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ABSTRACT OF THE THESIS 

 

The role of exosomal Clic1 in metabolism 

by 

Charlotte Chenxin Yan 

 

Master of Science in Biology 

 

University of California San Diego, 2021 

 

Professor Olivia Osborn, Chair 

Professor Lorraine Pillus, Co-Chair 

 

 

Clic1, Chloride Intracellular Channel 1, is a ubiquitously expressed chloride channel 

protein known to be involved in various biological processes. In our previous studies, we have 

found that Clic1 is involved in olanzapine-induced hyperphagia and may play a role in food 

intake regulation. Also, it has been found that Clic1 is highly expressed in exosomes. Exosomes 

are small extracellular vesicles sized that are secreted from many different types of cells and act 

as information vehicles by transporting proteins and RNAs to the recipient cells. They can freely 

diffuse in all body fluids and be taken up by different organs. In recent years, it has been shown 



 ix 

that exosomes play an important role in inter-organ crosstalk in the homeostatic control of 

metabolism. The objective of this thesis is to discuss the potential role of exosomal Clic1 in the 

regulation of metabolic processes. In addition to literature review, we performed experiments by 

checking if the level of Clic1 expression would be affected by diet type and food deprivation. 

High-fat-diet fed mice had elevated plasma-derived exosomal Clic1 levels, but this effect was 

not significant. Fasting resulted in an approximately 2-fold increase in exosomal Clic1, and 

glucose injection resulted in a trend in decreased exosomal Clic1 expression, but these effects 

were also not statistically significant, and further additional samples need to be studied to 

determine a more consistent result. Taken together, this study suggests that future studies are 

needed to further investigate the potential role of exosomal Clic1 as a regulator of feeding 

behavior and a coordinator of metabolism.
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INTRODUCTION 

 

Chloride intracellular channels (Clics) 

Chloride ions are the principal anions involved in cell proliferation and cell apoptosis in 

human body (Lathrop and Loeb 1915; Heimlich and Cidlowski 2006). Chloride channels are a 

major type of anion channel. They play a significant role in the regulation of various fundamental 

cellular physiological processes and are involved in the occurrence of many pathological disorders 

(Gururaja Rao, Patel, and Singh 2020). Chloride channels perform diverse functions in living 

organisms, including GABA and glycine signaling, membrane potential stabilization, pH 

maintenance, cell volume regulation, and NaCl fluid transport (Suzuki, Morita, and Iwamoto 2005; 

Vardi and Zhang 2010).  

Chloride intracellular channel (Clic) proteins are a highly conserved family of chloride 

channels consisting of six distinct paralogues (Clic1-6) in mammals (Littler et al. 2010). A unique 

feature of Clic proteins is that they are a family of “metamorphic” proteins that can undergo 

reversible transitions between different folded conformations (Murzin 2008). Clic proteins were 

first discovered in 1989 by Landry et al. while purifying chloride channels related to cystic fibrosis. 

Among four major purified proteins, a protein with a molecular mass of 64 kilodaltons, named 

p64, was subsequently identified as a ubiquitous component of chloride channels (Redhead et al. 

1992). The primary sequence of p64, now renamed as Clic5B, showed no significant homology to 

any known proteins (Landry et al. 1993). Clic1 protein is the first cloned human member of the 

Clic family (Valenzuela et al. 1997), and the Clic1 gene is found to be located in the major 

histocompatibility complex (MHC) class III region on chromosome 6p21.3 (Lehner et al. 2004).  
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The function and distribution of Clic1 

Clic1 is expressed ubiquitously, but its biological and physiological functions are still not 

completely understood. Previous studies show that Clic1 is involved in the regulation of cell cycle 

(Valenzuela et al. 2000). For example, in Chinese hamster ovary (CHO­K1) cells, the chloride ion 

conductance of Clic1 in the plasma membrane was only detected in the G2/M phase of the cell 

cycle, and the inhibition by chloride channel blocker indanyloxyacetic acid 94 (IAA-94) arrested 

the cells in the G2/M phase (Valenzuela et al. 2000).  Other studies have shown that Clic1 plays a 

role in the activation of microglia (Novarino et al. 2004), the production of reactive oxygen species 

(ROS) (Milton et al. 2008), and the regulation of osteoblast differentiation (Yang et al. 2009).  

The distribution and expression patterns of Clic1 are tissue- and cell-type specific, 

indicating that Clic1 has different functions in different tissues (Ulmasov et al. 2007).  In adult 

mouse tissues, three patterns of Clic1 expression have been reported. In a variety of simple 

columnar epithelia, including stomach, small intestine, colon, bile ducts, pancreatic ducts, airway, 

epididymis tail, and kidney proximal tubule, Clic1 exhibits an apical-polarized pattern of 

expression; in the basal cells of some stratified squamous epithelia of the upper gastrointestinal 

tract, such as the non-keratinizing epithelia of the esophagus and the forestomach, Clic1 exhibits 

a non-polarized pattern of expression; in the skeletal muscle fibers, Clic1 is expressed throughout 

the cytoplasm (Ulmasov et al. 2007).   

 

The dimorphism of Clic1 

Clic proteins are dimorphic proteins that can exist in both soluble, globular form as well as 

membrane-associated ion channel form (Littler et al. 2010; Argenzio and Moolenaar 2016).  

Cytosolic soluble Clics contain a conserved “Clic module” of approximately 240 residues whose 



 3 

structure appears similar to the omega-class of glutathione-S-transferases (GSTs) and exhibit 

glutaredoxin-like glutathione-dependent oxidoreductase enzymatic activity (Dulhunty et al. 2001; 

Harrop et al. 2001; Al Khamici et al. 2015; Argenzio and Moolenaar 2016). Although an 

amphipathic motif consisting of β-strand 1, α-helix 1, and β-strand 2 in the glutaredoxin-like N-

domain is commonly regarded to form the transmembrane region of Clics, the structure of the ion 

channel form remains unclear (Fanucchi, Adamson, and Dirr 2008).   

Soluble Clic1 spontaneously inserts into preformed phospholipid vesicles to form a 

chloride-selective ion channel in the absence of a leader sequence targeting the membrane (Tulk, 

Kapadia, and Edwards 2002). However, the mechanism behind the transition between the soluble 

enzymatic form and the membrane-associated form of Clics remains controversial. Oxidative 

conditions can trigger a reversible non-covalent dimerization of Clic1 monomers whereby the 

glutaredoxin-like domain in Clic1 monomers undergoes a significant conformational change, 

exposing a new hydrophobic surface (Littler et al. 2004). During this transition from monomer to 

dimer, a critical intramolecular disulfide bond is formed between Cys-24 and Cys-59 in the N-

terminal of Clic1, which stabilizes the dimer structure (Littler et al. 2004). The resulting Clic1 

dimer can then successfully form chloride channels in the membrane. Other studies suggest that 

Clic1 monomers are oxidized and attached to the lipid bilayer first, followed by conformational 

changes that further promote its insertion into the membrane (Goodchild et al. 2009). The acidic 

environment at the surface of the membrane also primes the transmembrane region of Clic1 in 

favor of its insertion into the membrane, whereby the structure of Clic1 becomes destabilized to 

form partially unfolded intermediates of soluble Clic1 that contain exposed hydrophobic surfaces 

(Fanucchi, Adamson, and Dirr 2008). Furthermore, the activity of Clic1 as an ion channel is known 

to be highest at acidic pH and lowest at pH 7.0 (Tulk, Kapadia, and Edwards 2002).  
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Clic1 Knockout (KO) mice 

 Clic1 KO mice are viable and show no obvious phenotype in unstressed laboratory 

conditions (Chalothorn et al. 2009). However, upon various challenges, Clic1 KO mice display 

some phenotypic differences compared with WT littermates.  

Clic1 participates in inflammatory processes by regulating macrophage phagosomal 

functions such as pH and proteolysis. Clic1 is expressed on the phagosomal membranes of 

macrophages and of bone marrow dendritic cells (BMDCs), and phagosomal acidification is 

impaired in both Clic1 KO macrophages and BMDCs (Jiang et al. 2012; Salao et al. 2016). As a 

result, the proteolytic activity of macrophage and BMDCs phagosomes is reduced in Clic1 KO 

mice (Jiang et al. 2012; Salao et al. 2016). When challenged with serum from K/BxN mice that 

causes WT mice to develop arthritis (Monach et al. 2007), Clic1 KO mice are protected from 

developing this inflammatory condition, strongly suggesting that Clic1 is involved in pro-

inflammatory responses (Jiang et al. 2012).  In a similar inflammatory model of human 

demyelinating disease, multiple sclerosis (MS), Clic1 KO mice developed milder experimental 

autoimmune encephalomyelitis (EAE) disease due to a reduced capacity of Clic1 KO BMDCs to 

elicit the initial local response before secondary amplification of the immune response occurs at 

more distal sites (Salao et al. 2016). In addition, the absence of Clic1 attenuates some aspects of 

acute inflammatory injury in both acute pancreatic and acute kidney injury models and is 

associated with suppression of local production of reactive oxygen species (ROS) (Ulmasov et al. 

