZAG expression vectors (A-C) Vector maps showing the design of ZAG-dTZAG and 

dT expression vectors.  

Figure 3 
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3. Sub-Cutaneous Cell Implantation in Mice 

For sub-cutaneous cell implantation experiments, 1x108 dT, ZAG-dT, or ZAG-

expressing MEFs or HEK-293 cells were implanted subcutaneously in the flank region of 

8-10-week-old athymic nude mice (Charles River Laboratories, strain code #490).  Three 

and six weeks after cell implantation, mice were sacrificed using CO2 asphyxiation 

following IACUC recommendations, and different tissues and blood were collected, 

quickly frozen in liquid nitrogen and stored at -80ᴼC for further analyses. 
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4. In Vivo Multi-Spectral Optical Imaging 

Three and six weeks after cell implantation; multi-spectral optical images were 

acquired using excitation/emission profiles of 570 and 610 nm, respectively, to monitor 

dTomato-positive cells and the circulating ZAG-dT in athymic nude mice. All optical 

imaging data were acquired by Spectral AMI (Spectral Instruments Imaging, LLC) 

equipment and analyzed by AMI view software. 
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5. Oxymax/CLAMS Metabolic Analysis 

Mice were acclimated for 4 h in metabolic cages, and the metabolic rates of dT and 

ZAG-cell-implanted mice (3 weeks and 6 weeks after implantation) were measured for 24 

h in an indirect open-circuit calorimeter (Oxymax Comprehensive Lab Animal Monitoring 

System; Columbus Instruments). O2 consumption, CO2 release, heat production, food 

consumption, and physical activity were measured at room temperature (RT). Compiled 

metabolic data was further analyzed using CLAX v2.27 software. 
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6. Brown Adipocyte Differentiation in White Adipose Progenitors and 

MEFs 

The subcutaneous/inguinal WAT (iWAT) was immediately collected after sacrifice 

from 7-8-week-old C57BL/6J mice in sterile conditions. The collected WAT was further 

cut and digested using digestion medium, which is composed of the following: 1.5 μg/ml 

collagenase D, (Roche, 70334223), 2.5 μg/ml dispase II, (Roche, 1466200), all added to 

25 ml of PBS. Prior to tissue digestion, CaCl2 was added at a final concentration of 10 mM 

to initiate the digestion process. Minced tissue was incubated in digestion media at 37ᴼC 

for 40-50 minutes with continuous agitation at 150 rpm. Finally, the digestion process was 

stopped by adding 5ml of Dulbecco's modified Eagle's and Ham's F-12 (DMEM/F12, 

(GIBCO, 11320033) complete medium, containing 10% fetal bovine serum (FBS, Gemini, 

100106) and penicillin/streptomycin 100X solution (P/S, Hyclone, SV30010).  

Stromal vascular fraction (SVF) was then isolated by centrifuging the cell 

homogenate at 700 x g for 10 minutes, at 4 ᴼC, utilizing a Thermo Scientific, Sorvall ST 

16 R centrifuge. The SVF pellet was then dissolved in 10 ml complete medium after the 

aspiration of the supernatant which contains the mature adipocytes. The cell suspension 

was filtered using a 50-70 μm diameter cell strainer, (Fisher # 22363547). The isolated 

SVF from the WAT of five mice was plated in two 100 mm collagen-coated plates in 

complete medium.   

To assure the removal of red blood cells, immune cells and other contaminants, the 

cells were washed twice with PBS after 1-2 hrs of plating. Primary adipocytes were 

maintained in complete medium until reaching  95-97% confluency. The freshly prepared 

induction medium was then used to induce white adipose progenitor differentiation into 
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brown adipocytes. The induction medium used consisted of maintenance medium 

supplemented with the following: 125μM indomethacin (Sigma cat#I-7378), 2 ug/ml 

dexamethasone (Sigma cat# D-1756), 3-isobutyl-1-methylxanthine (IBMX) (Sigma cat# I-

5879), and 0.5 μM rosiglitazone, (Sigma cat# R-2408). After 48 hr, the induction medium 

was replaced with maintenance medium, which is complete medium supplemented with  5 

μg/ml insulin, (Sigma cat# I2643) and 1 nM 3,3',5-triiodo-L-thyronine (T3), (Sigma cat# 

T-2877). 

 The adipocyte differentiation media was supplemented with 1µg/ml ZAG 

recombinant protein (R&D # 4764-ZA) or vehicle (PBS), and the differentiating cells were 

collected at different time points for further analysis. 

As mentioned earlier, we have generated vector control and ZAG-expressing stable 

immortalized MEF cell lines. MEFs were cultured in 100 mm dishes until confluence. Cells 

were induced to differentiate into brown adipocytes using induction medium Dulbecco's 

modified Eagle's (DMEM) (Corning #10013CV) containing 10% FBS, 0.5 mM IBMX, 

125 nM indomethacin, 1 μM dexamethasone, 850 nM insulin, 1 nM T3, and 1 μM 

rosiglitazone. Two days after induction, the induction medium was replaced with 

maintenance medium containing 10% FBS, 850 nM insulin, 1 nM T3, 1 μM rosiglitazone. 

The differentiated cells were then collected at different time points for further analysis. 
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7. Cellular O2 Consumption Measurement  

Cells were trypsinized and suspended as a single cell suspension in DMEM 

complete medium, and the O2 consumption rate was measured using OxygraphPlus System 

(Hansatech Instruments). For each set of experiments, equal numbers of cells in a 0.5 ml 

volume of cell suspension in DMEM medium were placed into the chamber of an 

Oxytherm unit, which uses a Clark-type microelectrode to monitor the dissolved O2 

concentration in the sealed chamber over time.  The data were exported to a computerized 

chart recorder (Oxygraph, Hansatech Instrument Ltd.), that calculated the rate of O2 

consumption. The temperature was maintained at 37 °C during the measurement. The rate 

of O2 decline in 0.5 ml of DMEM medium without cells was measured to provide the 

background value. After the measurements, cells and tissues were lysed using RIPA lysis 

buffer, and the whole cell protein concentration was measured. O2 consumption was 

normalized to protein concentration. For dT-MEF and ZAG-T2A-dT MEFs at day 0, day 

2 and day 4 of differentiation, the relative O2 consumption rate was calculated by 

subtracting the background from the value obtained.  
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8. Quantitative Real-Time PCR (qRT-PCR) 

Total RNA from cells and tissues was isolated using TRIzol Reagent (Life Technologies # 

15596-026) according to the manufacturer’s instructions. Total RNA (1 µg) from each 

sample was reverse transcribed into cDNA using RevertAid RT Kit (Thermo Scientific # 

K1691) according to the manufacturer’s instructions. q-RT-PCR was performed using 

target-specific primers (shown below), Power SYBR Green PCR Master Mix (Life 

Technologies # 4367659), and Step One Plus real time PCR system (Applied Biosystems) 

according to the manufacturer’s instructions  in a 20 μl final reaction volume, in 96-well 

plates (Applied Biosciences # 4346907). The Cycle threshold (Ct) values were normalized 

to 18S and the relative gene expression was calculated using the relative Ct method. 

 The qPCR primers used are provided in Table 1. 
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Table 1: Mouse primers used for real-time qPCR   

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

ZAG GGACACTACAGGGTCTCACA

CCTT 

TGAAATCCTCTCCGTCGTAGGC 

aP2 ACACCG 

AGATTTCCTTCAAACTG 

CCATCTAGGGTTATGATGCTCTT

C A 

Cidea TGCTCTTCTGTATCGCCCAG

T 

GCCGTGTTAAGGAATCTGCTG 

Dio2 CAGTGTGGTGCACGTCTCCA

ATC 

TGAACCAAAGTTGACCACCAG 

Pgc1α CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC 

SRC1 TTTCAAGAAGTGATGACTCG

TGG 

CCAGGATTGACTGAGGGATT 

PPARƔ GTGCCAGTTTCGATCCGTAG

A 

GGCCAGCATCGTGTAGATGA 

Prdm16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG 

Ebf2 GCTGCGGGAACCGGAACGA

GA 

ACACGACCTGGAACCGCCTCA 

UCP1 ACTGCCACACCTCCAGTCAT

T 

CTTTGCCTCACTCAGGATTGG 

Elovl3 TCCGCGTTCTCATGTAGGTC

T 

GGACCTGATGCAACCCTATGA 
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Nrf1 GAACTGCCAACCACAGTCAC TTTGTTCCACCTCTCCATCA 

Nrf2 GCTTTTGGCAGAGACATTCC ATCAGCCAGCTGCTTGTTTT 

ERRα TTCTGCACAGCTTCCACATC GGAAGAATTCGTCACCCTCA 

Cyt-c GCAAGCATAAGACTGGACC

AAA 

TTGTTGGCATCTGTGTAAGAGA

ATC 

Cpt1b CGAGGATTCTCTGGAACTGC GGTCGCTTCTTCAAGGTCTG 

Cox3 GCAGGATTCTTCTGAGCGTT

CT 

GTCAGCAGCCTCCTAGATCATG

T 

Cox4 ACCAAGCGAATGCTGGACA

T 

GGCGGAGAAGCCCTGAA 

Cox5b GCTGCATCTGTGAAGAGGAC

AAC 

CAGCTTGTAATGGGTTCCACAG

T 

Cox7a CAGCGTCATGGTCAGTCTGT AGAAAACCGTGTGGCAGAGA 

Cox8b GAACCATGAAGCCAACGAC

T 

GCGAAGTTCACAGTGGTTCC 

CD40 TTGTTGACAGCGGTCCATCT

A 

CCATCGTGGAGGTACTGTTTG 

CD137 CGTGCAGAACTCCTGTGATA

AC 

GTCCACCTATGCTGGAGAAGG 

Tbx1 GGCAGGCAGACGAATGTTC TTGTCATCTACGGGCACAAAG 

Tmem26 ACCCTGTCATCCCACAGAG TGTTTGGTGGAGTCCTAAGGTC 
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G6Pase CCATGCAAAGGACTAGGAA

CAA 

TACCAGGGCCGATGTCAAC 

PEPCK CCACAGCTGGTGCAGAACA GAAGGGTCGATGGCAAA 

GK GAAGACCTGAAGAAGGTGA

TGAGC 

GTCTATGTCTTCGTGCCTTACAG

G 

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

 

Elovl3, ELOVL fatty acid elongase 3; Nrf1/Nrf2, nuclear respiratory factor 1/2; Errα, 

estrogen related receptor α; Cytc, cytochrome c, somatic; Cpt1b, carmitine palmitoyl 

transferase 1b; Tbx1, T-box 1; Tmem26, transmembrane protein 26, G6Pase, glucose-6-

Phosphatase; PEPCK, phosphoenolpyruvate carboxykinase; GK, glucokinase. 

All the abbreviations are provided in the abbreviation section page 147. 

 

 

 

 

 

 

 

 

 

 

 



 

30 

 

9. Luciferase Reporter Assays 

Cos-7 cells were seeded in 24-well plates (Costar # 3524) in complete DMEM 

media. After 24 hrs cells were transfected with a total amount of 0.5 μg per well of plasmids 

using Continuum™ transfection reagent 1ul per well, (Gemini #400700). Plasmids used in 

our studies included: UCP1 promoter-driven luciferase reporter vector (courtesy of Dr. 

Mark Christian, Division of Metabolic and Vascular Health, University of Warwick, UK), 

PPAR Ɣ, Pgc1α (courtesy of Dr. Patrick Seale, Department of Cell and Developmental 

Biology, Perelman School of Medicine, University of Pennsylvania), ZAG, and CMV-β-

galactosidase plasmids. Cells were collected 48 h after transfection. Cell lysates were 

prepared as described by the manufacturer (Promega # E 4530). Luciferase activity was 

measured using Synergy HTX Multi-Mode Reader (BioTek) and was normalized to β-

galactosidase activity. 

Prdm16 promoter-driven luciferase reporter assays were performed as described 

above in C2C12 cells that lack endogenous Ebf2 activity. Prdm16 promoter-driven 

luciferase reporter vector (courtesy of Dr. Patrick Seale) was co-expressed with PPAR Ɣ, 

Retinoid X receptor alpha (RXRα), Ebf2 and ZAG. 
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10. ChIP-qPCR 

PPARƔ/Prdm16 promoter, Ebf2/Prdm16 promoter and PPARƔ/UCP1 promoter 

ChIP-qPCR assays were performed using dT control and ZAG-expressing day 5 

differentiated MEFs. ChIP assay was performed as described by the manufacturer’s 

instructions (Millipore cat# 17-295). Histones were cross-linked by adding formaldehyde 

(Thermo Scientific # 28908) directly to the medium at a final concentration of 1% for 10 

min at 37ᴼC. Cells were then washed twice with ice-cold PBS containing protease 

inhibitors (Roche # 11836153001). Afterwards, cells were harvested and resuspended in 

SDS lysis buffer at a final concentration of 107 cells per ml. Then, the cells were sonicated 

for 23 cycles, with 10-second intervals and centrifuged at 13,000 rpm at 4ᴼC for 10 min. 

The supernatant was diluted 10-fold in ChIP dilution buffer/cocktail inhibitor and pre-

cleared using 75μl of Protein A agarose/salmon sperm DNA. Immunoprecipitations were 

performed using 2.5 μg control IgG (Santa Cruz, sc-2027), Ebf2 (R&D, AF7006), PPAR 

Ɣ (Thermo Scientific, K2429), or Pgc1α (Santa Cruz, sc-13067) antibodies overnight at 

4ᴼC. Protein A/antibody/histone/DNA complex was washed twice sequentially with low 

salt, high salt, lithium chloride and TE buffers. DNA/protein complexes were eluted using 

SDS/NaHCO3 buffer and reverse cross-linked at 65ᴼC for 4 h in the presence of 0.2M 

NaCl. The eluates were then treated with proteinase K for 1 h, and DNA was extracted 

using phenol/chloroform. Eluted DNA was analyzed by real-time PCR using Power SYBR 

Green PCR Master Mix (Life Technologies # 4367659), and Step One Plus real time PCR 

system (Applied Biosystems) Target enrichment was calculated as fold enrichment and 

normalized to  IgG control  for nonspecific background signal. Primer sequences are 

provided in Table 2. 
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Table 2: Mouse primers used for ChIP-qPCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Prdm16 

ChIP 

GACCTCCTGCCTTCCCTGA

GG 

GCTGCCTGAGCTGGGCCAGCC 

UCP1 

ChIP 

AGTGAAGCTTGCTGTCACT

C 

GTCTGAGGAAAGGGTTGACC 

18s rRNA 

ChIP 

AGTCCCTGCCCTTTGTACA

CA 

CGATCCGAGGGCCTCACT 
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11. Cyclooxygenase 2 (COX-2)  and Alanine Transaminase ( ALT) 

Activity Assays  

COX-2 enzymatic activity in epididymal WAT (eWAT) was measured according 

to the manufacturer’s instructions using COX activity assay kit (Abcam # ab204699). After 

6 weeks of implantation, eWAT fat pads were collected from dT and ZAG-dT-cell-

implanted mice. The fat pads were washed three times with PBS. The tissue was quickly 

homogenized in 0.2 mL lysis buffer with protease inhibitor cocktail using a homogenizer 

(Tissue Master # 125 OMNI International) on ice, with 10–15 passes. The tissue 

homogenate was then centrifuged at 12,000 x g at 4ᴼC for 3 minutes. The supernatant was 

collected and kept on ice. All the utilized reagents were prepared following the 

manufacturer’s instructions. The standard curve used for calculation of sample COX 

activity was prepared using serial dilutions of Resorufin standard. 100 μl /well of each 

dilution was added in a clear flat bottom 96-well plate (Greiner bio-one # 655980). Next, 

20 μl of each sample and 70 μl of reaction mixture were added per well. Then, arachidonic 

acid/NaOH solution was added into each well to initiate the reaction, and fluorescence was 

measured (Ex/Em = 535/587 nm) immediately in a kinetic mode once every 15 sec. for at 

least 30 minutes. COX-2 activity in the test samples was calculated and expressed in 

𝑝𝑚𝑜𝑙/𝑚𝑖𝑛/𝑚𝑔. 

ALT activity was measured in serum samples collected from dT and ZAG-dT-cell-

implanted mice after 6 weeks using ALT activity assay kit (Cayman Chemical #700260). 

The assay was performed by adding 20 μl per well of positive control or sample, 20 μl of 

cofactor and 150 μl of substrate. The plate was incubated at 37ᴼC for 15 minutes. The 

reaction was then initiated by the addition of 20 μl of ALT initiator to all the wells and the 
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plate was read at 340 nm once every minute for a period of 5 minutes. The ALT activity 

was calculated and expressed as IU/ml. 
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12. ZAG , IL-6, TNFα and PTHrP ELISAs 

For ZAG, Interleukin-6 (IL-6), Tumor necrosis factor α (TNFα) and parathyroid-

hormone-related protein (PTHrP) measurements, blood was collected from dT, ZAG-dT 

and ZAG-cell-implanted mice after 6 weeks of implantation. The blood was then allowed 

to clot by leaving it undisturbed at RT for 15-30 minutes. The clot was removed by 

centrifuging at 4000 x g for 15 minutes at 4ᴼC and the resulting supernatant (serum) was 

aliquoted and stored at -80ᴼC to avoid freeze-thaw cycles. ZAG concentrations were 

determined by mouse ZAG ELISA kit according to the manufacturer’s instructions 

(MyBiosource # MBS027874). Standards, samples and blanks/control wells were run in 

triplicates by adding 50 μl of each per well. Then, 100 μl of horseradish peroxidase (HRP)-

conjugated reagent was added to each well and incubated for 60 minutes at 37ᴼC. The wells 

were washed 4 times after incubation, followed by addition of 50 μl of chromogen solution 

A and 50 μl of chromogen solution B per well, successively. The plate was incubated for 

15 minutes at 37ᴼC, protected from light. The plate was read at 450 nm within 15 minutes 

after the addition of the stop solution using an ELISA plate reader. 

IL-6 and TNFα levels were measured by mouse IL-6 ELISA kit (Cayman Chemical 

# 583371) and mouse TNFα ELISA kit (Cayman Chemical # 500850), respectively, 

according to the manufacturer’s instructions. First, 100 μl of the standards and samples 

were added to the assigned wells of a 96-well plate (Thermo Scientific #130118), and the 

plate covered and incubated for 1 hr at RT on an orbital shaker. Then, 100 μl of  anti-IL-6 

or anti-TNFα biotin conjugate was added per well and the plate was covered and incubated 

for 1 hr at RT on an orbital shaker. Then, 100 μl of streptavidin-HRP conjugate was added 

per well, and incubated for 30 min at room temperature. After 4 washes followed by the 
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addition of 100 μl TMB substrate solution and 100 μl of HRP stop solution, the plate was 

read at 450 nm. 

PTHrP levels were measured using mouse PTHRP ELISA kit according to the 

manufacturer’s instructions (LSBio # LS-F15276). 100 μl/well of sample and standard 

were added to the provided 96-well plate, and the plate was incubated for 2 hrs at 37ᴼC. 

Then, 100 μl of detection reagent A were added per well followed by 3 washes. 

Subsequently, 100 μl of detection reagent B were added per well, and the plate was covered 

with a plate sealer and incubated for 1 hr at 37ᴼC. Then, TMB substrate solution was added 

and the plate was sealed and incubated for 15-30 minutes at 37ᴼC, protected from light. 

Eventually, the optical density of each well was determined after the addition of 50 μl of 

stop solution to each well at 450 nm. 
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13. Free fatty Acids (FFAs), Glycerol and Triglyceride (TG) 

Measurements 

To detect both non-esterified fatty acids and glycerol in serum, 96-well 

serum/plasma fatty acid and glycerol kit (Zenbio # GFA-1) was used according to the 

manufacturer’s instructions. 50 μl of kit-supplied FFAs or glycerol solution standards, or 

sample were added per well. 100 μl of FFAs or glycerol reagent A and 50 μl of reagent B 

were added per well and incubated at 37ᴼC for 10 minutes. The plate was left to equilibrate 

to RT for 5 minutes and the plate was read at 540nm. 

Serum levels of TGs were measured using TG Colorimetric Assay Kit (Cayman 

Chemical # 10010303) where the utilized reagents and standards were prepared according 

to the manufacturer’s instructions. 10 μl of standards or and samples were added per well. 

The reaction was initiated by the addition of 150 μl of enzyme mixture per well. After 

incubating the plate incubation for 15 minutes at room temperatures, the plate was read at 

530-550nm. 
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14. Oil-Red-O Staining  

The differentiation of white adipose progenitors or MEFs into adipocytes was 

detected by Oil-Red-O staining. White adipose progenitors were induced to differentiate 

for 8 days, while MEFs were induced to differentiate for 2 or 4 days. Then, cells were 

washed with 1xPBS, fixed in 10% neutral buffered formalin solution (NBF; HT501128; 

Sigma) for 15 min, and stained with 2 ml of 0.5% Oil-Red-O (O0625; Sigma) in 

isopropanol: distilled water (3:2) for 30 min at RT with gentle shaking (100 rpm) on a 

rocking platform. The cells were washed with distilled water 3 times and air-dried. The 

optical images were captured with Keyence BZ-X710 microscope. 
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15. Hematoxylin and Eosin (H&E) Staining 

eWAT, iWAT, BAT, liver tissues and implants were collected from dT and ZAG-

cell-implanted mice after 6 weeks of implantation. The tissues were then fixed in 10% NBF 

solution (Sigma, HT501128) for 24 h, embedded in paraffin, and cut into 5-μm-thick 

sections. The slides were placed in a 60ᴼC vacuum oven (National Appliance Company) 

for 20 minutes. Then, the slides were deparafinized by sequential incubation in xylene 

(Fisher, X3P-1GAL) (2 X 5min), 100% ethanol (2×2 min), 95 % ethanol (2×2 min), rinsed 

with distilled water (2 min). Slides were incubated in hematoxylin (Ricca Chemical # 3536-

32) for 3 min, and then washed with distilled water twice for 2 min. The slides were treated 

with Scott’s tap water (Cancer Diagnostics, CM4951W), followed by a brief wash with 

distilled water. After incubation in 95% ethanol for 1 min, the sections were incubated with 

Eosin Y (Fisher, SE 23500D) for 20 seconds. Then, slides were incubated sequentially in 

95 % ethanol (2×1 min), 100% ethanol (2×1 min) followed by xylene (2×2 min) and 

mounted with Paramount, (Fisher Scientific, SPF15-500). H&E stained images were 

captured using Keyence BZ-X710 microscope 
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16. Immunofluorescence (IF) Staining  

Different tissues (liver, kidney, heart, eWAT, iWAT and BAT) were harvested 

from 3-month-old C57BL/6J mice, fixed in 10% NBF solution (HT501128; Sigma) for 24 

h, embedded in paraffin, and cut into 5-μm-thick sections. Slides were incubated in a 

vacuum oven at 37ᴼC for 30 minutes, deparaffinized by sequential incubation with xylene 

(2×5min), 100% ethanol (2×2 min) and 95% ethanol (2×2 min), and finally washed under 

running water 5-10 minutes. Antigen retrieval was performed by placing the slides for 40 

min in IHC World steamer, embedded in epitope retrieval solution (IHC World # IW-