2017).    

Importantly, to date, there are no specific publications describing a role for Clic1 in 

metabolism. However, Ulmasov et al. (2017) reported that female Clic1 KO mice weigh 



 5 

significantly less than the wild-type control, raising the potential for Clic1 to play a role in the 

regulation of body weight.  

 

Overview of exosomes 

Clic1 is found in small extracellular vesicles (EVs) from multiple cell types and tissues.  

EVs are lipid membrane-bound nanoparticles containing lipids, nucleic acids, and proteins that are 

secreted by cells into the extracellular space (Zaborowski et al. 2015). EVs have various subtypes, 

including microvesicles (MVs), exosomes, and apoptotic bodies, which are differentiated based 

upon their biogenesis, release pathways, size, content, and function (Doyle and Wang 2019).  

Exosomes were first discovered in the maturation of reticulocytes and subsequently found to 

function as antigen-presenting vesicles (Johnstone et al. 1987; Raposo et al. 1996). Exosomes are 

small vesicles (30‐150 nm) that are generated via endosomal pathway and released via exocytosis 

(Raposo and Stoorvogel 2013; Doyle and Wang 2019). Exosomes are enriched with various 

proteins, including chaperones (HSP70, HSP90) and tetraspanins (CD9, CD63, and CD81) 

(Moreno-Gonzalo et al. 2014). Early endosomes are originated by the inward budding of plasma 

membranes and function as a major sorting station (Ziello, Huang, and Jovin 2010; Doyle and 

Wang 2019). The early endosomes mature into multivesicular endosomes (MVEs), by which small 

intraluminal vesicles containing specifically sorted molecules are formed by the inward budding 

of the delimiting membrane of early endosomes (Zhang et al. 2015; Guay and Regazzi 2017). The 

MVEs then fuse with lysosomes for degradation or with the plasma membrane for the release of 

the intraluminal endosomal vesicles as exosomes (Colombo, Raposo, and Théry 2014; Zhang et 

al. 2015; Guay and Regazzi 2017). The mechanism of how the cargos are sorted into exosomes is 

not well understood yet. Post-translational modifications, including ubiquitination, sumoylation, 
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and phosphorylation, are found in exosomal proteins and possibly play a role in the sorting process 

(Moreno-Gonzalo et al. 2014). miRNAs with GGCU (hEXO) motif are observed to be enriched in 

hepatocyte exosomes, and this motif directly binds to synaptotagmin-binding cytoplasmic RNA-

interacting protein (SYNCRIP), directing the sorting of exosomal miRNAs in hepatocytes 

(Santangelo et al. 2016). The endosomal sorting complexes required for transport (ESCRT) 

proteins are found to be involved in the generation of MVEs and the secretion of the exosomes. 

The ESCRT complex consists of approximately thirty proteins that assemble into four complexes, 

ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, named according to the order of their 

recruitments (Hanson and Cashikar 2012). ESCRT-0 initiates the sorting of cargos into MVEs and 

recruits ESCRT-I; ESCRT-I and ESCRT-II sort the cargos and promote the formation of 

intraluminal vesicles; ESCRT-III drives membrane budding and vesicle scission (Hanson and 

Cashikar 2012; Guay and Regazzi 2017). ESCRT-independent mechanisms also exist, and these 

mechanisms vary between different cell types. For example, tetraspanin protein CD-63 plays a role 

in the exosome formation of human melanoma cells (Verweij et al. 2011), whereas in 

oligodendroglial cell lines, MVE budding depends on an enzyme that produces ceramide, 

sphingomyelinase (Trajkovic et al. 2008).  

 

Exosomal Clic1 

Clic1 is one of the top 50 most commonly identified proteins in exosome preparations 

(Basso and Bonetto 2016) (Table 1). High levels of exosomal Clic1 are potential biomarkers of 

various types of cancer (Chang et al. 2009; Tang et al. 2011; Tang et al. 2013; Mathivanan et al. 

2010; Setti et al. 2015; Zhao et al. 2019). Overexpressed Clic1 is found in the conditioned medium 

of many different cancer cell lines (Setti et al. 2015; Mathivanan et al. 2010). In addition, the 
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plasma level of CLIC1 is significantly higher in patients with various cancers, including 

nasopharyngeal carcinoma (NPC) (Chang et al. 2009) and ovarian cancer patients (Tang et al. 

2011; Tang et al. 2013).  

Glioblastoma cells express high levels of Clic1, and they secrete Clic1 via EVs (Setti et al. 

2015). Functionally, Clic1-containing EVs derived from glioblastoma cells can promote the 

proliferation of recipient glioblastoma cells in vitro and enhance the growth of tumors in vivo 

(Setti et al. 2015).  Furthermore, the silencing of Clic1 in glioblastoma cells significantly impairs 

the growth-stimulating effects of the EVs they produce on recipient glioblastoma cells or tumors 

(Setti et al. 2015).  

High levels of exosomal Clic1 are also associated with chemotherapy resistance in cancer 

development. Vincristine is a chemotherapy medication used to treat a number of types of cancer.  

An elevated expression of Clic1 is observed in vincristine-resistance human gastric cancer cell 

lines, and siRNA-mediated silencing of intracellular Clic1 expression can reverse the resistance to 

vincristine (Zhao et al. 2019). Furthermore, exosomes derived from vincristine-resistance cell lines 

can promote the resistance to vincristine in recipient cells, possibly through the upregulation of 

the expression intracellular Clic1 and apoptosis-related factors (Zhao et al. 2019).  This study also 

demonstrates that the exosomal expression level of Clic1 mirrors the intracellular expression level 

(Zhao et al. 2019).  

 

The role of exosomes in intercellular communication 

Exosomes were originally thought to simply provide a way for cells to get rid of unneeded 

or unwanted material. However, it has since been found that exosomes have an important role in 

intercellular communication (Raposo and Stoorvogel 2013). Exosomes are secreted by various cell 
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types and play an important role in inter-organ crosstalk by transporting bioactive molecules, 

including proteins, mRNAs, and miRNAs (Guay and Regazzi 2017) (Figure 1). After being 

released from a cell, exosomes can then be taken up by recipient cells via a variety of processes 

(Guay and Regazzi 2017). Exosomes can bind to the receptors on the cell membrane and trigger 

intercellular signaling, as observed in mouse peritoneal macrophages (Miyanishi et al. 2007). 

Secondly, exosomes can be taken up by plasma membrane fusion, as seen in various tumor cells 

(Parolini 2009). In addition, exosomes can also be internalized into the cells via various endocytic 

pathways and then fuse with the endosomal membrane (Mulcahy, Pink, and Carter 2014).  

 

Figure 1. Schematic diagram of inter-organ cross talk mediated by exosomes. 
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Exosomes perform a critical function in the coordination between metabolic organs 

 Exosomes participate in cell-cell communication and cell maintenance and play an 

important role in inter-organ crosstalk (Doyle and Wang 2019) and the development of obesity-

related metabolic diseases (Zhang, Yu, and Tian 2016).  

Exosomes secreted from adipose tissue contain adipokines, including Interleukin-6 (IL-6) 

and monocyte chemoattractant 1 (MCP-1) that can impact the insulin sensitivity of liver and 

muscle cells (Kranendonk et al. 2014).  The miRNA profiles in obese visceral adipocyte exosomes 

are distinct from lean visceral adipocyte exosomes with 55 differentially expressed mature 

miRNAs detected, but further investigation is needed to determine the contribution of these 

miRNAs on the development of metabolic disease (Ferrante et al. 2014). Exosomes from adipose 

tissue can also be taken up by monocytes and can trigger these immune cells to change their 

inflammatory state, which can also impact insulin sensitivity (Deng et al. 2009).  

Skeletal muscle cells secrete exosomes to modify muscle homeostasis and communicate 

with key metabolic tissues during diet-induced insulin resistance (Aswad et al. 2014). It has been 

found that muscle exosomes can be taken up by pancreatic β-cells and affect the size and gene 

expression of β-cells (Jalabert et al. 2016).  In addition, exosomes derived from pancreatic β-cells 

can either act in an autocrine manner or be taken up in a paracrine manner by other β-cells, immune 

cells, or endothelial cells, thereby regulating glucose homeostasis and insulin resistance (Guay and 

Regazzi 2017).  