1100). After cooling for 20 min and washing in PBS, blocking was performed using 5% 

BSA in PBS. Slides were then incubated with ZAG primary antibody (Santa Cruz # sc-

11243) at a dilution of 1:250 in 3% BSA in PBS overnight at 4ᴼC. Slides were washed 3 

times with PBS/0.2% Tween 20 and incubated with AlexaFluor 488-conjugated donkey 

anti-goat (Abcam # ab150129) secondary antibody for 1.5 h at RT. Slides were washed 3 

times with PBS/0.2% Tween 20, air dried for 10 min, and mounted with fluorescence 

mounting medium (Vector Laboratories Vectashield # H-1200) containing DAPI. Images 

were captured with Keyence BZ-X710 all-in-one fluorescence microscope. 
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17. Immunoblotting 

Whole-cell protein lysates were prepared from cells or tissues using RIPA lysis 

buffer (ThermoScientific # 89901) supplemented with protease inhibitors (Roche # 

11836153001) and phosphatase inhibitors (Roche # 4906845001). For Western blot 

analysis, 50-100µg of total protein was resolved using NuPAGE precast gels (Invitrogen), 

blocked with Odyssey Blocking Buffer (PBS) (# 9740000), transferred using a XCell II 

Blot module (Invitrogen # 090707-098) onto Immobilon-FL membranes (Millipore # 

IPFL00010), and incubated with specific primary antibodies overnight with gentle shaking 

at 4ᴼC. The primary antibodies used are listed in Table 3. The membranes were incubated 

with IRDye-conjugated secondary antibodies for 1hr at RT after being washed (3x 10 min) 

with 0.1% PBST. The secondary antibodies utilized are listed in Table 4. Finally, Licor 

Odyssey Classic Imager was used to develop Western blot signals. 
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Table 3: Primary antibodies used for immunoblotting 

Primary 

Antibody 

Protein 

Mol. 

Weight 

(kDa) 

 Dilution  species Company/ catalog 

number 

ZAG  47 1:500 Goat Santa Cruz # sc-11243 

SRC1  160 1:500 Mouse Santa Cruz # sc-136077 

PGC1α 90-100 1:500 Rabbit Santa Cruz # sc-13067 

PPARƔ 50-60 1:1000 Rabbit Thermo Scientific # 

MA5-14889 

Ebf2  63 1:500 Sheep R&D Systems # 

AF7006 

p38 MAPK 43 1:2000 Rabbit Cell Signaling # 9212 

p-p38 MAPK 43 1:2000 Rabbit Cell Signaling # 4511 

aP2 10-17 1:1000 Goat Santa Cruz # sc-18661 

UCP1 32 1:1000 Rabbit Abcam # ab10983 

PRDM16 140 1:500 Rabbit Abcam # ab106410 

Cidea 26 1:250 Goat Santa Cruz # sc-8732 

IRF4 52  1:1000 Goat Santa Cruz # sc-6059 

Dio2 35-40 1:1000  Rabbit  Proteintech # 26513-1-

AP 

COX2 74 1:1000    Rabbit Abcam # ab15191 
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CREB 43 1:1000 Rabbit Cell Signaling # 9197 

pCREB 43 1:1000 Rabbit Cell Signaling # 9198 

Akt 60 1:1000 Rabbit Cell Signaling # 9272 

pAkt ( Ser473) 60 1:1000 Rabbit Cell Signaling # 9271 

β-actin 42 1:10,000 Mouse Sigma # A5441 
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Table 4: Secondary antibodies used for immunoblotting 

Secondary Antibody Dilution Company/catalog number 

Donkey anti-mouse 

IRDye800CW 

1:10,000 Licor # 926-32212 

Donkey anti-rabbit 

IRDye800CW 

1:10,000 Licor # 926-32213 

Donkey anti-mouse 

IRDye680RD  

1:10,000 Licor # 925-68072 

Donkey anti-rabbit 

IRDye680RD  

1:10,000 Licor # 925-68073 

Donkey anti-goat 

IRDye680RD 

10,000 Licor # 925-68074 

Donkey anti-sheep HRP 10,000 Millipore # AP184P 
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            18. Statistical Analysis 

The quantitative data for the experiments were presented as means ± SD. Statistical 

analyses were performed using the unpaired Student’s t test and two-way ANOVA. Values 

of p< 0.05 were considered statistically significant. 
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III. RESULTS 

1. ZAG Expression is Very Low in White Adipose Tissues (WATs)  

To evaluate whether ZAG is expressed and secreted only by tumors, or whether normal 

tissues also express and secrete ZAG, we analyzed ZAG expression levels in different 

tissues of wild-type C57BL/6J mice. ZAG mRNA transcript levels were very high in the 

heart, kidney and liver compared to white and brown adipose tissues (Fig. 4A). However, 

at the protein level, we detected very strong expression of ZAG not only in the heart, kidney 

and liver, but also in the brown adipose tissue (BAT), whereas ZAG expression was very 

low in different WATs compared to other tissues (Fig. 4B). In addition to Western blotting, 

immunofluorescence (IF) staining of ZAG in different tissues revealed strong, 

predominantly cytoplasmic, staining in BAT, liver, kidney, and heart. The staining 

intensity of ZAG was relatively weaker in WAT compared to other tissues such as BAT 

and liver (Fig. 5A-F). These observations suggest that WAT does not express as much 

ZAG as other tissues. Alternatively, WAT may express ZAG similar to other tissues, but 

secrete it immediately. To test this possibility, we incubated eWAT explants in DMEM 

media and detected elevated levels of ZAG in the media after 24 h (Fig. 6A), suggesting 

that WAT produces ZAG but secretes it, likely to prevent unwanted lipolysis of stored 

lipids. To determine how much ZAG is secreted into the circulation from these tissues, we 

analyzed the serum levels of ZAG in wild-type C57BL/6J and athymic nude mice, which 

revealed almost similar serum levels of ZAG (60-70μg/ml) in both strains (Fig. 6B). 
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Figure 4 
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Figure 4: ZAG expression in adult mouse tissues. (A) ZAG mRNA transcript levels in different tissues 

of 3-month-old C57BL/6J mice. Compared to adipose tissues, ZAG expression level is significantly 

higher in heart, kidney and liver. Data are expressed as mean ± SD; n=4; *p<0.05, **p<0.005, 

***p<0.0005. (B) Western Blotting of ZAG protein and GAPDH in different tissues of 3-month-old 

C57BL/6J mice. eWAT, epididymal WAT; iWAT, inguinal WAT; rWAT, retroperitoneal WAT 
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Figure 5 
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Figure 5:  Immunofluorescence staining of ZAG in different tissues in adult mice. (A-F) 

Immunofluorescence staining of ZAG/DAPI in indicated tissues of 3-month-old C57BL/6J mice showing 

mostly cytoplasmic localization of ZAG in liver, kidney and BAT. ZAG expression is relatively low in 

eWAT and iWAT compared to BAT and liver (magnification 20X).  
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: ZAG levels in media and serum of adult mice. (A) 100mg eWAT explants were incubated in 

DMEM media and ZAG concentration in the media was measured after 12 and 24h. DMEM complete 

media was used as control (blank). ZAG concentration in the media was significantly elevated 24h after 

incubation compared to 12h. Data are expressed as mean ± SD; n=3; **p<0.005. (B) Serum levels of ZAG 

in 2-3-month-old C57BL/6 and athymic nude mice. Data are expressed as mean ± SD; n=6; **p<0.005, 

***p<0.0005. 
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2. Generation of ZAG Expression Vectors and ZAG-Expressing Stable 

Cells 

Numerous studies have demonstrated that the circulating levels of ZAG are 

elevated in various cancers (Abdul-Rahman et al., 2007; Bondar et al., 2007; Diez-Itza et 

al., 1993; Hale et al., 2001). To specifically investigate the effects of increased circulating 

levels of ZAG on adipose tissue metabolism and energy expenditure, we generated ZAG 

expression vectors and ZAG-expressing stable cells (Fig. 7). We generated two different 

ZAG expression plasmids. In the first one, the fluorescent dTomato (dT) reporter was fused 

with the ZAG protein (ZAG-dT), and in the second plasmid, ZAG and dT sequences were 

separated by a T2A self-cleaving peptide sequence (Fig. 7 A-C). As a result, the dT was 

not fused with the ZAG protein (Fig. 7D). Since ZAG is a secretory protein, we rationalized 

that adding a dTomato tag might partially inhibit ZAG’s secretory function. Therefore, to 

circumvent this potential problem, we generated two different expression vectors, that 

express dTomato-tagged and un-tagged ZAG. Next, to generate ZAG-expressing stable 

cell lines we sought to identify a cell line with no or very low endogenous levels of ZAG, 

to avoid potential interference of endogenous ZAG. Accordingly, we analyzed ZAG 

expression levels in different cell lines, which revealed relatively lower endogenous levels 

of ZAG in mouse embryonic fibroblasts (MEFs), human embryonic kidney cells 

(HEK293), and C2C12 myoblast cells compared to other cell lines that we tested (Fig. 8). 

Therefore, we generated dT control and ZAG-expressing HEK 293 and MEF stable cell 

lines (Fig. 8A-F). 
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Figure 7 

 

 

 

 

 



 

54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Generation of ZAG expression vectors and ZAG-expressing stable cells. (A-C) HEK 293 

cells were transfected with the vectors shown and described earlier in Fig. 3 (D) Western blot to confirm 

the transfection of the cells with the vectors. ZAG-dT vector, dTomato fluorescent tag was fused to ZAG, 

thereby producing a ~70kD ZAG-dTomato fusion protein. For the ZAG vector, ZAG and dT sequences 

were separated by a T2A self-cleaving peptide sequence, thereby producing a 43kD ZAG protein. 
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Figure 8 
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Figure 8: ZAG over expression in HEK 293 cells and MEFs. (A) Western blot showing the expression 

levels of endogenous ZAG protein in different cell lines. (B-F) Representative images confirming the 

successful transfection of HEK 293 cells with dTomato (B) and ZAG-dT fusion protein (C) and ZAG 

untagged dTomato (D) fluorescence/expression in 293 stable cells. (E-F) Representative images showing 

successful transfection of MEF with dTomato (E) and ZAG untagged dTomato (F) 

fluorescence/expression in immortalized MEF stable cells. (G) Western blots displaying the expression 

level of ZAG in control MEFs, ZAG-overexpressing MEFs and ZAG-overexpressing 293 cells. ZAG 

expression was much stronger in 293 stable cells compared to immortalized MEF stable cells. 
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3. Implantation of ZAG-Expressing Cells in Athymic Nude Mice Caused 

Lipolysis and Induced a Brown-Like Phenotype in WAT 

Tumor cells express and secrete various cytokines into the blood stream. One of the 

major functions of these cytokines is to act on the metabolic organs, such as adipose tissues, 

and alter their metabolic functions in such a way that benefits tumor growth. Some of these 

cytokines not only induce lipolysis in the adipose tissues, but also promote WAT browning, 

which accelerates glucose and lipid catabolism, increases body energy expenditure, and 

contributes to cachexia (Kir et al., 2014; Petruzzelli et al., 2014). Previous studies 

demonstrate that ZAG is one of the cytokines secreted by various cancer cells, and the 

circulating levels of ZAG are elevated in various cancers (Bondar et al., 2007; Fearon et 

al., 2012; Hale et al., 2001). To investigate the effects of increased circulating levels of 

ZAG in a syngeneic mouse model, we implanted control (dT) or ZAG-expressing MEFs 

(1x108) subcutaneously in C57BL/6J mice (Fig. 9). Although MEFs were derived from the 

same background strain, subcutaneously implanted MEFs did not survive in C57BL/6J 

mice (Fig.  9A). As a result, the ZAG-expressing cell-implanted mice did not show any 

detectable phenotype (Fig.9B-J). This could be because the expression level of ZAG in 

stable MEF cells was significantly lower compared to stable HEK293 cells (Fig. 8G). Since 

ZAG-expressing HEK293 cells demonstrated a much higher expression of dT-ZAG 

compared to MEFs (Fig. 8G), therefore, as an alternative model, we implanted dT control 

or ZAG-expressing HEK 293 (1x108) subcutaneously in 8-10-week-old athymic nude mice 

(Fig. 10A). The implanted cells formed a small mass of tissue (Fig. 10B), (dT-cell implant 

408±17mg and ZAG-cell implant 380±25mg) that constitutes ~1.25% of body weight, and 

histological analysis of these implants showed similar morphology between dT and ZAG-
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cell implants (Fig. 10C). ZAG-expressing cells successfully secreted ZAG (ZAG-dT) as 

revealed by whole body optical imaging (Fig. 10A). In addition, ELISA analysis revealed 

~ 3-fold higher serum levels of ZAG in ZAG-cell-implanted mice compared to dT cell-

implanted mice (Fig. 10E). However, analysis of body weight, eWAT and BAT tissues 3 

weeks after implantation revealed no detectable differences between dT, ZAG-dT or ZAG-

expressing cell-implanted mice (Fig. 10F-H). However, very interestingly, histological 

analysis of iWAT revealed a brown fat-like morphology (Fig. 11A) and higher expression 

of UCP1 in ZAG-cell-implanted mice (Fig. 11B). Moreover, 3 weeks after implantation, 

metabolic analysis revealed increased O2 consumption, increased heat production, and 

lower respiratory exchange ratio (RER) in ZAG-cell-implanted mice compared to dT-cell-

implanted mice (Fig. 12A-E), indicating that body energy expenditure is increased and the 

mice started to utilize more lipid (lower RER). Together, these observations suggest that 

higher circulating levels of ZAG might have caused browning in iWAT and thus, may 

induce a significant and visible effect on other adipose tissues, if exposed to high 

circulating levels of ZAG for longer periods. Therefore, we analyzed mice 6 weeks after 

implantation, and as predicted, we observed significant adipose tissue atrophy in mice 

implanted with ZAG-dT or ZAG-expressing cells compared to dT-cell-implanted mice 

(Fig. 13A-C). The dT-cell-implanted mice gained ~4g of weight from the day of 

implantation (day 1) to the day of sacrifice (6 weeks) (Fig. 14A). This is expected because 

we implanted cells in 8-10-week-old young mice that were in an active growth phase. 

Strikingly, ZAG-cell-implanted mice did not gain any body weight in that 6-week period 

(Fig. 14A). Due to WAT atrophy, the eWAT weight as well as total body fat mass were 

significantly reduced in ZAG-cell-implanted mice, whereas, lean mass was unaffected 
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(Fig. 14D-E). Consistently, the circulating levels of FFAs and glycerol were significantly 

higher in ZAG-cell-implanted mice compared to dT-cell-implanted mice (Fig. 15A-C). 

Together, these observations suggest that ZAG caused massive lipolysis in the WATs that 

resulted in depletion of lipids from the WAT.  
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Figure 9 
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 Figure 9: ZAG-expressing MEF cell implantation in C57BL/6J mice. (A) Representative pictures 

showing dead scar tissue at the site of dT and ZAG-expressing MEF cell-implantation after 6 weeks. (B-

E) Representative pictures showing no detectable WAT atrophy, arrows indicate eWAT pads (B), or 

changes in the size of WATs and BAT (C-E) in dT and ZAG-expressing MEF cell-implanted C57BL/6J 

mice. (F) Serum levels of ZAG in C57BL/6J mice 6 weeks after sub-cutaneous implantation of dT and 

ZAG expressing MEF cells. Data are mean ± SD; n=5; n.s. Not significant. (G) Body weight of dT and 

ZAG-cell-implanted mice before and 6 weeks after implantation. Both groups showed similar weight gain 

in a 6-week period. (H-J) eWAT pad, iWAT and BAT weights in dT and ZAG-cell-implanted mice 6 

weeks after implantation. Data are mean ± SD; n=5; n.s. Not significant. 
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Figure 10 
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Figure 10: Implantation of ZAG-expressing HEK 293 cells in athymic nude mice. (A) Representative 

multi-spectral optical images showing the dTomato control and ZAG-dTomato-expressing HEK 293 cell 

implantation site (red arrows). dTomato positivity was observed throughout the body of ZAG-dT-cell- 

implanted mice due to circulating ZAG-dT in these mice. (B) Representative pictures showing a small tissue 

mass that was formed from the implanted 293 cells after 6 weeks at the site of implantation. (C) 

Representative H&E stained sections of dT and ZAG-expressing 293 cell implants harvested from nude mice 

6 weeks after implantation. (D) Representative pictures of eWAT pads in athymic nude mice 3 weeks after 

implantation of dT, ZAG-dT and ZAG 293 cells.  (E) Serum levels of ZAG in athymic nude mice 3 weeks 

after sub-cutaneous implantation of dT, ZAG-dT and ZAG 293 cells. Data are mean ± SD; n=5; **p<0.005, 

***p<0.0005. (F)  Body weight of dT, ZAG-dT and ZAG-cell-implanted mice before and 3 weeks after 

implantation. Data are mean ± SD; n=5; n.s. Not significant. (G-H) Average weight of eWAT pads (G) and 

BAT (H) in mice 3 weeks after implantation of dT, ZAG-dT or ZAG-expressing 293 cells. Data are mean ± 

SD; n=5; Not significant. 
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Figure 11 

 

 

 

 

 

 

 

Figure 11: ZAG induces brown-like phenotype in iWAT. (A) Representative H&E stained iWAT of 

athymic nude mice 3 weeks after implantation of dT or ZAG-expressing 293 cells. (B) Western blot 

showing the expression level of UCP1 in the iWAT of dT or ZAG-cell-implanted mice.  
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Figure 12 
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Figure 12: ZAG induces O
2 
consumption and heat production in ZAG-expressing cells implanted 

in mice. (A-C) O2 consumption rate, heat production and RER in dT or ZAG-expressing cell-implanted 

mice measured for 24 h using Oxymax/CLAMS. Data are expressed as mean ± SD; n=4; *p<0.05. (D-

E) Physical activity and food consumption in dT and ZAG-cell-implanted mice measured for 24 h using 

Oxymax/CLAMS. Data are expressed as mean ± SD; n=4; n.s. Not significant. Metabolic cage data 

were collected 3 weeks after cell implantation in athymic nude mice. 
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Figure 13 

 

 

 

 

 

 

 

 

 

Figure 13: ZAG induces atrophy and brown-like phenotype in eWAT. (A) Serum levels of ZAG in 

athymic nude mice 6 weeks after sub-cutaneous implantation of dT, ZAG-dT or ZAG 293 cells. Data are 

expressed as mean ± SD; n=6; **p<0.005, ***p<0.0005. (B-C) Representative pictures of eWAT pads 

(B) and interscapular BAT (C) in athymic nude mice 6 weeks after implantation of dT, ZAG-dT or ZAG-

expressing 293 cells. 
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Figure 14 
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Figure 14: Body weight and eWAT, BAT and lean mass of ZAG-cell-implanted mice. ( A) 

Body weight of dT, ZAG-dT and ZAG-cell-implanted mice before and 6 weeks after 

implantation. Data are expressed as mean ± SD; n=5; *p<0.05. (B-C) Average weight of eWAT 

pads (B) and BAT (C) in mice 6 weeks after implantation of dT, ZAG-dT or ZAG-expressing 

293 cells. Data are expressed as mean ± SD; n=6; *p<0.05, ***p<0.0005. (D-E) Total body fat 

mass and lean mass of dT and ZAG-cell-implanted mice 6 weeks after implantation measured by 

LF90II BCA-Analyzer. Data are expressed as mean ± SD; n=5; **p<0.005, n.s. Not significant.  
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Figure 15 

 

 

 

 

 

 

 

Figure 15: ZAG induces lipolysis in WAT. (A-C) Serum levels of free fatty acids (FFAs), 

glycerol and triglycerides (TGs) in dT and ZAG-cell-implanted mice 6 weeks after implantation. 

Data are expressed as mean ± SD; n=5; *p<0.05, **p<0.005, n.s. Not significant 
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4. ZAG Induces WAT Atrophy Independent of IL-6 TNF α and PThrP 

Since both ZAG-dT and ZAG-cell-implanted mice showed a similar WAT atrophy 

phenotype (Fig. 13-14), we utilized dT control and ZAG-cell-implanted mice for further 

analysis. Six weeks after implantation, iWAT completely disappeared in ZAG-cell-

implanted mice. Therefore, we were only able to analyze eWAT. Interestingly, histological 

analysis revealed a BAT-like morphology in the eWAT of ZAG-cell-implanted mice 

compared to control mice (Fig. 16A). Further analysis revealed reduced lipid accumulation 

in the BAT and liver of ZAG-cell-implanted mice compared to dT-cell- implanted mice 

(Fig. 16B-C). Because tumor secretory factors IL-6 and TNFα are known to cause adipose  

tissue atrophy (Bing et al., 2006; Makki, Froguel, & Wolowczuk, 2013), we asked whether 

ZAG directly induces adipose tissue atrophy or indirectly elevates IL-6 and TNFα levels, 

which in turn causes adipose tissue atrophy and the brown-like phenotype within WAT. 

Analysis of IL-6 and TNFα in control and ZAG-expressing-cell-implanted mice revealed 

no significant differences in the circulating levels of IL-6 and TNFα, indicating that ZAG 

does not induce the expression and release of these two cytokines (Fig. 17A-B). We also 

did not detect any significant difference in the serum levels of PTHrP, a tumor secretory 

factor known to induce WAT browning (Kir et al., 2014), between dT and ZAG-cell-

implanted mice (Fig. 17C). Next, we asked whether ZAG induces atrophy predominantly 

in the adipose tissues or also in other organs as well. However, histological analysis of 

kidney, heart and testes revealed no detectable changes between dT and ZAG-expressing 

cell-implanted mice (Fig. 18A-C), suggesting that ZAG largely acts on the adipose tissues. 

Taken together, our results suggest that higher circulating levels of ZAG not only causes 

lipolysis in the WAT, but also induces a brown-like phenotype. 
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Figure 16 
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 Figure 16: ZAG induces brown-like morphology in the ZAG-cell-implanted mice. (A-C) 

Representative H&E stained eWAT, BAT and liver sections of athymic nude mice 6 weeks after 

implantation of dT or ZAG-expressing 293 cells.  
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Figure 17 
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Figure 17: ZAG does not elevate IL-6, TNFα and PTHrP levels. (A-C) Serum levels of TNFα, IL-6 

and PTHrP in dT and ZAG-expressing 293 cell-implanted athymic nude mice 6 weeks after implantation. 