 Importantly, further understanding of the role of exosomes derived from peripheral 

metabolic organs will elucidate mechanisms of development of metabolic diseases and may be 

candidates for diagnosis and treatment or novel biomarkers of metabolic diseases (Müller 2012). 
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Exosomes as messengers between the periphery to the brain 

 Exosomes are thought to be released by all cells in the body and can serve as messengers 

between the periphery and the brain. While the blood-brain barrier (BBB) provides a selective 

barrier to protect the brain, exosomes are able to cross this barrier, but the specific mechanisms 

are still under investigation. In theory, exosomes could either undergo transcytosis like some 

viruses or pass through the intercellular spaces between the endothelial cells (Jarmalavičiūtė and 

Pivoriūnas 2016). One hypothesis says that exosomes internalized by brain endothelial cells at first 

may release specific substances that increase the intercellular permeability of brain endothelial 

cells, promoting the subsequent passage of exosomes across the BBB (Jarmalavičiūtė and 

Pivoriūnas 2016). However, experimental evidence is lacking. In an in vitro study, exosomes were 

found to cross a monolayer of brain microvascular endothelial cells (BMECs) majorly via the 

transcellular route, where the exosomes go through endocytosis, MVE formation, and exocytosis 

(Chen et al. 2016). Also, exosomes crossed the BMEC monolayer under inflammatory conditions 

with TNF-α activated BMECs but not under normal conditions with untreated BMECs (Chen et 

al. 2016). Different types of exosomes cross the BBB at different transport rates and by different 

mechanisms. Banks et al. (2020) investigated the interaction between 10 exosome populations 

derived from mouse, human, cancerous, and non-cancerous cell lines with BBB. The transport 

rates of each exosome type in different brain regions were mostly homogeneous, whereas four 

exosome types exhibited a significantly higher transport rate in the olfactory bulb (Banks et al. 

2020). The enhancing effect of wheat germ agglutinin (WGA) on the transports of five types of 

exosomes across BBB suggested that absorptive transcytosis is involved in the passage (Banks et 

al. 2020). The inhibition effect of mannose 6-phosphate (M6P) on the transport of NIH-3T3-
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derived exosomes across BBB suggested that M6P receptor is involved in their passage (Banks et 

al. 2020). 

The ability of peripherally-derived exosomes to impact gene expression in the brain has 

been demonstrated by multiple groups.  Alvarez-Erviti et al. (2011) demonstrated effective 

delivery of siRNA to the brain via systemic injection of exosomes in mice. They engineered 

dendritic cells to express an exosomal membrane protein, lysosome-associated membrane protein 

2 (Lamp2b). They then fused Lamp2b to a rabies virus glycoprotein (RVG) peptide that is specific 

to the central nervous system resulting in exosomes were targeted exclusively to the brain. These 

exosomes loaded with GAPDH siRNA were injected intravenously, and specific silencing of 

GAPDH gene expression was observed in the brain (Alvarez-Erviti et al. 2011).  The therapeutic 

potential of this approach was then demonstrated by injection of siRNA-loaded RVG exosomes 

that successfully silenced the expression of brain expression of Beta-secretase (BACE1), a gene 

implicated in Alzheimer's-related (Alvarez-Erviti et al. 2011).  Other studies have also delivered 

exosomes to the brain through the intranasal route (Zhuang et al. 2011).  Exosomes derived from 

a mouse lymphoma cell line were loaded with the anti-inflammatory drug curcumin and delivered 

intranasally to mice. These curcumin-loaded exosomes were subsequently taken up by microglial 

cells, where they attenuated the severity of myelin oligodendrocyte glycoprotein (MOG) peptide-

induced experimental autoimmune encephalomyelitis (EAE) (Zhuang et al. 2011).  In another 

study, exosomes from brain endothelial bEND.3 cells were found to be capable of crossing the 

BBB of zebrafish (Danio rerio) embryos and delivering anticancer drugs into the brain (Yang et 

al. 2015). Doxorubicin delivered in bEND.3 exosomes effectively attenuated cancer development 

in the zebrafish xenotransplant brain cancer model (Yang et al. 2015). 
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Once exosomes reach the brain, they can also directly impact neurogenesis and neurocircuit 

development (Sharma et al. 2013). Exosomes from human-induced pluripotent stem cell-derived 

neurons can enhance the proliferation and differentiation of human primary neural cultures in vitro 

(Sharma et al. 2019).  These findings have also been validated in vivo, where exosomes derived 

from primary neuronal cultures were injected directly into the dentate gyrus of postnatal P4 and 

promoted cell growth in this region (Sharma et al. 2019).  Further studies showed that cells with 

loss of function of MECP2 have significantly impaired brain development, but treatment with 

control exosomes can ‘rescue’ aspects of this loos of function cellular phenotype, including 

cellular density and neuronal firing rate (Sharma et al. 2019). These studies identified a novel role 

for exosomes in neural circuit development leading to enhanced neural progenitor proliferation, 

neuronal differentiation, and circuit connectivity. 

Exosomes can also cross the BBB in a bi-directional manner and deliver signals from the 

brain to the periphery. Most recently, a study using rats identified that a fluorescently tagged 

protein expressed selectively in brain tissue could be recovered in small EVs in their blood 

(Gómez-Molina et al. 2018).  This route of brain-to-periphery signaling, mediated by a differential 

molecular cargo of small extracellular vesicles, provides a mechanism by which the brain might 

communicate to the rest of the body.   

 

Potential role of exosomes as regulators of food intake 

 Food intake is a highly regulated process requiring the integration of many signals from 

both the periphery and central nervous system. The specific role of exosomes in the regulation of 

food intake is not yet clear, but some studies have suggested exosomes may play a role in 

coordinating this process. Notably, after 48-hour fasting, the number of exosomes in the plasma 
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of wild‐type C57BL/6 mice approximately doubles, suggesting that exosomes may play a role in 

communication regarding nutritional status (Zou et al. 2018).  In an exciting study, exosomes have 

been shown to function as regulators of food intake and body weight by acting on the appetite-

suppressing pro‐opiomelanocortin (POMC) neurons in the hypothalamus (Gao et al. 2019).  

Firstly, adipocyte-derived EVs were successfully transferred into POMC neurons in vitro. Then, 

EVs from adipocytes of obese mice were administered to lean mice resulting in increased appetite 

and weight gain. Conversely, adipocyte-derived EVs from lean mice decreased food intake and 

weight when administered to obese mice (Gao et al. 2019). It has previously been established that 

the activation of the mammalian target of rapamycin (mTOR) signaling pathway suppresses the 

activity of POMC neurons (Albert and Hall 2015). Mechanistically, it is proposed that EVs 

secreted by visceral adipocytes of obese mice significantly enhanced mTOR activity in 

hypothalamic POMC neurons.  Whereas EVs from lean mice significantly reduced mTOR activity 

in the hypothalamus of obese mice (Gao et al. 2019). The level of metastasis‐associated lung 

adenocarcinoma transcript‐1 (MALAT1) in adipocyte EVs was found to be significantly higher in 

obese mice compared to lean mice, and the overexpression of MALAT1 was shown to significantly 

enhance mTOR activity in hypothalamic POMC neurons (Gao et al. 2019). Furthermore, inhibition 

of mTOR activation by rapamycin blocked the effect of obese adipocyte-derived EVs on food 

intake and body weight of lean mice, confirming the importance of the mTOR signaling pathway 

on exosome regulation of food intake in POMC neurons (Gao et al. 2019).  

Additional studies have implicated other cell types in the exosomal regulation of food 

intake. For example, milk-derived exosomes have high levels of miRNA-148a and are thought to 

act on dopaminergic neurons to increase food intake (Melnik 2015; Melnik and Schmitz 2017).  

Milk-derived miRNA-148a suppresses the expression of DNA methyltransferase 1 (DNMT1), 
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resulting in elevated fat mass and obesity-associated (FTO) protein expression 

increased FTO promoter demethylation (Melnik 2015). FTO enhances the activity of 

the dopaminergic midbrain circuitry critically involved in reward signaling from food intake 

(Melnik and Schmitz 2017).  FTO also plays an important role in regulating ghrelin levels, a key 

mediator of ingestive behavior. Therefore, milk-derived exosomes have high levels of miRNA-

148a, which upregulates the expression of ghrelin and dopamine receptor D2 (DRD2) which both 

lead to increased food intake.  

In summary, these studies identify a role for exosomes in relaying the nutritional status 

between the CNS and periphery and in the coordinated regulation of food intake. 

 

Preliminary data suggesting Clic1 expression may be important in food intake 

 Olanzapine is a typical antipsychotic drug known to has side effects of increasing food 

intake and body weight. In a previous study from the Osborn lab, they investigated the underlying 

mechanisms driving olanzapine-induced hyperphagia in mice (Perez-Gomez 2018). In these 

studies, they treated mice with olanzapine or co-treated with the drug minocycline (Mino), which 

specifically blocked Olanzapine-induced hyperphagia. When they sequenced the hypothalamus 

from these mice treated with olanzapine, they observed significant upregulation of Clic1, 

suggesting it may play a role in food intake regulation (Figure 2).   

Further evidence for the potential role of Clic1 in food intake regulation is provided by the 

study of Clic1 KO mice. Ulmasov et al. (2017) reported that the body weights of Clic1 KO female 

mice were significantly lower than their wild-type littermates, while no differences in body weight 

of male WT and KO mice were observed (Figure 3).  The reasons for this sex difference are not 

clear, and food intake data was not reported for this study.  
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To determine which cell types secrete exosomes containing Clic1, we used the exosome 

database Exocarta (Mathivanan et al. 2010). Clic1 is found in exosomes from many cell types, 

including macrophages, neuronal cells, and cancer cells in mouse, human and other species (Table 

1).  

 

 

Figure 2. The RNA-seq data of the hypothalamus of mice upon olanzapine treatment (Perez-

Gomez 2018). The expression of Clic1 was upregulated. 
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Figure 3. Female Clic1 KO mice have a lower body weight than wild-type mice. The average 

body weight of male (M) and female (F) wild-type and Clic1 KO mice, as shown in Ulmasov et 

al. 2017.  
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Table 1. Cell types where exosomal Clic1 has been identified in multiple organisms. Data was 

extracted from the Exocarta exosome database. 

Species Tissue/Cell Type PMID Reference 

Human  B Cell 20458337  

Human  Bladder Cancer Cells 20224111 

Human  Breast Cancer Cells 19415654 

Human  Colorectal Cells 25890246, 23161513     

Human  Hepatocellular Carcinoma Cells 26054723  

Human  Melanoma Cells 25950383 

Human  Nasopharyngeal Carcinoma Cells 25857718 

Human  Neuroblastoma Cells 25944692 

Human  Ovarian Cancer Cells 23333927 

Human  Platelets 25332113  

Human  Prostate Cancer Cells 25844599  

Human  Squamous Carcinoma Cells 20124223 

Human  Thymus 23844026 

Human  Tracheobronchial Cells 19190083  

Human  Urine 15326289, 19056867, 21595033, 22418980 

Mouse Fibroblasts 23260141  

Mouse Macrophages 23658846   

Mouse Mast Cells 17486113 

Mouse Pancreatic Cells 19351151 

Mouse Mov Neurological Cells 15210972  

Rat  Reticulocytes 21828046 

Cow Milk 23459212 

Cow Serum 23459212 
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Research objective and hypothesis of this thesis 

The primary objective of this thesis is to review and discuss the current findings of the 

potential role of exosomal Clic1 in metabolism. Many previously published studies have 

established that exosomes are key coordinators between metabolic organs, and Clic1 is highly 

expressed in exosomes and implicated in multiple diseases. Preliminary data from the Osborn lab 

established that Clic1 is expressed in the hypothalamus and plays a role in food intake. In this 

thesis, in addition to the literature review, I will study the expression of Clic1 in exosomes on 

different diets and nutritional statuses. The hypothesis of this thesis is that exosomal Clic1 acts as 

a messenger between metabolic organs to relay information related to nutritional status and 

metabolic health.  
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RESULTS 

 

Characterization of exosomes derived from mouse plasma 

 To examine whether high-fat-diet (HFD) feeding had any influence on exosomal Clic1 

expression, we extracted exosomes from the plasma of mice fed normal chow (NC) or HFD. 

Exosomes were characterized using the Nanosight to determine particle size and concentration per 

sample (Figure 4).     

 

The expression of exosomal Clic1 shows no significant difference between different diets 

We then assessed Clic1 abundance in these plasma-derived exosomes by immunoblotting 

(Figure 5A). Components of ESCRT complex, ALG-2-interacting protein X (ALIX) and tumor 

susceptibility gene 101 protein (TSG101) (Raiborg and Stenmark 2009) were used as loading 

controls. The average exosomal Clic1 abundance was slightly higher in plasma from obese HFD-

fed mice compared with lean NC-fed controls, but these changes were not statistically significant. 

(p-value =0.18) (Figure 5B).  

 

The expression of exosomal Clic1 shows no significant difference between different 

nutritional status 

 We next examined whether the deprivation of nutrition has any influence on exosomal 

Clic1 expression. The ‘fed’ group received NC ad libitum while the ‘fasted’ group, were deprived 

of food for 24 hours prior to sacrifice. We also included a group where we fasted the mice for 23 

hours followed by glucose injection and sacrificed them after 30-45 mins. We extracted the 

exosomes from the plasma of mice and compared the exosomal expression of Clic1 of fed, fast, 
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and fast + glucose group (Figure 6A). Upon fasting, the levels of Clic1 increased approximately 

2-fold, but this effect was highly variable between samples and thus not statistically significant 

(Figure 6A-B).  The injection of glucose slightly decreased Clic1 levels, but this effect was also 

not statistically significant (Figure 6B).   

 

 

 

A B 

Figure 4. Characterization of plasma derived exosomes. (A) Determination of particle size from 3 

replicates (orange, red and yellow) of one exosome sample from plasma from WT mice. (B) Mean 

particle size for this sample was 107.8 +/- 36.2 nm.  The concentration was 4.98e+10 +/- 1.84e+09 

particles/ml. 
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Figure 5. Clic1 abundance in plasma derived exosomes from lean, NC fed mice and obese, 

HFD-fed mice. (A) Western blot. (B) The quantification of Western blot by ImageJ. P > 0.05.  

(NC, n=2; HFD, n=7) 
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Figure 6. Clic1 abundance in plasma-derived exosomes from mice either fed ad libitum (Fed), 

fasted (Fast) and fasted with glucose (Fast+ Glu).  (A) Western blot. (B) The quantification of 

Western blot by ImageJ. P > 0.05. (n=3-4 mice per group) 
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DISCUSSION 

  

 Clic1 is abundantly expressed in exosomes, but its role in inter-organ crosstalk is yet to be 

studied. Our preliminary data suggested a possible role of Clic1 in food intake regulation, and we 

hypothesized that exosomal Clic1 might communicate between the CNS and the periphery to relay 

information related to the metabolic and nutritional state.   

In these studies, we compared the expression level of exosomal Clic1 in plasma from NC-

fed lean mice and HFD-fed obese mice. Obese mice had elevated plasma-derived exosomal Clic1 

levels compared with lean controls (p= 0.18) (Figure 5A-B). This effect was not significant in this 

pilot study but suggested that further replicates may be needed to observe potential significant 

changes in Clic1 exosomal abundance.    

We next compared the expression levels of plasma-derived exosomal Clic1 in ad libitum 

fed, fasted, and fasted mice treated with glucose. Fasting resulted in an approximately 2-fold 

increase in exosomal Clic1 (Figure 6A-B). In the ad libitum fed state, Clic1 levels were very 

consistent between the three replicates. However, upon fasting, Clic1 levels were variable between 

the replicates, and further additional samples need to be studied to determine a more consistent 

result. This trend in increased Clic1 in the fasted state is in line with our hypothesis that increased 

Clic1 expression is associated with hunger and drives a pro-feeding response. Glucose injection 

resulted in a trend in decreased exosomal Clic1, suggesting re-feeding may normalize this effect. 

Further studies are needed to determine whether, with increased replicates, these effects would be 

more consistent between groups.   

Importantly, some recent studies reported that exosomes could alter food intake and body 

weight of mice by acting on pro‐opiomelanocortin (Pomc) neurons in the arcuate nucleus, which 

promote “fullness/satiety” (Yaswen et al. 1999; Gao et al. 2019). The arcuate nucleus also contains 
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Agouti-related protein (Agrp) expressing neurons that promote food intake (Ollmann 1997; 

Schwartz 1997). In future work, hypothalamic cells will be cultured and then treated with 

exosomes from fed and fasted WT and Clic KO mice to determine the effect on neuropeptide 

expression, including Agrp, Npy, and Pomc.  In addition, a time-course analysis will be conducted 

to quantify plasma-derived exosomal Clic1 after various lengths of fasting.  

The role of exosomal Clic1 in crosstalk between other organs also remains to be studied. 

Clic1 is highly expressed in macrophages which play a significant role in the development of 

inflammation-induced insulin resistance (Osborn and Olefsky 2012). In future work, we will 

determine whether exosomal Clic1 may impact insulin sensitivity of muscle (L6 myocytes), 

hepatocytes (HepG2), or adipocytes (3T3l1 adipocytes).  Each cell type will be treated with 

plasma-derived exosomes from WT or Clic1KO mice, and levels of phosphorylated Akt will be 

assayed by Western blot.  

In conclusion, these pilot studies suggest that exosomal Clic1 is a potential regulator of 

food intake and may play a role in inter-organ crosstalk in metabolism. Further studies are needed 

to determine how consistent these changes and whether they reach statistical significance.   
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MATERIALS AND METHODS 

 

Animals 

All Experiments were carried out with the approval of, and in accordance with, the 

Animal Care Program and Institutional Animal Care and Use Committee at the University of 

California San Diego. 

C57BL6 mice were purchased from Jackson laboratories (stock number 00664). Mice 

were housed on a 12:12-h light/dark cycle and had ad libitum access to normal chow ‘NC’ 

(catalog no. 7912, irradiated; Envigo Teklad) and water. 10-week-old WT mice were divided 

into two groups and fed either NC or HFD (60% calories from fat, Research Diets, D12492) for 

12 weeks before sacrifice and plasma extraction.  In the second study, 12-week-old mice were 

divided into three groups and either fed ad libitum, fasted for 24 hours, or fasted for 23 hours, 

followed by intraperitoneal injection of glucose (2mg/kg) and sacrificed one hour later for 

plasma extraction.  