Data are expressed as mean ± SD; n=6; n.s. Not significant 
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Figure 18 
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Figure 18: ZAG does not induce atrophy in other organs. (A-C) Representative H&E stained 

kidney, heart and testis sections of athymic nude mice 6 weeks after implantation of dT or ZAG-

expressing HEK293 cells. 
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5. ZAG Strongly Induced the Expression of Beige, Mitochondrial and 

Thermogenic Genes in WAT  

WAT browning is known to occur predominantly in the inguinal WAT (iWAT) 

followed by ependymal WAT (eWAT) in response to certain stimuli such as β3-adrenergic 

receptor (β-AR) agonists (M. Harms & Seale, 2013; Ohno, Shinoda, Spiegelman, & 

Kajimura, 2012). To investigate whether ZAG induces browning in the WATs, we 

analyzed the expression of beige, thermogenic and mitochondrial genes, and detected a 

strong up-regulation of these genes in the eWAT of ZAG-cell-implanted mice compared 

to dT-cell-implanted mice (Fig. 19A-C). After 3 weeks of ZAG-cell-implantation, the 

amount of iWAT was reduced, and we were unable to extract sufficient amounts of RNA 

or protein for more extensive analysis. Six weeks after implantation, iWAT completely 

disappeared in ZAG-cell-implanted mice. Therefore, we mainly utilized eWAT for further 

molecular analysis. Brown-like adipocytes within WAT can be generated in response to 

prolonged cold exposure or peroxisome proliferator-activated receptor gamma (PPARƔ) 

and β-AR agonists (Kajimura, Spiegelman, & Seale, 2015). Stimulation of β-AR in turn 

activates cAMP-dependent protein kinase A (PKA), which ultimately induces or stabilizes 

PR domain containing 16 (Prdm16). By inducing the expression of peroxisome 

proliferator-activated receptor alpha (PPARα), CCAAT-enhancer-binding protein 

(c/EBPβ), PPARƔ and peroxisome proliferator-activated receptor gamma coactivator 1-

alpha (PGC1α), Prdm16 promotes brown-like differentiation (Hale et al., 2001; M. Harms 

& Seale, 2013; Ohno et al., 2012; Seale et al., 2011; J. Wu et al., 2012) (Fig. 20A). Since 

activation of β-AR signaling is one of the earlier events that occur during the differentiation 

of progenitors into brown-like adipocytes, we asked whether ZAG activates the β-AR/PKA 
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signaling pathway. Analysis of PKA activation by measuring the phosphorylation levels of 

PKA substrates revealed significantly higher PKA substrate activation in the eWAT of 

ZAG-cell-implanted mice compared to dT-cell-implanted mice (Fig. 20B). Furthermore, 

we also detected strong up-regulation of brown adipocyte thermogenic genes such as early 

b cell factor 2 (Ebf2), Prdm16, PGC1α, steroid receptor coactivator-1 (SRC1), cell death 

activator  (Cidea), interferon regulatory factor 4 (IRF4) and UCP1 at the protein level in 

the eWAT of ZAG-cell-implanted mice compared to dT-cell-implanted mice (Fig. 20B). 

β-AR activation also induces COX-2, a rate limiting enzyme in prostaglandin synthesis, 

that is known to promote WAT browning( Fig. 20A) (Vegiopoulos et al., 2010). Since 

higher circulating levels of ZAG appear to activate the β-AR pathway, we also measured 

and detected elevated levels of COX-2 (Fig. 21A), and increased COX-2 enzymatic activity 

(Fig. 21B) in the eWAT of ZAG-cell-implanted mice compared to dT-cell-implanted mice. 

Collectively, these data suggest that elevated circulating levels of ZAG stimulates the β-

AR pathway, induce thermogenic gene expression, and promote WAT browning. 
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Figure 19 
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Figure 19: ZAG induces thermogenic gene expression in the eWAT. Relative mRNA transcript levels 

of (A) beige, (B) mitochondrial and (C) thermogenic genes in the eWAT of dT or ZAG-expressing-cell-

implanted mice. All the qPCR data are expressed as mean ± SD, n=5; *p<0.05, **p<0.005, ***p<0.0005.. 
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Figure 20 

 

 

 

 

 

 

 

 

 

 

 

 



 

83 

 

Figure 20 continued 
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Figure 20: ZAG induces thermogenesis in the eWAT via the activation of the β-AR/PKA 

signaling pathway. (A) Schematic representation for the β-AR/PKA signaling pathway. (B) 

Western Blot showing the expression levels of indicated proteins in the eWAT of dT or ZAG-

cell-implanted mice. Tissues were collected 6 weeks after the cell implantations. 
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Figure 21 
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Figure 21: ZAG increases COX-2 activation eWAT. (A) Expression levels of Ebf2, PGC1α and COX-

2 in the eWAT of dT and ZAG-cell-implanted mice (B) COX-2 enzymatic activity in the eWAT lysates 

of dT and ZAG-expressing-cell-implanted mice.  Data are mean ± SD, n=4; **p<0.005. COX-2 expression 

and activity assays were performed using eWAT tissue lysates. Tissues were collected 6 weeks after the 

cell implantations. 
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6. ZAG Promotes Brown Adipocyte Differentiation in White Adipocyte 

Progenitor Cells 

WAT not only consists of mature adipocytes that are filled with triglycerides (TGs) 

but also contain a stromal vascular fraction (SVF) where the preadipocytes or white 

adipocyte progenitors reside (Rodeheffer, Birsoy, & Friedman, 2008). In response to 

thermogenic stimuli such as prolonged cold exposure or PPARƔ and β3-AR agonist 

treatments, white adipocyte progenitors differentiate into brown-like (beige/brite) cells 

resulting in WAT browning (M. Harms & Seale, 2013; Ohno et al., 2012; Seale et al., 2011) 

. Since ZAG-cell-implanted mice exhibited a brown-like phenotype in the WATs (Fig. 20-

21), we wondered whether ZAG, in addition to depleting lipid from the mature white 

adipocytes, could also stimulate white adipocyte progenitors to differentiate into brown-

like cells. To investigate this possibility, we harvested the SVF from wild-type C57BL/6J 

mice WATs and cultured white adipose progenitors as described previously (Aune, Ruiz, 

& Kajimura, 2013; Rajakumari et al., 2013). Notably, we detected a robust increase in the 

differentiation of white adipocyte progenitors into brown adipocytes when the 

differentiation medium was supplemented with ZAG recombinant protein (1µg/ml), as 

revealed by enhanced expression of the adipocyte differentiation marker aP2 and Oil-Red-

O staining (Fig. 22A-D). At the molecular level, adipose progenitors differentiated in the 

presence of ZAG protein displayed increased expression of beige (cluster of differentiation 

40 (CD40), CD137), mitochondrial (cytochrome c oxidase polypeptide 7a1 (Cox7a), 

Cytochrome c oxidase subunit 8B (Cox8b)) and thermogenic (Ebf2, Prdm16, PPARƔ, 

PGC1α, SRC1, iodothyronine Deiodinase 2 (Dio2), Cidea and UCP1) genes in day 4- and 

day 8-differentiated cells compared to vehicle-treated cells (Fig. 22D-E). However, when 
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we treated cells with a higher concentration of recombinant ZAG protein (2.5ug/ml), we 

detected impaired proliferation and increased death of progenitor cells, suggesting that 

higher levels of ZAG could be toxic to the cells. Together, these results indicate that ZAG 

promotes the differentiation of white adipose progenitors into brown-like cells by 

stimulating the expression of PPARƔ, Ebf2, Prdm16 and PGC1α.  
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Figure 22 
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Figure 22 continued 
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Figure 22: ZAG stimulates brown adipogenesis in white adipocyte progenitor cells. (A-B) 

Representative bright field images of day 5 and day 8 differentiating white adipose progenitor cells showing 

more adipocyte morphology in ZAG recombinant protein-treated cells. (C) Oil-Red-O staining pictures of 

vehicle or ZAG protein-treated day 8 differentiating white adipose progenitor cells. (D-E) Relative mRNA 

transcript levels of beige, mitochondrial and thermogenic genes in day 0, 4 and 8 differentiated adipose 

progenitors treated with vehicle (PBS) or ZAG recombinant protein (1µg/ml media). Data are expressed as 

mean ± SD, n=3; *p<0.05, **p<0.005, ***p<0.0005. 
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7. ZAG Stimulates Brown-Like Differentiation in MEFs 

To further investigate if ZAG, indeed, can stimulate brown-like differentiation in 

progenitor cells, we utilized dT and ZAG-expressing MEFs as an alternative model. MEFs 

are unprogrammed cells that share several mesenchymal stem cell characteristics and can 

differentiate into several mesenchymal lineages (Yusuf et al., 2013). MEFs can also be 

induced to differentiate into brown-like adipocytes (Hansen et al., 2004). Thus, we 

attempted to generate primary MEFs with stable ZAG expression. However, these cells 

showed impaired proliferation and increased cell death in response to ZAG expression 

followed by drug selection, indicating that primary MEFs are sensitive to higher levels of 

ZAG expression (data not shown). Thus, we utilized immortalized MEFs. Unlike primary 

MEFs, immortalized MEFs do not efficiently differentiate into adipocytes unless either 

PPARƔ or C/EBPα is expressed (Rosen & MacDougald, 2006). Therefore, we asked 

whether ZAG induces differentiation in immortalized MEFs by inducing the expression of 

PPARƔ, the master regulator of adipocyte differentiation (Lowell, 1999; Rosen et al., 

2002). As expected, we detected very little adipocyte differentiation in the control 

immortalized MEFs; however, ZAG-expressing immortalized MEFs showed increased 

differentiation as revealed by enhanced expression of the adipocyte differentiation marker 

aP2 and Oil-Red-O staining (Fig. 23A-H, I, K). At the molecular level, ZAG-expressing 

MEFs displayed strong induction of PPARƔ (Fig. 23J-K) and increased expression of 

beige, mitochondrial and thermogenic genes in day 2 and day 4 differentiated cells 

compared to dT-MEFs (Fig. 23I-J). At the protein level, ZAG expression was strongly 

induced in the course of differentiation (Fig. 23K), and ZAG-expressing MEFs displayed 

strong expression of adipocyte Protein 2 (aP2), PPARƔ, Ebf2, Prdm16, PGC1α, SRC1, 
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Dio2 and UCP1 during differentiation, whereas dT-MEFs did not show expression of these 

proteins, indicating lack of differentiation (Fig. 23K). ZAG-expressing MEFs displayed 

increased respiration (VO2) in day 2- and day 4-differentiated cells compared to dT-MEFs 

(Fig. 23L). Together, these results indicate that ZAG promotes differentiation of MEFs into 

brown-like cells by stimulating the expression of PPARƔ, Ebf2, PRDM16 and PGC1α.  
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Figure 23 
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Figure 23 continued 
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Figure 23 continued 
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Figure 23: ZAG promotes brown adipogenesis in MEFs. (A-B) Representative images showing the 

expression of dTomato or ZAG (untagged dTomato) fluorescence/expression in day 2 differentiating 

MEFs. (C-D) Bright field images showing increased round adipocyte morphology in day 2 differentiating 

ZAG-expressing MEFs compared to dT-expressing MEFs. (E-H) Oil-Red-O staining pictures of day 2 

and day 4 differentiating ZAG-expressing MEFs compared to dT-expressing MEFs. (I-J) Relative 

mRNA transcript levels of beige, mitochondrial and thermogenic genes in day 0, 2 and 4 differentiated 

ZAG-expressing MEFs compared to dT-expressing MEFs. Data are expressed as mean ± SD, n=3; 

*p<0.05, **p<0.005, ***p<0.0005. (K) Western blots showing the expression levels of ZAG, aP2 

(adipocyte differentiation marker) and different thermogenic proteins in differentiating dT and ZAG-

expressing MEFs at the indicated time points after inducing brown adipogenesis. (L) VO2 rate of dT and 

ZAG-expressing MEF differentiated cells (n = 4). Data are expressed as mean ± SD, n=3; *p<0.05, 

**p<0.005. 
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8. ZAG Induces Prdm16 Expression by Promoting Ebf2/PPARƔ 

Recruitment to the Prdm16 Promoter 

In the adipocyte progenitor cells, Ebf2 induces Prdm16 expression by recruiting 

PPARƔ to the Prdm16 promoter. Once induced, Prdm16 promotes expression of PPARα, 

c/EBPβ, PPARƔ and PGC1α, thereby determining brown adipocyte cell fate (M. Harms & 

Seale, 2013; Rajakumari et al., 2013; Seale et al., 2008; Seale et al., 2011; Seale et al., 