 

Exosome extraction and characterization 

 Blood samples were centrifuged at 3,000 g for 15 mins at 4°C. The supernatant was 

collected and again centrifuged at 3,000 g for 15 mins at room temperature. The supernatant was 

collected, diluted in PBS, and centrifuged at 16,500 g for 40 mins at 4 °C. The supernatant was 

collected, filtered by 0.22 µm sterile syringe filter (BioPioneer, USA), and ultracentrifuged at 

120,000 g for 3.5 h at 4 °C. The supernatant was decanted, and the exosome pellets were 

resuspended in 200 µL of PBS. The exosomes were characterized using NanoSight NS300 

(Malvern Panalytical, UK). 
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Immunoblotting 

Exosomal protein concentrations were measured using NanoDrop™ 1000 

Spectrophotometer (Thermo Fisher Scientific, USA). Equal amounts of proteins were separated 

on Criterion™ XT Bis-Tris Precast Gels (Bio-Rad Laboratories, USA) by SDS-PAGE under 

reducing conditions and transferred onto Whatman Protran nitrocellulose transfer membranes 

(Cytiva, USA) by electroblotting. The nitrocellulose membranes were blocked with 5% BSA in 

TBST at room temperature for one hour and incubated overnight at 4 °C with primary antibodies, 

including antibodies against Clic1 (sc-81873, Santa Cruz), ALIX (2171S, Cell Signaling 

Technology), and TSG-101 (sc-7964, Santa Cruz). Subsequently, the nitrocellulose membranes 

were then incubated with secondary antibodies at room temperature for one hour. The 

immunoblots were visualized using SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(Thermo Fisher Scientific, USA), and pictures were acquired using Image Lab Software (Bio-Rad 

Laboratories, USA). 

 

Statistics 

All data are expressed as mean ± standard error of the mean (SEM) and analyzed using 

an unpaired Student’s t-test or One-way ANOVA. The statistical difference was considered 

significant if P < 0.05. 

 This thesis, in whole, is currently being prepared for submission for publication 

of the material. Charlotte Chenxin Yan, Rizaldy Zapata, Dinghong Zhang, Olivia Osborn. The 

thesis author was the primary investigator and author of this material.  



 27 

REFERENCES 

Al Khamici, Heba, Louise J. Brown, Khondker R. Hossain, Amanda L. Hudson, Alxcia A. 

Sinclair-Burton, Jane Phui Ng, Elizabeth L. Daniel, Joanna E. Hare, Bruce A. Cornell, Paul 

M. G. Curmi, Mary W. Davey, and Stella M. Valenzuela. “Members of the Chloride 

Intracellular Ion Channel Protein Family Demonstrate Glutaredoxin-Like Enzymatic 

Activity.” PLoS ONE 10, no. 1 (2015). https://doi.org/10.1371/journal.pone.0115699.  

Albert, Verena, and Michael N Hall. “MTOR Signaling in Cellular and Organismal Energetics.” 

Current Opinion in Cell Biology 33 (2015): 55–66. 

https://doi.org/10.1016/j.ceb.2014.12.001.  

Alvarez-Erviti, Lydia, Yiqi Seow, HaiFang Yin, Corinne Betts, Samira Lakhal, and Matthew J 

Wood. “Delivery of SiRNA to the Mouse Brain by Systemic Injection of Targeted 

Exosomes.” Nature Biotechnology 29, no. 4 (2011): 341–45. 

https://doi.org/10.1038/nbt.1807.  

Argenzio, Elisabetta, and Wouter H. Moolenaar. “Emerging Biological Roles of Cl−Intracellular 

Channel Proteins.” Journal of Cell Science 129, no. 22 (2016): 4165–74. 

https://doi.org/10.1242/jcs.189795.  

Aswad, Hala, Alexis Forterre, Oscar P. Wiklander, Guillaume Vial, Emmanuelle Danty-Berger, 

Audrey Jalabert, Antonin Lamazière, Emmanuelle Meugnier, Sandra Pesenti, Catherine 

Ott, Karim Chikh, Samir El-Andaloussi, Hubert Vidal, Etienne Lefai, Jennifer Rieusset, 

Sophie Rome. “Exosomes Participate in the Alteration of Muscle Homeostasis during 

Lipid-Induced Insulin Resistance in Mice.” Diabetologia 57, no. 10 (2014): 2155–64. 

https://doi.org/10.1007/s00125-014-3337-2.  

Banks, William A., Priyanka Sharma, Kristin M. Bullock, Kim M. Hansen, Nils Ludwig, and 

Theresa L. Whiteside. “Transport of Extracellular Vesicles across the Blood-Brain Barrier: 

Brain Pharmacokinetics and Effects of Inflammation.” International Journal of Molecular 

Sciences 21, no. 12 (2020): 4407. https://doi.org/10.3390/ijms21124407.  

Basso, Manuela, and Valentina Bonetto. “Extracellular Vesicles and a Novel Form of 

Communication in the Brain.” Frontiers in Neuroscience 10 (2016). 

https://doi.org/10.3389/fnins.2016.00127.  

Chalothorn, Dan, Hua Zhang, Jennifer E. Smith, John C. Edwards, and James E. Faber. 

“Chloride Intracellular Channel-4 Is a Determinant of Native Collateral Formation in 

Skeletal Muscle and Brain.” Circulation Research 105, no. 1 (2009): 89–98. 

https://doi.org/10.1161/circresaha.109.197145.  

Chang, Ying-Hwa, Chih-Ching Wu, Kai-Ping Chang, Jau-Song Yu, Yu-Chen Chang, and Pao-

Chi Liao. “Cell Secretome Analysis Using Hollow Fiber Culture System Leads to the 

Discovery of CLIC1 Protein as a Novel Plasma Marker for Nasopharyngeal Carcinoma.” 



 28 

Journal of Proteome Research 8, no. 12 (2009): 5465–74. 

https://doi.org/10.1021/pr900454e.  

Chen, Claire C., Linan Liu, Fengxia Ma, Chi W. Wong, Xuning E. Guo, Jenu V. Chacko, Henry 

P. Farhoodi, Shirley X. Zhang, Jan Zimak, Aude Ségaliny, Milad Riazifar, Victor Pham, 

Michelle A. Digman, Egest J. Pone, and Weian Zhao. “Elucidation of Exosome Migration 

Across the Blood–Brain Barrier Model In Vitro.” Cellular and Molecular Bioengineering 

9, no. 4 (2016): 509–29. https://doi.org/10.1007/s12195-016-0458-3.  

Colombo, Marina, Graça Raposo, and Clotilde Théry. “Biogenesis, Secretion, and Intercellular 

Interactions of Exosomes and Other Extracellular Vesicles.” Annual Review of Cell and 

Developmental Biology 30, no. 1 (2014): 255–89. https://doi.org/10.1146/annurev-cellbio-

101512-122326.  

Deng, Zhong-bin, Anton Poliakov, Robert W. Hardy, Ronald Clements, Cunren Liu, Yuelong 

Liu, Jianhua Wang, Xiaoyu Xiang, Shuangqin Zhang, Xiaoying Zhuang, Spandan V. Shah, 

Dongmei Sun, Sue Michalek, William E. Grizzle, Timothy Garvey, Jim Mobley, and 

Huang-Ge Zhang. “Adipose Tissue Exosome-Like Vesicles Mediate Activation of 

Macrophage-Induced Insulin Resistance.” Diabetes 58, no. 11 (2009): 2498–2505. 

https://doi.org/10.2337/db09-0216.  

Doyle, Laura, and Michael Wang. “Overview of Extracellular Vesicles, Their Origin, 

Composition, Purpose, and Methods for Exosome Isolation and Analysis.” Cells 8, no. 7 

(2019): 727. https://doi.org/10.3390/cells8070727.  

Dulhunty, Angela, Peter Gage, Suzanne Curtis, Gareth Chelvanayagam, and Philip Board. “The 

Glutathione Transferase Structural Family Includes a Nuclear Chloride Channel and a 

Ryanodine Receptor Calcium Release Channel Modulator.” Journal of Biological 

Chemistry 276, no. 5 (2001): 3319–23. https://doi.org/10.1074/jbc.m007874200.  

Fanucchi, Sylvia, Roslin J. Adamson, and Heini W. Dirr. “Formation of an Unfolding 

Intermediate State of Soluble Chloride Intracellular Channel Protein CLIC1 at Acidic 

PH†.” Biochemistry 47, no. 44 (2008): 11674–81. https://doi.org/10.1021/bi801147r.  

Ferrante, Sarah C., Evan P. Nadler, Dinesh K. Pillai, Monica J. Hubal, Zuyi Wang, Justin M. 

Wang, Heather Gordish-Dressman, Emily Koeck, Samantha Sevilla, Andrew A. Wiles, and 

Robert J. Freishtat. “Adipocyte-Derived Exosomal MiRNAs: a Novel Mechanism for 

Obesity-Related Disease.” Pediatric Research 77, no. 3 (2014): 447–54. 

https://doi.org/10.1038/pr.2014.202.  

Gao, Jie, Xinyu Li, You Wang, Yan Cao, Dengju Yao, Lijie Sun, Lv Qin, Hui Qiu, and Xiaorong 

Zhan. “Adipocyte‐Derived Extracellular Vesicles Modulate Appetite and Weight through 

MTOR Signalling in the Hypothalamus.” Acta Physiologica 228, no. 2 (2019). 

https://doi.org/10.1111/apha.13339.  



 29 

Goodchild, Sophia C., Michael W. Howell, Nicole M. Cordina, Dene R. Littler, Samuel N. Breit, 

Paul M. Curmi, and Louise Jennifer Brown. “Oxidation Promotes Insertion of the CLIC1 

Chloride Intracellular Channel into the Membrane.” European Biophysics Journal 39, no. 

1 (2009): 129–38. https://doi.org/10.1007/s00249-009-0450-0.  

Guay, Claudiane, and Romano Regazzi. “Exosomes as New Players in Metabolic Organ Cross-

Talk.” Diabetes, Obesity and Metabolism 19 (2017): 137–46. 

https://doi.org/10.1111/dom.13027.  

Gururaja Rao, Shubha, Neel J. Patel, and Harpreet Singh. “Intracellular Chloride Channels: 

Novel Biomarkers in Diseases.” Frontiers in Physiology 11 (2020). 

https://doi.org/10.3389/fphys.2020.00096.  

Gómez-Molina, Cristóbal, Mauricio Sandoval, Roberto Henzi, Juan Pablo Ramírez, Manuel 

Varas-Godoy, Alejandro Luarte, Carlos Andres Lafourcade, Alejandra Lopez-Verrilli, 

Karl-Heinz Smalla, Thilo Kaehne, and Ursula Wyneken. “Small Extracellular Vesicles in 

Rat Serum Contain Astrocyte-Derived Protein Biomarkers of Repetitive Stress.” 

International Journal of Neuropsychopharmacology 22, no. 3 (2018): 232–46. 

https://doi.org/10.1093/ijnp/pyy098.  

Hanson, Phyllis I., and Anil Cashikar. “Multivesicular Body Morphogenesis.” Annual Review of 

Cell and Developmental Biology 28, no. 1 (2012): 337–62. 

https://doi.org/10.1146/annurev-cellbio-092910-154152.  

Harrop, Stephen J., Matthew Z. DeMaere, W. Douglas Fairlie, Tamara Reztsova, Stella M. 

Valenzuela, Michele Mazzanti, Raffaella Tonini, Min Ru Qiu, Lucy Jankova, Kristina 

Warton, Asne R. Bauskin, Wan Man Wu, Susan Pankhurst, Terence J. Campbell, and 

Samuel N. BreitPaul M.G. Curmi. “Crystal Structure of a Soluble Form of the Intracellular 

Chloride Ion Channel CLIC1 (NCC27) at 1.4-Å Resolution.” Journal of Biological 

Chemistry 276, no. 48 (2001): 44993–5000. https://doi.org/10.1074/jbc.m107804200.  

Heimlich, Gerd, and John A. Cidlowski. “Selective Role of Intracellular Chloride in the 

Regulation of the Intrinsic but Not Extrinsic Pathway of Apoptosis in Jurkat T-Cells.” 

Journal of Biological Chemistry 281, no. 4 (2006): 2232–41. 

https://doi.org/10.1074/jbc.m507367200.  

Hoshino, Daisuke, Kellye C. Kirkbride, Kaitlin Costello, Emily S. Clark, Seema Sinha, Nathan 

Grega-Larson, Matthew J. Tyska, and Alissa M. Weaver. “Exosome Secretion Is Enhanced 

by Invadopodia and Drives Invasive Behavior.” Cell Reports 5, no. 5 (2013): 1159–68. 

https://doi.org/10.1016/j.celrep.2013.10.050.  

Jalabert, Audrey, Guillaume Vial, Claudiane Guay, Oscar P. Wiklander, Joel Z. Nordin, Hala 

Aswad, Alexis Forterre, Emmanuelle Meugnier, Sandra Pesenti, Romano Regazzi, 

Emmanuelle Danty-Berger, Sylvie Ducreux, Hubert Vidal, Samir El-Andaloussi, Jennifer 

Rieusset, and Sophie Rome. “Exosome-like Vesicles Released from Lipid-Induced Insulin-

Resistant Muscles Modulate Gene Expression and Proliferation of Beta Recipient Cells in 



 30 

Mice.” Diabetologia 59, no. 5 (2016): 1049–58. https://doi.org/10.1007/s00125-016-3882-

y.  

Jarmalavičiūtė, Akvilė, and Augustas Pivoriūnas. “Exosomes as a Potential Novel Therapeutic 

Tools against Neurodegenerative Diseases.” Pharmacological Research 113 (2016): 816–

22. https://doi.org/10.1016/j.phrs.2016.02.002.  

Jiang, Lele, Kanin Salao, Hui Li, Joanna M. Rybicka, Robin M. Yates, Xu Wei Luo, Xin Xin 

Shi, Tamara Kuffner, Vicky Wang-Wei Tsai, Yasmin Husaini, Liyun Wu, David A. 

Brown, Thomas Grewal, Louise J. Brown, Paul M. G. Curmi, and Samuel N. Breit. 

“Intracellular Chloride Channel Protein CLIC1 Regulates Macrophage Function through 

Modulation of Phagosomal Acidification.” Journal of Cell Science 125, no. 22 (2012): 

5479–88. https://doi.org/10.1242/jcs.110072.  

Johnstone, R M, M Adam, J R Hammond, L Orr, and C Turbide. “Vesicle Formation during 

Reticulocyte Maturation. Association of Plasma Membrane Activities with Released 

Vesicles (Exosomes).” Journal of Biological Chemistry 262, no. 19 (1987): 9412–20. 

https://doi.org/10.1016/s0021-9258(18)48095-7.  

Kranendonk, Mariëtte E.G., Frank L.J. Visseren, Joost A. van Herwaarden, Esther N.M. Nolte-'t 

Hoen, Wilco de Jager, Marca H.M. Wauben, and Eric Kalkhoven. “Effect of Extracellular 

Vesicles of Human Adipose Tissue on Insulin Signaling in Liver and Muscle Cells.” 

Obesity 22, no. 10 (2014): 2216–23. https://doi.org/10.1002/oby.20847.  

Landry, D., M. Akabas, C. Redhead, A. Edelman, E. Cragoe, and Q. Al-Awqati. “Purification 

and Reconstitution of Chloride Channels from Kidney and Trachea.” Science 244, no. 4911 

(1989): 1469–72. https://doi.org/10.1126/science.2472007.  

Landry, D., S. Sullivan, M. Nicolaides, C. Redhead, A. Edelman, M. Field, Q. al-Awqati, and J. 

Edwards. “Molecular Cloning and Characterization of p64, a Chloride Channel Protein 

from Kidney Microsomes.” Journal of Biological Chemistry 268, no. 20 (1993): 14948–55. 

https://doi.org/10.1016/s0021-9258(18)82424-3.  

Lathrop, A. E., and Leo Loeb. “FURTHER INVESTIGATIONS ON THE ORIGIN OF 

TUMORS IN MICE.” Journal of Experimental Medicine 22, no. 6 (1915): 713–31. 

https://doi.org/10.1084/jem.22.6.713.  

Lehner, Ben, Jennifer I Semple, Stephanie E Brown, Damian Counsell, R.Duncan Campbell, and 

Christopher M Sanderson. “Analysis of a High-Throughput Yeast Two-Hybrid System and 

Its Use to Predict the Function of Intracellular Proteins Encoded within the Human MHC 

Class III Region.” Genomics 83, no. 1 (2004): 153–67. https://doi.org/10.1016/s0888-

7543(03)00235-0.  

Littler, Dene R., Stephen J. Harrop, Sophia C. Goodchild, Juanita M. Phang, Andrew V. Mynott, 

Lele Jiang, Stella M. Valenzuela, Michele Mazzanti, Louise J. Brown, Samuel N. Breit, 

and Paul M.G. Curmi. “The Enigma of the CLIC Proteins: Ion Channels, Redox Proteins, 



 31 

Enzymes, Scaffolding Proteins?” FEBS Letters 584, no. 10 (2010): 2093–2101. 

https://doi.org/10.1016/j.febslet.2010.01.027.  

Littler, Dene R., Stephen J. Harrop, W. Douglas Fairlie, Louise J. Brown, Greg J. Pankhurst, 

Susan Pankhurst, Matthew Z. DeMaere, Terence J. Campbell, Asne R. Bauskin, Raffaella 

Tonini, Michele Mazzanti, Samuel N. Breit, and Paul M.G. Curmi. “The Intracellular 

Chloride Ion Channel Protein CLIC1 Undergoes a Redox-Controlled Structural 

Transition.” Journal of Biological Chemistry 279, no. 10 (2004): 9298–9305. 

https://doi.org/10.1074/jbc.m308444200.  

Mathivanan, Suresh, Hong Ji, and Richard J. Simpson. “Exosomes: Extracellular Organelles 

Important in Intercellular Communication.” Journal of Proteomics 73, no. 10 (2010): 

1907–20. https://doi.org/10.1016/j.jprot.2010.06.006.  