2007; J. Wu et al., 2012). In the eWAT of ZAG-cell-implanted mice, and in differentiating 

adipocyte progenitor cells and differentiating MEFs, we detected increased expression of 

Prdm16 (Fig. 20, 22E, 23J-K). Therefore, we asked whether ZAG induces Prdm16 

expression via Ebf2/PPARƔ, both of which were strongly up-regulated in response to ZAG 

(Fig. 19C, 22E and 23J-K). To investigate this possibility, we co-expressed a Prdm16 

promoter-driven luciferase reporter vector along with Ebf2/PPARƔ/RXRα  in the presence 

or absence of a ZAG expression vector in C2C12 cells. In the absence of both PPARƔand 

Ebf2, ZAG expression alone did not result in any Prdm16 reporter activity (Fig. 24A). We 

observed induction of Prdm16 reporter activity in the presence of PPARƔ alone, which 

was slightly enhanced when ZAG was co-expressed. In contrast, increased induction of 

Prdm16 was observed when both Ebf2 and PPARƔwere expressed, and was strongly 

enhanced when ZAG was co-expressed (Fig. 24A), indicating that ZAG induces Prdm16 

expression via Ebf2/PPARƔ. Previous studies demonstrated that after binding to the 

Prdm16 promoter, Ebf2 recruits PPARƔ to the Prdm16 promoter, which drives Prdm16 

expression (Rajakumari et al., 2013). Therefore, we asked if ZAG promotes Ebf2-mediated 

recruitment of PPARƔ to the Prdm16 promoter.  ChIP-qPCR assays in day 5-differentiated 

control and ZAG-expressing MEFs revealed increased binding of both Ebf2 and PPARƔto 
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the Prdm16 promoter region in ZAG-expressing MEFs compared to dT-expressing MEFs 

(Fig. 24B-C). Together, these observations indicate that ZAG stimulates Prdm16 

expression by inducing the expression of Ebf2 and PPARƔ and by promoting their 

recruitment to the Prdm16 promoter (Fig. 24D). 
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Figure 24 
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Figure 24 continued 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24:  ZAG increases PPARƔ and Ebf2 recruitment to the Prdm16 promoter. (A) Relative 

reporter activity of Prdm16 promoter-driven luciferase activity in the presence of PPARƔ, RXRα, Ebf2 and 

in the presence or absence of ZAG expression. Data are expressed as mean ± SD, n=3; *p<0.05, 

***p<0.0005. ZAG strongly enhanced Prdm16 promoter-driven luciferase activity when Ebf2 was present. 

(B-C) ChIP-qPCR analysis of Ebf2 binding to the Prdm16 promoter (B), and PPARƔ binding to the Prdm16 

promoter (C) in day 5-differentiated dT and ZAG MEFs after normalizing to IgG controls. Data are 

expressed as mean ± SD; n=2; **p<0.005, ***p<0.0005. (D) Schematic representation of the mechanism 

by which ZAG induces WAT browning in both mature and progenitor adipocytes. 
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9. ZAG Activates Thermogenesis in Inter-scapular BAT 

Our data, so far, suggests that ZAG plays a predominant role in inducing brown-

like differentiation in WAT by regulating the Ebf2/PPARƔ/Prdm16 pathway. Next, we 

asked whether increased circulating levels of ZAG only causes browning in the WATs or 

can also activate thermogenesis in the existing inter-scapular BAT. In response to 

thermogenic stimuli, the β-AR/PKA pathway is activated resulting in phosphorylation and 

activation of p38 MAPK, which activates PGC1α in BAT (Fig. 25A). Upon binding to 

PPARƔ, PGC1α regulates the expression of the majority of the thermogenic genes 

including UCP1 (M. Harms & Seale, 2013). Importantly, we detected strong induction of 

the majority of the thermogenic genes including UCP1 in the BAT of ZAG-cell-implanted 

mice compared to dT-cell-implanted mice (Fig. 25B-C). Furthermore we detected 

increased activation of p38 MAPK in the BAT of ZAG-cell-implanted mice compared to 

dT-cell-implanted mice (Fig. 25D). Next, we asked whether ZAG induces UCP1 

expression by promoting PPARƔ/PGC1α binding to the UCP1 promoter. To this end, we 

co-expressed UCP1 promoter-driven luciferase reporter vector along with PPARƔ/PGC1α 

in the presence or absence of the ZAG expression vector in cos7 cells. As predicted, ZAG 

expression significantly increased the UCP1 reporter activity (Fig. 26A). To further 

confirm that ZAG indeed promotes PPARƔ/PGC1α recruitment to the UCP1 promoter, 

we performed ChIP-qPCR assays in day 5-differentiated MEFs, which revealed increased 

binding of PPARƔ to the UCP1 promoter region in ZAG-expressing MEFs compared to 

dT-expressing MEFs (Fig. 26B). Collectively, these data suggest that ZAG stimulates 

UCP1 expression in the BAT by promoting the recruitment of PPARƔ/PGC1α to the UCP1 

promoter (Fig. 26C). 
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Figure 25 
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Figure 25 continued 
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Figure 25: ZAG induces thermogenesis in BAT. (A) Schematic representation of the β-

AR/PKA pathway activation in response to thermogenic stimuli. PKA phosphorylate and 

activates p38MAPK, which in turn drive different transcriptional responses in the BAT as the 

activation of PGC1α, which induce the transcription of downstream thermogenic genes, 

includingUCP1. (B-C) Relative mRNA transcript levels of mitochondrial and thermogenic 

genes in the BAT of dT or ZAG-expressing cell-implanted mice. BAT tissues were analyzed 6 

weeks after cell implantation in athymic nude mice. Data are expressed as mean ± SD, n=5; 

*p<0.05, **p<0.005, ***p<0.0005. (D) Western blots showing the expression levels of 

indicated proteins in the BAT of dT and ZAG-expressing cell-implanted mice.  
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Figure 26 
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Figure 26: ZAG induces UCP1 expression by promoting PPARƔ/Pgc1α binding to the UCP1 

promoter. (A) Relative reporter activity of UCP1 promoter-driven luciferase activity in the presence of 

PPARƔ, PGC1α and in the presence and absence of ZAG expression. Data are mean ± SD, n=3; 

**p<0.005. (B) ChIP-qPCR analysis of PPARƔ binding to the UCP1promoter in day 5 differentiated dT 

and ZAG MEFs after normalizing to 18S rRNA binding. Data are expressed as mean ± SD; n=2; *p<0.05, 

**p<0.005. n.s. Not significant. (C) Schematic representation of the mechanism by which ZAG induces 

thermogenesis in the BAT.  
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10. Elevated Circulating Levels of ZAG Enhance Body Energy 

Expenditure 

Numerous studies have shown that activation of BAT thermogenesis and/or WAT 

browning increases body energy expenditure (Abdul-Rahman et al., 2007; Bondar et al., 

2007; Diez-Itza et al., 1993; Hale et al., 2001). Since we have demonstrated that ZAG 

causes a brown-like phenotype in WAT (Fig 20-21) and stimulates thermogenic gene 

expression in the BAT (Fig. 25), we asked whether ZAG increases the total body energy 

expenditure. Mice implanted with ZAG-expressing cells displayed increased O2 

consumption, increased heat production, and lower RER (Fig. 27A-C), indicating that body 

energy expenditure as well as lipid consumption were increased in ZAG-cell-implanted 

mice compared to dT-cell-implanted mice. Moreover, ZAG-cell-implanted mice did not 

show any differences in food consumption and physical activity (Fig. 27D-E), further 

indicating that a failure to gain body weight (Fig. 14A) is due to atrophy of WAT, WAT 

browning and increased energy expenditure. 
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Figure 27 
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Figure 27: ZAG enhances body energy expenditure. (A-C) O2 consumption rate, heat production and 

RER in dT or ZAG-cell-implanted mice measured for 24 h using Oxymax/CLAMS (n=5). Data are 

expressed as mean ± SD; (D-E) physical activity and food consumption in dT or ZAG-expressing cell-

implanted mice measured for 24 h using Oxymax/CLAMS (n=5). Data are mean ± SD; **p<0.005. 

*p<0.05. n.s. Not significant. Metabolic cage data were collected 6 weeks after cell implantation in 

athymic nude mice. 
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11.  ZAG Increases Gluconeogenesis in the Liver 

Cancer cells reprogram their metabolism and switch to aerobic glycolysis. As a 

result, they consume large amounts of glucose (Jones & Thompson, 2009; C. Li, Zhang, 

Zhao, Ma, & Chen, 2016; Warburg, Wind, & Negelein, 1927). One of the essential tasks 

of tumor-derived secretory factors is to promote glucose production and release it into the 

circulation, so it can be utilized by tumor cells. Liver plays a central role in the production 

and release of glucose (Nordlie, Foster, & Lange, 1999; Pilkis, el-Maghrabi, & Claus, 

1988; C. Wu, Okar, Kang, & Lange, 2005). Therefore, it is likely that tumor secretory 

factors act directly on the liver to increase glucose production and release.  

Since ZAG is a tumor secretory factor, we asked whether ZAG contributes to the 

futile glucose recycling and energy wastage in cachexia. Accordingly, we analyzed the 

liver tissues collected from dT and ZAG-cell- implanted mice. In addition to its effects on 

lipolysis, ZAG increased glucose production in the liver tissues collected from ZAG-cell-

implanted mice in comparison to the control (Fig. 28). Moreover, ZAG-cell-implanted 

mouse livers displayed increased expression of the gluconeogenic genes 

phosphoenolpyruvate carboxykinase, (PEPCK), glycerol kinase (GK) and Glucose-6-

phosphatase (G6pase) compared to dT-cell-implanted mice (Fig. 28A). Previous studies 

demonstrate that activated cAMP responsive element binding protein (CREB) promotes 

the expression of gluconeogenic genes and glucose production in the liver (Herzig et al., 

2001; Koo et al., 2005; H. V. Lin & Accili, 2011). Most interestingly, we also detected 

enhanced phosphorylation of CREB, indicating its activation in the ZAG-cell-implanted 

mouse livers compared to controls (Fig. 28B). On the other hand, we detected a moderate 

inhibition of the phosphorylation of alpha serine/threonine-protein kinase (AKT) and 
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pyruvate dehydrogenase kinase 1 (PDK1) (Fig. 28C). AKT is responsible for the regulation 

of insulin-mediated glucose uptake and storage in the form of glycogen (Hajduch, 

Litherland, & Hundal, 2001; Summers, Garza, Zhou, & Birnbaum, 1998; Summers et al., 

1999). While PDK1 is required for the activation of AKT, both are phosphorylated during 

activation of the insulin signaling pathway (Boucher, Kleinridders, & Kahn, 2014; 

Manning & Toker, 2017; Song, Ouyang, & Bao, 2005). Together, these results suggest that 

the up-regulated ZAG levels in the liver may directly enhance hepatic gluconeogenesis to 

supply the tumors with the glucose required for their growth. However, further experiments 

are still required to investigate this possibility. Thus, in our laboratory we have successfully 

generated ROSA 26 locus-specific ZAG transgenic (Tg) mice.  By crossing these mice to 

tissue-specific Cre mice we can selectively express and secrete ZAG from different tissues 

such as intestine and liver (Fig. 29).  We generated both ZAG Tg Villin Cre+ and ZAGTg-

Albumin Cre+ animal models as an initial step to further study the effects of ZAG expression 

in a more relevant animal model. 

 Together, our observations suggest that ZAG not only causes lipolysis in the WAT, 

but also regulates liver glucose metabolism in order to increase energy expenditure in the 

body. Since lipolysis of  TGs generates free fatty acids (FFAs) and glycerol, and glycerol 

is one of the major substrates for liver gluconeogenesis (Reshef et al., 2003; Rui, 2014), 

our results also suggest that ZAG-induced lipolysis in the WAT promotes liver glucose 

production by constantly supplying glycerol (Fig. 15) to the liver of ZAG-cell-implanted 

mice. 
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Figure 28 
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Figure 28 continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: ZAG induces gluconeogenic gene expression in liver. (A) Relative mRNA transcript levels 

of gluconeogenesis genes in the liver of dT and ZAG-cell-implanted mice (n=6). Data are expressed as 

mean ± SD; *p<0.05, **p<0.005, ***p<0.0005. (B-C) Western blots of indicated proteins in the livers 

of dT and ZAG-cell-implanted mice 6 weeks after cell implantation in athymic nude mice. 
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Figure 29 
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Figure 29: ZAG expression levels in ZAG 
Tg

 Villin 
Cre+ 

and ZAG
Tg-

Albumin 
Cre+ 

mice. (A) Western 

blots of indicated proteins in the intestinal lysate of ZAG 
Tg

 Villin 
Cre+ 

(n=4) and (B) liver lysate ZAG
Tg-

Albumin 
Cre+ 

mice (n=3).  
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IV. DISCUSSION 

 

Cancer cachexia is a complex condition of tissue wasting that affects up to 80% of 

cancer patients.  To date, there is no effective treatment for cachexia due to the complex 

nature of this condition. The majority of tumors produce and discharge large numbers of 

cytokines into the circulation. These cytokines target various organs and alter their cellular 

and/or metabolic functions. Although many cytokines function independently, they often 

work in coordination with one another to produce a more potent effect (Coussens & Werb, 

2002). Therefore, understanding the individual contribution of a specific tumor secretory 

factor to the development of the various signs and symptoms of cachexia is relatively 

difficult. It requires an animal model where only the cytokine of interest is secreted 

continuously from an implant or tissue. This facilitates investigation of its role in metabolic 

alteration and white adipose tissue (WAT) browning in cachexia. Some previous studies 

attempted to examine the effects of individual cytokines by administering purified 

recombinant proteins in animal models (Busquets et al., 1998; Janssen et al., 2005). In these 

previous studies, the purified recombinant protein was administered either as 

intraperitoneal bolus injections or as continuous infusion of low, moderate, or high doses 

on a short-term basis (7-days) (Deboer, 2009; Thompson et al., 1987). However, one of the 

drawbacks of this approach is that some cytokines are very short-lived and produce a strong 

acute effect immediately after administration that wears off gradually over time (Thompson 

et al., 1987; Yoshimura et al., 2015). This does not perfectly mimic tumor-induced 

cachexia where the tumors continuously produce and release various cytokines into the 
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blood stream. To mimic tumor-induced cachexia and examine the specific functions of 

ZAG in adipose tissue-specific metabolic alterations, we utilized in this study an in vivo 

cell implantation model, where we implanted ZAG-overexpressing cells into athymic nude 

mice, to achieve a steady and continuous secretion of ZAG to the mouse blood circulation 

throughout the experiment. Accordingly, our model closely mimicked the secretion of 

ZAG from a tumor and thus allowed us to explore the specific role of ZAG in the 

development of some of the signs and symptoms of cachexia without compromising the 

overall health status of the experimental mice. Our model allowed us to monitor the mice 

closely for a prolonged period of time, unlike other cachexia animal models where the mice 

become cachexic rather quickly, making it difficult to study the development of cachexia 

(Deboer, 2009). 

ZAG has been demonstrated to function as a lipid-mobilizing factor that induces 

lipolysis in white adipocytes (Bing et al., 2004; Taylor et al., 1992). Several studies have 

shown that the administration of ZAG recombinant protein in either wild-type C57BL/6J 

or ob/ob mice results in a significant, prompt reduction of total body weight and in the 

weight of WAT isolated from these mice (Mracek, Gao, et al., 2010; Russell & Tisdale, 

2011). Moreover, ZAG administration enhanced in vivo lipolysis and inhibited lipogenesis 

in the isolated WAT (Bing et al., 2004; Russell & Tisdale, 2011). In our study, we observed 

very low expression of ZAG in WATs compared to other tissues, suggesting that WATs 

might maintain a very low level of ZAG to prevent unwanted lipolysis under normal 

conditions. However, ZAG is highly expressed in numerous cancers, and thus has been 

used as a cancer biomarker (Bondar et al., 2007; Loumaye & Thissen, 2017; Yang et al., 

2011).  ZAG levels are elevated not only in the serum of cancer patients, but also in the 
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urine of cancer-associated cachexia patients, which appears to be correlated to cachexia-

associated weight loss (Abdul-Rahman et al., 2007; Bondar et al., 2007; Diez-Itza et al., 

1993; Hale et al., 2001). This raises an important question: what happens when the 

circulating levels of ZAG are elevated? In our study, we detected extensive lipolysis and 

lipid depletion in the WATs of ZAG-cell-implanted mice, where ZAG levels were 

approximately three-fold higher compared to control dT-cell-implanted mice. We also 

noticed that the ZAG-cell-implanted mice failed to gain weight in comparison to their 

counterparts. Interestingly, although ZAG levels were higher in the circulation 3 weeks 

after ZAG-cell implantation, lipid depletion, WAT atrophy, and failure to gain body weight 

were mainly detectable at 6 weeks after ZAG-cell implantation. ZAG-induced lipolysis is 

activated in adipocytes via activation of β3-adrenoceptors (β-AR) and activation of the 

cAMP pathway (Russell et al., 2002). Stimulation of β-AR in turn activates cAMP-

dependent protein kinase A (PKA), which phosphorylates hormone-sensitive lipase (HSL) 

and increases adipocyte lipolysis (Yeaman, 2004). In this context, an important question 

arises: If ZAG has the ability to stimulate β3-AR, does ZAG promote WAT browning? 

This question arises mainly because activation of the β3-AR pathway not only stimulates 

lipolysis in white adipocytes but also stimulates thermogenesis in mature brown 

adipocytes, and chronic β3-AR activation causes WAT browning (Cypess et al., 2015; M. 

Harms & Seale, 2013; Seale et al., 2011; Stine et al., 2016). Consistent with this idea, we 

detected a brown-like phenotype in the WATs of mice when the circulating levels of ZAG 

were persistently elevated. Consistently, higher circulating ZAG levels strongly activated 

PKA signaling in the WAT as evidenced by enhanced phosphorylation of PKA substrate, 

and induced the expression of beige, mitochondrial and thermogenic genes such as Ebf2, 
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Prdm16, PGC1α, UCP1, SRC1 and IRF4 in the WATs. Moreover, COX-2, a rate-limiting 

enzyme in prostaglandin synthesis that functions downstream of β-AR and promotes WAT 

browning via the activation of PGI2/PTGIR/PPARƔ signaling pathway (Vegiopoulos et 

al., 2010), was also strongly induced in the WATs in response to ZAG. Overall, our 

observations suggest that ZAG activates the β-AR pathway to induce robust browning in 

the WAT. In response to chronic cold exposure, which stimulates β-AR, or treatment with 

β-AR agonists (CL-316,243, mirabegron and amibegron) or PPARƔ agonists 

(thiazolidinedione class of drugs), UCP1-expressing beige adipocytes develop within 

WAT. Furthermore, these stimuli induce white adipose progenitors in the WAT to 

differentiate into brown-like adipocytes (L. Cao et al., 2011; M. Harms & Seale, 2013; 

Ohno et al., 2012; Petrovic et al., 2010; Seale et al., 2011). Interestingly, in our study, we 

found that stimulation of white adipose progenitors with ZAG recombinant protein or 

expression of ZAG in immortalized MEFs significantly enhances brown-like 

differentiation in vitro. However, although differentiation of white adipose progenitors into 

beige adipocytes mainly contributes to WAT browning, we cannot completely exclude the 

possibility that a small fraction of mature white adipocytes might also have trans-

differentiated into brown-like cells in response to ZAG, which depleted lipid from the 

mature adipocytes. 

Beige adipocytes are mainly derived from adipose progenitor/precursor cells (Q. A. 

Wang, Tao, Gupta, & Scherer, 2013), where induction of Prdm16 transcriptionally 

activates several factors such as PPARα, PPARƔ and PGC1α to promote beige adipocyte 

differentiation (Kajimura et al., 2009; Seale et al., 2007). Ebf2 and PPARƔ function 

upstream of Prdm16, where Ebf2 recruits PPARƔ to the Prdm16 promoter, which induces 
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Prdm16 expression (Rajakumari et al., 2013; Seale et al., 2008; Seale et al., 2007). Forced 

expression of Prdm16 or Ebf2 is sufficient to drive white adipose precursors into brown-

like UCP1-expressing cells in vitro and in vivo (Kajimura et al., 2009; Seale et al., 2008; 

Seale et al., 2011; Stine et al., 2016). Prolonged cold exposure or PPARƔ or β-AR agonist 

treatments that promote WAT browning also activate or stabilize Prdm16 (M. Harms & 

Seale, 2013; Ohno et al., 2012; Stine et al., 2016). Collectively, these previous studies 

demonstrate that the Ebf2/PPARƔ/Prdm16 pathway plays a central role in the 

differentiation of adipose progenitors into brown-like cells. In our study, we found that 

increased circulating levels of ZAG enhances the expression of Prdm16 in the WAT and 

in differentiating adipose progenitors and MEFs. At the molecular level, forced expression 

of ZAG increased PPARƔ and Ebf2 expression as well as their recruitment to the Prdm16 

promoter, suggesting that ZAG activates the Ebf2/PPARƔ/Prdm16 pathway to drive white 

adipose progenitors towards brown-like cells (Fig. 30). Therefore, ZAG appears to function 

similarly to a β-AR agonist, and the observed WAT browning phenomenon in ZAG-cell-

implanted mice could be due to ZAG’s ability to force white adipose progenitors to 

differentiate into brown-like cells. A previous study showed that when the primary 

adipocytes isolated from BAT and WAT were incubated with purified ZAG protein for 24 

hr, it induced UCP1 mRNA in brown but not in white adipocytes (Sanders & Tisdale, 

2004). In our in vivo model, the circulating levels of ZAG were persistently higher for 6 

weeks, and we detected a brown-like phenotype in the WAT after 6 weeks, suggesting that 

ZAG-induced browning or induction of thermogenic genes occurs in the long term and not 

in response to short-term treatments. 
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The β-AR/PKA/p38 MAPK pathway is known to phosphorylate and activate 

PGC1α (M. Harms & Seale, 2013). PGC1α is the master transcriptional coactivator that is 

involved in the activation of thermogenesis in BAT in response to cold or β-AR stimuli (J. 

Lin et al., 2004; Puigserver et al., 1999; Puigserver et al., 1998). In the BAT of ZAG-cell-

implanted mice, we detected increased levels of phosphorylation and activation of p38 

MAPK and increased recruitment of PPARƔ to the downstream target genes such as the 

UCP1 promoter, which resulted in enhanced expression of UCP1 and other thermogenic 

genes (Fig. 30). There are contradicting reports on the induction of UCP1 and activation of 

thermogenesis in BAT in response to treatment with ZAG recombinant protein. A few 

studies demonstrated that purified ZAG protein induced UCP1 expression in primary 

brown adipocytes, and administration of ZAG in mice caused up-regulation of UCP1 

mRNA and protein in BAT (Bing et al., 2002; Russell et al., 2002; Sanders & Tisdale, 

2004). However, another recent study showed no induction of UCP1 or activation of 

thermogenesis in response to ZAG administration (Wargent et al., 2013). These 

discrepancies could be due to differences in the dose of ZAG protein administered, length 

of treatment, and the specific mouse strains used. In our model, which closely mimics 

continuous secretion of ZAG from a tumor, we observed not only strong induction of 

thermogenic genes including UCP1 in the BAT, but we also observed robust browning in 

the WAT in response to ZAG. Due to WAT browning and enhanced BAT thermogenesis, 

ZAG-cell-implanted mice displayed increased O2 consumption and heat production, 

suggesting that total body energy expenditure is increased. In ZAG-cell-implanted mice, 

adipose tissue atrophy, WAT browning, and increased body energy expenditure did not 

stimulate a compensatory increase in food intake. This observation is consistent with 
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previous reports where WAT browning, increased body energy expenditure and loss of 

body weight did not alter food intake in several mouse models (Kong et al., 2014; Seale et 

al., 2011; Svensson et al., 2016), suggesting that WAT browning-associated energy 

wasting does not necessarily trigger a compensatory increase in food intake. 