Mathivanan, Suresh, Justin W.E. Lim, Bow J. Tauro, Hong Ji, Robert L. Moritz, and Richard J. 

Simpson. “Proteomics Analysis of A33 Immunoaffinity-Purified Exosomes Released from 

the Human Colon Tumor Cell Line LIM1215 Reveals a Tissue-Specific Protein 

Signature*.” Molecular & Cellular Proteomics 9, no. 2 (2010): 197–208. 

https://doi.org/10.1074/mcp.m900152-mcp200.  

Melnik, Bodo C. “Milk: an Epigenetic Amplifier of FTO-Mediated Transcription? Implications 

for Western Diseases.” Journal of Translational Medicine 13, no. 1 (2015). 

https://doi.org/10.1186/s12967-015-0746-z.  

Melnik, Bodo C., and Gerd Schmitz. “MicroRNAs: Milk's Epigenetic Regulators.” Best Practice 

& Research Clinical Endocrinology & Metabolism 31, no. 4 (2017): 427–42. 

https://doi.org/10.1016/j.beem.2017.10.003.  

Milton, Rosemary H., Rosella Abeti, Stefania Averaimo, Silvia DeBiasi, Laura Vitellaro, Lele 

Jiang, Paul M. Curmi, Samuel N. Breit, Michael R. Duchen, and Michele Mazzanti. 

“CLIC1 Function Is Required for  β-Amyloid-Induced Generation of Reactive Oxygen 

Species by Microglia.” Journal of Neuroscience 28, no. 45 (2008): 11488–99. 

https://doi.org/10.1523/jneurosci.2431-08.2008.  

Miyanishi, Masanori, Kazutoshi Tada, Masato Koike, Yasuo Uchiyama, Toshio Kitamura, and 

Shigekazu Nagata. “Identification of Tim4 as a Phosphatidylserine Receptor.” Nature 450, 

no. 7168 (2007): 435–39. https://doi.org/10.1038/nature06307.  

Monach, Paul, Kimie Hattori, Haochu Huang, Elzbieta Hyatt, Jody Morse, Linh Nguyen, 

Adriana Ortiz-Lopez, Hsin-Jung Wu, Diane Mathis, and Christophe Benoist. “The K/BxN 

Mouse Model of Inflammatory Arthritis.” Arthritis Research, 2007, 269–82. 

https://doi.org/10.1007/978-1-59745-402-5_20.  

Moreno-Gonzalo, Olga, Carolina Villarroya-Beltri, and Francisco SÃ¡nchez-Madrid. “Post-

Translational Modifications of Exosomal Proteins.” Frontiers in Immunology 5 (2014). 

https://doi.org/10.3389/fimmu.2014.00383.  



 32 

Mulcahy, Laura Ann, Ryan Charles Pink, and David Raul Carter. “Routes and Mechanisms of 

Extracellular Vesicle Uptake.” Journal of Extracellular Vesicles 3, no. 1 (2014): 24641. 

https://doi.org/10.3402/jev.v3.24641.  

Murzin, A. G. “BIOCHEMISTRY: Metamorphic Proteins.” Science 320, no. 5884 (2008): 1725–

26. https://doi.org/10.1126/science.1158868.  

Müller, Gunter. “Microvesicles/Exosomes as Potential Novel Biomarkers of Metabolic 

Diseases.” Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy, 2012, 247. 

https://doi.org/10.2147/dmso.s32923.  

Novarino, Gaia, Cinzia Fabrizi, Raffaella Raffaella, Michela A. Denti, Fiorella Malchiodi-

Albedi, Giuliana M. Lauro, Benedetto Sacchetti, Silvia Paradisi, Arnaldo Ferroni, Paul M. 

Curmi, Samuel N. Breit, and Michele Mazzanti. “Involvement of the Intracellular Ion 

Channel CLIC1 in Microglia-Mediated Beta-Amyloid-Induced Neurotoxicity.” Journal of 

Neuroscience 24, no. 23 (2004): 5322–30. https://doi.org/10.1523/jneurosci.1170-04.2004.  

Ollmann, Michael M., Brent D. Wilson, Ying-Kui Yang, Julie A. Kerns, Yanru Chen, Ira Gantz, 

and Gregory S. Barsh. “Antagonism of Central Melanocortin Receptors in Vitro and in 

Vivo by Agouti-Related Protein.” Science 278, no. 5335 (1997): 135–38. 

https://doi.org/10.1126/science.278.5335.135.  

Osborn, Olivia, and Jerrold M Olefsky. “The Cellular and Signaling Networks Linking the 

Immune System and Metabolism in Disease.” Nature Medicine 18, no. 3 (2012): 363–74. 

https://doi.org/10.1038/nm.2627.  

Parolini, Isabella, Cristina Federici, Carla Raggi, Luana Lugini, Simonetta Palleschi, Angelo De 

Milito, Carolina Coscia, Elisabetta Iessi, Mariantonia Logozzi, Agnese Molinari, Marisa 

Colone, Massimo Tatti, Massimo Sargiacomo, and Stefano Fais. “Microenvironmental PH 

Is a Key Factor for Exosome Traffic in Tumor Cells.” Journal of Biological Chemistry 

284, no. 49 (2009): 34211–22. https://doi.org/10.1074/jbc.m109.041152.  

Perez-Gomez, Anabel, Maria Carretero, Natalie Weber, Veronika Peterka, Alan To, Viktoriya 

Titova, Gregory Solis, Olivia Osborn, and Michael Petrascheck. “A Phenotypic 

Caenorhabditis Elegans Screen Identifies a Selective Suppressor of Antipsychotic-Induced 

Hyperphagia.” Nature Communications 9, no. 1 (2018). https://doi.org/10.1038/s41467-

018-07684-y.  

Raiborg, Camilla, and Harald Stenmark. “The ESCRT Machinery in Endosomal Sorting of 

Ubiquitylated Membrane Proteins.” Nature 458, no. 7237 (2009): 445–52. 

https://doi.org/10.1038/nature07961.  

Raposo, G, H W Nijman, W Stoorvogel, R Liejendekker, C V Harding, C J Melief, and H J 

Geuze. “B Lymphocytes Secrete Antigen-Presenting Vesicles.” Journal of Experimental 

Medicine 183, no. 3 (1996): 1161–72. https://doi.org/10.1084/jem.183.3.1161.  



 33 

Raposo, Graça, and Willem Stoorvogel. “Extracellular Vesicles: Exosomes, Microvesicles, and 

Friends.” Journal of Cell Biology 200, no. 4 (2013): 373–83. 

https://doi.org/10.1083/jcb.201211138.  

Redhead, C. R., A. E. Edelman, D. Brown, D. W. Landry, and Q. al-Awqati. “A Ubiquitous 64-

KDa Protein Is a Component of a Chloride Channel of Plasma and Intracellular 

Membranes.” Proceedings of the National Academy of Sciences 89, no. 9 (1992): 3716–20. 

https://doi.org/10.1073/pnas.89.9.3716.  

Salao, Kanin, Lele Jiang, Hui Li, Vicky W.-W. Tsai, Yasmin Husaini, Paul M. Curmi, Louise J. 

Brown, David A. Brown, and Samuel N. Breit. “CLIC1 Regulates Dendritic Cell Antigen 

Processing and Presentation by Modulating Phagosome Acidification and Proteolysis.” 

Biology Open 5, no. 5 (2016): 620–30. https://doi.org/10.1242/bio.018119.  

Santangelo, Laura, Giorgio Giurato, Carla Cicchini, Claudia Montaldo, Carmine Mancone, 

Roberta Tarallo, Cecilia Battistelli, Tonino Alonzi, Alessandro Weisz, and Marco Tripodi. 

“The RNA-Binding Protein SYNCRIP Is a Component of the Hepatocyte Exosomal 

Machinery Controlling MicroRNA Sorting.” Cell Reports 17, no. 3 (2016): 799–808. 

https://doi.org/10.1016/j.celrep.2016.09.031.  

Schwartz, Michael W., and Randy J. Seeley. “Neuroendocrine Responses to Starvation and 

Weight Loss.” New England Journal of Medicine 336, no. 25 (1997): 1802–11. 

https://doi.org/10.1056/nejm199706193362507.  

Setti, Matteo, Daniela Osti, Cristina Richichi, Barbara Ortensi, Massimiliano Del Bene, Lorenzo 

Fornasari, Galina Beznoussenko, Alexandre Mironov, Germana Rappa, Alessandro 

Cuomo, Mario Faretta, Tiziana Bonaldi, Aurelio Lorico, and Giuliana Pelicci. 

“Extracellular Vesicle-Mediated Transfer of CLIC1 Protein Is a Novel Mechanism for the 

Regulation of Glioblastoma Growth.” Oncotarget 6, no. 31 (2015): 31413–27. 

https://doi.org/10.18632/oncotarget.5105.  

Sharma, Pranav, Lucio Schiapparelli, and Hollis T Cline. “Exosomes Function in Cell–Cell 

Communication during Brain Circuit Development.” Current Opinion in Neurobiology 23, 

no. 6 (2013): 997–1004. https://doi.org/10.1016/j.conb.2013.08.005.  