Our observations raise another important question: do secretory factors or cytokines 

have the ability to induce WAT browning, which is known to occur mainly in response to 

chronic cold exposure or prolonged β-AR agonist treatments? Recently, it was 

demonstrated that circulating levels of IL-6 are increased in cachectic mice and patients 

(Bayliss, Smith, Schuster, Dragnev, & Rigas, 2011; Petruzzelli et al., 2014) and promotes 

WAT browning in mice, suggesting that IL-6 is one of the mediators of WAT browning 

(Petruzzelli et al., 2014). It was also demonstrated that the tumor-derived parathyroid-

hormone-related protein (PTHrP) causes WAT browning in the Lewis lung carcinoma 

model of cancer cachexia (Ohno et al., 2012). In our model, higher circulating levels of 

ZAG did not induce IL-6 or PTHrP production, suggesting that IL-6 or PTHrP do not 

mediate ZAG-induced WAT browning and that the observed browning in our in vivo model 

is directly induced by the elevated ZAG circulatory levels.  

Cancer cells reprogram their metabolism and switch to aerobic glycolysis (Jones & 

Thompson, 2009; C. Li et al., 2016; Warburg et al., 1927). As a result, they consume large 

amounts of glucose. One of the essential tasks of tumor-derived secretory factors is to 

promote glucose production and release it into the circulation, where it is utilized by tumor 

cells. Liver plays a central role in the production and release of glucose (Nordlie et al., 

1999; Pilkis et al., 1988; C. Wu et al., 2005). Therefore, it is quite possible that the tumor 

secretory factors act directly on the liver to increase glucose production and release. Our 
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studies show that ZAG causes massive lipolysis in the WAT. Since lipolysis of 

triglycerides (TGs) generates free fatty acids(FFAs) and glycerol, and glycerol is one of 

the major substrates for liver gluconeogenesis (Reshef et al., 2003; Rui, 2014), this brings 

up an important question: does ZAG-induced lipolysis in the WAT promote liver glucose 

production and glucose recycling between the liver and tumor? As predicted, we found that 

ZAG-induced lipolysis in the WAT leads to increased circulating levels of glycerol and 

FFAs, which is associated with enhanced liver glucose production. Furthermore, 

gluconeogenic gene expression was also enhanced in the livers of ZAG-cell-implanted 

mice in comparison to the dT-cell-implanted mice. Together, these data suggest that ZAG-

induced lipolysis in WAT led to an increase in gluconeogenic substrate (glycerol) 

availability, ultimately leading to enhanced gluconeogenesis and enhanced glucose 

production in the liver. These findings warrant future studies, utilizing a relevant tumor 

model, to directly test if ZAG causes glucose recycling (glucose-pyruvate-lactate) between 

the liver and tumor. In our laboratory we have successfully generated ROSA26 locus-

specific ZAG transgenic mice to selectively express and secrete ZAG from different tissues 

such as intestine or liver to better understand the effects of increased circulatory levels of 

ZAG in glucose and lipid recycling between liver and tumor. In summary, our study 

demonstrates that a long-term elevation of the circulating levels of the tumor-derived 

secretory factor ZAG can cause enhanced WAT lipolysis, induction of WAT browning, 

enhanced BAT thermogenesis, and an increase in total energy expenditure.  Our study also 

suggests that ZAG plays a role in glucose recycling between the liver and tumor cells. 

Since WAT browning is treacherous in the context of cancer since it accelerates energy 
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wasting, our study highlights ZAG as an attractive and promising target to block WAT 

lipolysis, futile glucose recycling, and associated energy wasting in patients with cachexia. 
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Figure 30 

 

 

 

 Figure 30: Schematic representation of the major findings of the study. Tumors secrete various tumor 

secretory factors including ZAG, which induces browning in the WAT and enhances thermogenesis in the 

BAT, where they both contribute to cachexia energy wasting. 
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V. SUMMARY 

 

While previous studies demonstrate that Zinc-α2-glycoprotein (ZAG) can induce 

lipolysis, its role in white adipose tissue (WAT) browning and the underlying mechanisms 

remain unclear. In our study, we utilized a ZAG-expressing cell implantation model to 

study the effects of increased circulating levels of ZAG in mice. Notably, the in vivo results 

show that in addition to induction of lipolysis, high circulatory levels of ZAG for a 

prolonged period (6 weeks after implantation) is sufficient to induce WAT browning in 

mice. ZAG-cell-implanted mice showed enhanced lipolysis and atrophy in their WAT. 

Moreover, we detected a brown-like morphology in the WAT of ZAG-cell-implanted mice 

in comparison to the control. ZAG strongly induced the expression of beige, mitochondrial 

and thermogenic genes in the WAT of the ZAG-cell-implanted mice in comparison to the 

control. Consistently, in vitro studies demonstrated that ZAG can also induce brown-like 

differentiation in the white adipose progenitors treated with ZAG recombinant protein and 

in ZAG-expressing mouse embryonic fibroblasts (MEFs). Mechanistically, we 

demonstrated that ZAG-induced WAT browning occurs via the transcriptional activation 

and up-regulation of Prdm16, a key transcriptional coregulator that controls the 

determination of brown adipocytes. We further demonstrated that transcriptional activation 

of Prdm16 is mediated by enhanced expression of PPARƔ and Ebf2 and their enrichment 

at the Prdm16 promoter region. In addition to its demonstrated role as an inducer of WAT 

browning,  ZAG can also stimulate thermogenesis in the existing brown adipose tissue 

(BAT), leading to increased total body energy expenditure. ZAG-induced thermogenesis 
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in BAT is mediated by the induction of PPARƔ and PGC1α, leading to transcriptional 

activation and up-regulation of UCP1. In conclusion, our results demonstrate that ZAG 

plays a key role in adipose tissue lipolysis and browning, and suggest that ZAG is an 

attractive and promising target to ameliorate cachexia in cancer patients. 
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VII. ABBREVIATIONS 

5-HT3: 5-hydroxytryptamine, or serotonin  

AC: Adenylyl cyclase 

AIDS: Acquired immune deficiency syndrome  

AKT: Alpha serine/threonine-protein kinase  

ALT: Alanine transaminase  

aP2: Adipocyte protein 2 

Atf2: Activating transcription factor 2  

ATP: Adenosine triphosphate 

B16: Melanoma cell line 

BAT: Brown adipose tissue 

c/EBPβ: CCAAT-enhancer-binding protein  

C2C12: Immortalized mouse myoblast cell line 

C57BL/6J: Black 6 mice 

CaCl2: Calcium chloride 

cAMP: Cyclic adenosine monophosphate 

CD137: Cluster of differentiation 137 

CD40: Cluster of differentiation 40  

cDNA: Complementary DNA 

ChIP: Chromatin immunoprecipitation 

Cidea: Cell death activator  

CMV-β-galactosidase: Cytomegalovirus -β-galactosidase promoter 
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CO2: Carbon dioxide 

Cos-7: Monkey kidney cell line 

COX-2: Cyclooxygenase-2  

Cox7a: Cytochrome c oxidase polypeptide 7a1  

Cox8b: Cytochrome c oxidase subunit 8B  

Cpt1b: Carmitine palmitoyl transferase 1b 

CREB: cAMP response element-binding protein  

Ct: Cycle threshold  

Cytc: cytochrome c 

Dio2: Iodothyronine deiodinase 2  

DMEM/F12: Dulbecco's modified Eagle medium and Ham's F-12 medium 

DMEM: Dulbecco's modified Eagle medium 

Ebf2: Early B cell factor 2  

ELISA: Enzyme-linked immunosorbent assay 

Elovl3: ELOVL fatty acid elongase 3 

Errα: Estrogen related receptor α 

eWAT: Epididymis WAT 

FBS: Fetal bovine serum  

FFAs: Free fatty acids  

G6Pase: Glucose-6-Phosphatase 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

GIT: Gastrointestinal tract 

https://en.wikipedia.org/wiki/Glyceraldehyde_3-phosphate_dehydrogenase
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GK: Glucokinase 

Gs: Stimulatory G protein 

H&E: Hematoxylin and Eosin 

h: hour 

HEK 293: Human embryonic kidney cell linr  

HRP: Horseradish peroxidase 

HSL: Hormone-sensitive lipase  

IACUC: Institutional Animal Care and Use Committee  

IBMX: 3-isobutyl-1-methylxanthine  

IF: Immunofluorescence  

IFNγ: Interferon γ  

IgG: Immunoglobulin G 

IHC: Immunohistochemistry 

IL-1:Interleukin-1  

IL-6: Interleukin-6  

IRF4: Interferon regulatory factor 4  

IU: International unit 

iWAT: Inguinal WAT 

LLC: Lewis lung carcinoma 

LMP: Lipid-mobilizing protein 

LXR: Liver X receptor  

MAC 16: Murine adenocarcinoma  
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MEFs: Mouse embryonic fibroblasts  

NaCl: Sodium chloride 

NaHCO3: Sodium bicarbonate  

NaOH: Sodium hydroxide 

NIH: National Institutes of Health  

nm: Nanometer 

Nrf1/Nrf2: nuclear respiratory factor 1/2 

O2: Oxygen 

ᴼC: Degree Celsius 

p38 MAPK: p38 mitogen-activated protein kinase  

PBS: Phosphate-buffered saline 

PBST: Phosphate-buffered saline with tween 20 

PDK1: Pyruvate dehydrogenase kinase 1  

PEPCK: Phosphoenolpyruvate carboxykinase 

Pgc-1α: Peroxisome proliferator-activated receptor gamma coactivator 1-alpha  

PIF: Proteolysis-inducing factor  

PKA: Protein kinase A 

PPARƔ: Peroxisome proliferator-activated receptor gamma 

pRB: Retinoblastoma protein  

Prdm16: PR/SET domain 16  

PTHrP: Parathyroid hormone-related protein  

qRT-PCR: Quantitative real-time polymerase chain reaction 
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RD: Regular diet  

REE: Resting energy expenditure 

RER: Respiratory exchange ratio 

RIP-140: Receptor interacting protein 140 

RIPA: Radio immunoprecipitation assay buffer  

rpm: Revolutions per minute 

RT: Room temperature  

RXRα: Retinoid X receptor alpha  

SDS lysis buffer: Sodium dodecyl sulfate lysis buffer 

SRC1: Steroid receptor coactivator 1 

SRC2: Steroid receptor coactivator 2 

SVF: Stromal vascular fraction  

T3: 3,3',5-triiodo-L-thyronine  

Tbx1: T-box 1 

TE buffer: Tris EDTA buffer                

TGs: Triglycerides 

TMB: 3,3’,5,5’-tetramethylbenzidine  

Tmem26: Transmembrane protein 26 

TNFα: Tumor necrosis factor α 

TRPV4: Transient receptor potential cation channel 4  

UCP1: Uncoupling protein 1  

VDR: Vitamin D receptor  
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vO2: Volume of oxygen consumed 

WAT: White adipose tissue 

ZAG: Zinc-α2-glycoprotein 

β3-AR: β3-adrenoceptors,aka β3-adrenergic receptor. fig 