Sharma, Pranav, Pinar Mesci, Cassiano Carromeu, Daniel R. McClatchy, Lucio Schiapparelli, 

John R. Yates, Alysson R. Muotri, and Hollis T. Cline. “Exosomes Regulate Neurogenesis 

and Circuit Assembly.” Proceedings of the National Academy of Sciences 116, no. 32 

(2019): 16086–94. https://doi.org/10.1073/pnas.1902513116.  

Suzuki, M., T. Morita, and T. Iwamoto. “Diversity of Cl− Channels.” Cellular and Molecular 

Life Sciences 63, no. 1 (2005): 12–24. https://doi.org/10.1007/s00018-005-5336-4.  

Tang, Hsin-Yao, Lynn A. Beer, Janos L. Tanyi, Rugang Zhang, Qin Liu, and David W. Speicher. 

“Protein Isoform-Specific Validation Defines Multiple Chloride Intracellular Channel and 



 34 

Tropomyosin Isoforms as Serological Biomarkers of Ovarian Cancer.” Journal of 

Proteomics 89 (2013): 165–78. https://doi.org/10.1016/j.jprot.2013.06.016.  

Tang, Hsin-Yao, Lynn A. Beer, Tony Chang-Wong, Rachel Hammond, Phyllis Gimotty, George 

Coukos, and David W. Speicher. “A Xenograft Mouse Model Coupled with In-Depth 

Plasma Proteome Analysis Facilitates Identification of Novel Serum Biomarkers for 

Human Ovarian Cancer.” Journal of Proteome Research 11, no. 2 (2011): 678–91. 

https://doi.org/10.1021/pr200603h.  

Trajkovic, K., C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel, F. Wieland, P. Schwille, B. 

Brugger, and M. Simons. “Ceramide Triggers Budding of Exosome Vesicles into 

Multivesicular Endosomes.” Science 319, no. 5867 (2008): 1244–47. 

https://doi.org/10.1126/science.1153124.  

Tulk, Barry M., Shefalee Kapadia, and John C. Edwards. “CLIC1 Inserts from the Aqueous 

Phase into Phospholipid Membranes, Where It Functions as an Anion Channel.” American 

Journal of Physiology-Cell Physiology 282, no. 5 (2002). 

https://doi.org/10.1152/ajpcell.00402.2001.  

Ulmasov, Barbara, Jonathan Bruno, Kiyoko Oshima, Yao-Wen Cheng, Stephen P. Holly, Leslie 

V. Parise, Terrance M. Egan, and John C. Edwards. “CLIC1 Null Mice Demonstrate a 

Role for CLIC1 in Macrophage Superoxide Production and Tissue Injury.” Physiological 

Reports 5, no. 5 (2017). https://doi.org/10.14814/phy2.13169.  

Ulmasov, Barbara, Jonathan Bruno, Philip G Woost, and John C Edwards. “Tissue and 

Subcellular Distribution of CLIC1.” BMC Cell Biology 8, no. 1 (2007): 8. 

https://doi.org/10.1186/1471-2121-8-8.  

Valenzuela, Stella M., Donald K. Martin, Suzanne B. Por, Joan M. Robbins, Kristina Warton, 

Michelle R. Bootcov, Peter R. Schofield, Terence J. Campbell, and Samuel N. Breit. 

“Molecular Cloning and Expression of a Chloride Ion Channel of Cell Nuclei.” Journal of 

Biological Chemistry 272, no. 19 (1997): 12575–82. 

https://doi.org/10.1074/jbc.272.19.12575.  

Valenzuela, Stella M., Michele Mazzanti, Raffaella Tonini, Min Ru Qiu, Kristina Warton, 

Elizabeth A. Musgrove, Terence J. Campbell, and Samuel N. Breit. “The Nuclear Chloride 

Ion Channel NCC27 Is Involved in Regulation of the Cell Cycle.” The Journal of 

Physiology 529, no. 3 (2000): 541–52. https://doi.org/10.1111/j.1469-7793.2000.00541.x.  

Vardi, Noga, and Ling-Li Zhang. “GABA, Glycine and Cation-Chloride Cotransporters in 

Retinal Function and Development.” Physiology and Pathology of Chloride Transporters 

and Channels in the Nervous System, 2010, 383–412. https://doi.org/10.1016/b978-0-12-

374373-2.00019-4.  

Verweij, Frederik J, Monique A van Eijndhoven, Erik S Hopmans, Tineke Vendrig, Tom 

Wurdinger, Ellen Cahir-McFarland, Elliott Kieff, Dirk Geerts, Rik van der Kant, Jacques 



 35 

Neefjes, Jaap M Middeldorp, and D Michiel Pegtel. “LMP1 Association with CD63 in 

Endosomes and Secretion via Exosomes Limits Constitutive NF-ΚB Activation.” The 

EMBO Journal 30, no. 11 (2011): 2115–29. https://doi.org/10.1038/emboj.2011.123.  

Yang, Jae-Yeon, Ju Yeon Jung, Sun Wook Cho, Hyung Jin Choi, Sang Wan Kim, Seong Yeon 

Kim, Hee Joong Kim, Chang Han Jang, Min Goo Lee, Jin Han, and Chan Soo Shin. 

“Chloride Intracellular Channel 1 Regulates Osteoblast Differentiation.” Bone 45, no. 6 

(2009): 1175–85. https://doi.org/10.1016/j.bone.2009.08.012.  

Yang, Tianzhi, Paige Martin, Brittany Fogarty, Alison Brown, Kayla Schurman, Roger Phipps, 

Viravuth P. Yin, Paul Lockman, and Shuhua Bai. “Exosome Delivered Anticancer Drugs 

Across the Blood-Brain Barrier for Brain Cancer Therapy in Danio Rerio.” 

Pharmaceutical Research 32, no. 6 (2015): 2003–14. https://doi.org/10.1007/s11095-014-

1593-y.  

Yaswen, Linda, Nicole Diehl, Miles B. Brennan, and Ute Hochgeschwender. “Obesity in the 

Mouse Model of pro-Opiomelanocortin Deficiency Responds to Peripheral Melanocortin.” 

Nature Medicine 5, no. 9 (1999): 1066–70. https://doi.org/10.1038/12506.  

Zaborowski, MikoŁaj P., Leonora Balaj, Xandra O. Breakefield, and Charles P. Lai. 

“Extracellular Vesicles: Composition, Biological Relevance, and Methods of Study.” 

BioScience 65, no. 8 (2015): 783–97. https://doi.org/10.1093/biosci/biv084.  

Zhang, Jian, Sha Li, Lu Li, Meng Li, Chongye Guo, Jun Yao, and Shuangli Mi. “Exosome and 

Exosomal MicroRNA: Trafficking, Sorting, and Function.” Genomics, Proteomics & 

Bioinformatics 13, no. 1 (2015): 17–24. https://doi.org/10.1016/j.gpb.2015.02.001.  

Zhang, Yan, Mei Yu, and Weidong Tian. “Physiological and Pathological Impact of Exosomes 

of Adipose Tissue.” Cell Proliferation 49, no. 1 (2016): 3–13. 

https://doi.org/10.1111/cpr.12233.  

Zhao, Kun, Zhen Wang, Xin Li, Jin-lu Liu, Lei Tian, and Jun-qiang Chen. “Exosome-Mediated 

Transfer of CLIC1 Contributes to the Vincristine-Resistance in Gastric Cancer.” Molecular 

and Cellular Biochemistry 462, no. 1-2 (2019): 97–105. https://doi.org/10.1007/s11010-

019-03613-9.  

Zhuang, Xiaoying, Xiaoyu Xiang, William Grizzle, Dongmei Sun, Shuangqin Zhang, Robert C 

Axtell, Songwen Ju, Jiangyao Mu, Lifeng Zhang, Lawrence Steinman, Donald Miller, and 

Huang-Ge Zhang. “Treatment of Brain Inflammatory Diseases by Delivering Exosome 

Encapsulated Anti-Inflammatory Drugs From the Nasal Region to the Brain.” Molecular 

Therapy 19, no. 10 (2011): 1769–79. https://doi.org/10.1038/mt.2011.164.  

Ziello, Jennifer E., Yan Huang, and Ion S. Jovin. “Cellular Endocytosis and Gene Delivery.” 

Molecular Medicine 16, no. 5-6 (2010): 222–29. 

https://doi.org/10.2119/molmed.2009.00101.  



 36 

Zou, Wenchong, Mingqiang Lai, Yue Zhang, Lei Zheng, Zhe Xing, Ting Li, Zhipeng Zou, 

Qiancheng Song, Xiaoyang Zhao, Laixin Xia, Jian Yang, Anling Liu, Han Zhang, Zhong-

Kai Cui, Yu Jiang, and Xiaochun Bai. “Exosome Release Is Regulated by mTORC1.” 

Advanced Science 6, no. 3 (2018): 1801313. https://doi.org/10.1002/advs.201801313.  

 

 

 

 




